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HIGHLIGHTS

e H-TDMA measurements was carried out in a megacity of the Sichuan Basin.
o The hygroscopicity (x) was higher than that in Beijing and Guangzhou during winter.
e k during the fireworks episodes were higher than those in the rest of the campaign.

ARTICLE INFO ABSTRACT

Keywords: In-situ measurements were carried out to study the size-resolved hygroscopic behaviour of submicron aerosols
Aerosols o during pollution and fireworks episodes in winter from late January to February 2019 in Chengdu, a megacity in
Hygroscopicity Sichuan Basin, using a hygroscopicity tandem differential mobility analyser (H-TDMA). The H-TDMA data were
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acquired at 90% relative humidity for dry aerosol diameters between 40 and 200 nm. Aerosol particles were usually
externally mixed and consisted of nearly hydrophobic mode (NH), less hygroscopic mode (LH) and more hygro-
scopic mode (MH) in the urban area. The average ensemble mean hygroscopicity parameter values (kyean) Over the
entire sampling period were 0.16, 0.19, 0.21, 0.23 and 0.26 for aerosols with diameters of 40, 80, 110, 150 and 200
nm, respectively. These averages were lower than those in Shanghai and Nanjing. xpjean for aerosols larger than 110
nm, however, were higher than those in Beijing and Guangzhou during winter. Distinct diurnal patterns for all
measured sizes were observed for aerosol hygroscopicity and mixing state because of the photochemical reactions
and the activities of the planetary boundary layer (PBL). The number fractions of the NH (NFyy) was low, but kyean
was high, and more aerosols were internally mixed during daytime. The number fraction of LH (NFiy) for the 40-nm
diameter aerosols in clean periods (CPs) was larger than that in the pollution episodes (PEs) because of the
increasing amount of SOA formation. More aerosols of diameters larger than 80 nm were internally mixed during
CPs and pollution accumulation period, resulting in higher xpean Values. More strong hygroscopic components of
fireworks were found in the larger aerosols during the fireworks episode (FE). The average kyean values of 0.19,
0.19, 0.21,0.23 and 0.27 for the 40, 80, 110, 150 and 200-nm diameter aerosols, respectively, during the FE were
higher than those during the pre- and post-FE periods. The findings of this study contribute to the preliminary
understanding of the hygroscopic behaviour of urban aerosol particles in the Sichuan Basin, which are essential for
understanding the formation and evolution of severe haze events in the Sichuan Basin.
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1. Introduction

Aerosol hygroscopicity describes the interaction of aerosols and
water vapour under sub-saturated and super-saturated conditions. Thus,
this property plays an important role in the study of aerosol radiative
forcing and atmospheric processes, which influence aerosol life cycle,
activation ability and climate effects (Swietlicki et al., 2008; Tao et al.,
2012; Bian et al., 2014). The hygroscopic growth of aerosols at an
elevated relative humidity (RH) alters their particle size, refractive
indices and phase function. The change in diameter experienced by the
aerosol due to water uptake can modify the scattering and absorption
properties, which significantly influence aerosol direct radiative forcing
and severely threaten atmospheric visibility (Liu et al., 2013a, 2013b;
Tie et al., 2017). Aerosol hygroscopicity also determines whether
aerosols can be activated as cloud condensation nuclei (CCN) under
given super-saturated water vapour conditions (Petters and Krei-
denweis, 2007), which considerably affect aerosol indirect radiative
forcing. Furthermore, hygroscopic aerosols can provide a liquid water
medium for chemical processes (ageing process), which has reverse in-
fluence on the aerosol chemical composition (Herrmann et al., 2015;
Tan et al., 2016; Li et al., 2017).

To describe the hygroscopic growth of aerosol particles, the hygro-
scopicity parameter, k, representing the aerosol water uptake capacity,
is widely applied and successfully used in numerous studies for both
single-component and multi-component particles (Petters and Krei-
denweis, 2007). This parameter was proposed in k-Kohler theory by
Petters and Kreidenweis (2007); it is proved to be a considerably
effective parameter for investigating aerosol hygroscopicity and its
impact on aerosol optical properties, aerosol liquid water contents and
CCN activation (Zieger et al., 2013; Bian et al., 2014; Chen et al., 2014;
Tao et al., 2014; Kuang et al., 2015; Brock et al., 2016). The parameter
makes the comparison of aerosol hygroscopicity at different sites and
different time periods around the world more convenient. Moreover,
also facilitates the inter-comparison of aerosol hygroscopicities derived
by various techniques and measurements made under different RH
levels.

Two of the most popular techniques to measure the hygroscopic
behaviour of atmospheric aerosols are the humidified nephelometer
system (Carrico et al., 2000; Kuang et al., 2017) and the hygroscopicity
tandem differential mobility analyser (H-TDMA) (Liu et al., 1978). The
humidified nephelometer system measures the aerosol light scattering
enhancement, which can be used to calculate the optically weighted «
which is the overall hygroscopicity of ambient aerosol particles, if the
particle number size distribution (PNSD) of dry aerosols is measured
simultaneously (Chen et al., 2014; Kuang et al., 2017). The H-TDMA
measures the hygroscopic growth as a function of aerosol diameter and
RH. This system can therefore provide information that related to the
aerosol hygroscopicity at different diameters. Thereafter, x and the
mixing state of aerosol with various diameters can be directly calculated
and derived from the H-TDMA measurements.

Previous works that employed H-TDMA were summarised by
Swietlicki et al. (2008) and Alonso-Blanco et al. (2019). The H-TDMA
measurements were performed at various environments in Europe
(Massling et al., 2005; Stefancovd et al., 2010; Adam et al., 2012; Kamilli
et al., 2014; Enroth et al., 2018), North America (Cocker et al., 2001;
Levy et al., 2014) and Asia (Chen et al., 2003; Kim et al., 2017; Miiller
etal., 2017). In China, a number of studies in this regard were conducted
and mainly implemented in developed megacities, such as Beijing (Wu
et al., 2016; Wang et al., 2017; Wang et al., 2018c), Tianjin (Liu et al.,
2011), Shanghai (Ye et al., 2011, 2013), Nanjing (Wu et al., 2014; Li
et al., 2015), Guangzhou (Tan et al., 2013b; Jiang et al., 2016) and
Hongkong (Yeung et al., 2014) in recent years. These investigations
showed that ambient aerosol particles are generally divided into two or
three groups: nearly hydrophobic mode (NH), less hygroscopic mode
(LH) and more hygroscopic mode (MH). The nearly hydrophobic aero-
sols are dominated by carbonaceous aerosols generated from the
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combustion of fossil fuels and biomass. The less hydrophilic aerosols are
usually moderately modified carbonaceous aerosols resulting from
condensation or coagulation processes or newly formed organic aerosols
generated during photochemical processes. The more hygroscopic mode
consists of secondary inorganic salts, such as sulphate, nitrate and
ammonium (Liu et al., 2011; Tan et al., 2013b; Wang et al., 2018c). The
fraction contribution of each mode varies depending on dry particle size,
time period and season (Massling et al., 2009; Wu et al., 2016). Different
emission patterns contribute to different hygroscopicities and mixing
states of aerosols. The ageing process is also an important factor that
influences the mixing state of aerosol particles, thus impacting aerosol
hygroscopicity (Boreddy et al., 2015; Wu et al., 2016; Wang et al.,
2018d). For example, freshly emitted soot particles are hydrophobic and
could possibly become strongly hygroscopic and efficient CCN through
the ageing process in highly polluted areas over a short time period
(Khalizov et al., 2009). Tan et al., (2013b) and Wang et al. (2017) re-
ported that aerosols are probably internally mixed with a homogeneous
chemical composition during clean periods.

The Sichuan Basin is located to the east of the Tibetan Plateau. It is
encircled by high mountains and plateaus and characterised by persis-
tently high RH and extremely low wind speeds all year round (Liao et al.,
2018; Ning et al., 2018). The microphysical properties of aerosols in the
deep areas of Sichuan Basin are assumed to considerably differ from
those in the regions mentioned above because of the basin’s distinct
topography and meteorological conditions. Chengdu is one of the largest
cities in the Sichuan Basin, with a population exceeding 16 million and
vehicles numbering more than 5 million in 2018 (http://tjj.sc.gov.cn).
The annual average RH of 82% in Chengdu is higher than those of the
cities at the same latitude, such as Wuhan (80%), Nanjing (73%) and
Shanghai (75%) (2018, http://www.stats.gov.cn/). Chengdu is an
excellent site to investigate the relationship between ambient aerosols
and water vapour. Considerable amounts of aerosols absorb water
vapour under high RH conditions, which may have a significant
contribution to the heavy haze formation in Chengdu and Sichuan Basin.
The number of studies that discuss the hygroscopicity in this region,
however, are limited, and direct measurements of size-resolved hygro-
scopicity barely exist.

This study therefore aims to (1) obtain the size-resolved hygro-
scopicity of submicron aerosol in Chengdu; (2) investigate the key fac-
tors that influence the variation of hygroscopicity parameter and aerosol
mixing state; (3) elucidate the impacts of fireworks on aerosol
hygroscopicity.

2. Measurements and methodology
2.1. Site description

The campaign was implemented from 23 January to 25 February
2019 at the meteorological station (30.58°N, 103.98°E) inside the
campus of Chengdu University of Information and Technology (CUIT)
located in the Shuangliu district, which is southwest of the main urban
area of Chengdu, China. The elevation of the observation site is
approximately 500 m. Fig. 1 shows the map of the site. It is surrounded
by residential neighbourhoods with no nearby sources of significant
industrial pollution.

2.2. Instrumentation

A custom-built H-TDMA designed by Tan et al., (2013a) was
employed. This instrument can be alternately operated as a Scanning
Mobility Particle Sizer (SMPS) or a H-TDMA. The PNSDs was observed
by the SMPS and the hygroscopic growth factor (GF) was determined by
the H-TDMA. It was placed in a temperature-controlled container (25
°C). The aerosol inlet was equipped with a PM; 5 impactor that extended
out of the container from the roof and set approximately 3 m above
ground. This instrument was applied in the previous studies of Jiang
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et al. (2016), Wang et al. (2017), Wang et al. (2018c) and Wang et al.
(2018d). The detailed description of this instrument was reported by
Tan et al. (2013a).

Briefly, this instrument mainly consists of two differential mobility
analysers (DMA) (Model 3081A, TSI Inc., USA), a humidification system
and a condensation particle counter (CPC) (Model 3787, TSI Inc., USA).
The aerosols are first sampled with a flow of 0.6 L/min by making them
pass through a Nafion dryer (Model MD-700-24S-3, Perma Pure Inc.,
USA) to maintain the RH level below 10%. The aerosols thereafter are
charged after flowing through an advanced aerosol X-ray neutraliser
(Model 3088, TSI Inc., USA). When the system works as the SMPS, the
charged aerosols passes through the first DMA (DMA1) with continu-
ously changed voltage and then directly flows into the CPC. Finally, the
PNSDs under dry condition is obtained. When the system works as the H-
TDMA, the charged aerosols passes through the first DMA (DMA1) with
set voltage and then aerosols with a specific dry diameter is selected. The
selected quasi-monodisperse dry aerosols are subsequently introduced
into a Nafion humidifier (Model PD-07018T-24MSS, Perma Pure Inc.,
USA) where they are exposed to water vapour and humidified to an RH
of 90% with a +0.3% variation; the residence time is 10 s. Finally, the
PNSDs of humidified particles resulting from the humidifier are
measured by the second DMA (DMA2) coupled with the CPC. The
growth factor (GF) of the quasi-monodisperse aerosols selected by
DMA1 (GF(Dy(Dry))) can be then calculated by

00 = (5,5)

where Dy(RH) represents the particle diameter measured at an RH of
90%, and Dy(Dry) denotes the selected diameter under dry conditions
(RH < 10%). The measured distribution function (MDF) of GF (GF-MDF)
can be calculated from the particle number concentration obtained by
the CPC downstream from DMA1 and DMAZ2. The switch of the SMPS
and the H-TDMA and the data acquisition are automatically controlled
by a custom LabVIEW software (Tan et al., 2013a).

In this campaign, the SMPS measured the PNSDs of dry aerosol
particles between 10 and 400 nm in 75 size bins. The H-TDMA measured
the GF at an RH of 90% for aerosols with five selected dry diameters,
including 40, 80, 110, 150 and 200 nm. One data acquisition cycle of H-
TDMA included one SMPS scanning and one GFs measurement for the
five selected diameters. This lasted for approximately 60 min (5, 40 and
15 min for obtaining dry PNSD, RH equilibrium in DMA2 and five GFs,
respectively). The H-TDMA calibration was conducted every two weeks
using standard polystyrene latex spheres and ammonium sulphate.

The mass concentration of black carbon (BC) in PM, 5 was measured
by an Aethalometer (Model AE33, Magee Scientific Co. Ltd., USA). The
hourly organic carbon (OC) content in PMj 5 was measured by a Semi-
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continuous Thermal-Optical Transmittance carbon analyser (Model
RT-4, Sunset Laboratory Inc., Tigard, Oregon, USA). The water-soluble
inorganic ions in PMy 5 with a temporal resolution of 1 h were ob-
tained by an In-situ Gas and Aerosol Compositions monitor (Model S-
611EG, Fortelice International Co., Ltd., Taiwan). The validation of
these three instruments could be found elsewhere (Bauer et al., 2009;
Jing et al., 2019; Liu et al., 2019).

The meteorological data at Shuangliu weather station were derived
from the China Meteorological Data Service Center (http://data.cma.
cn/). The data included temperature (T), RH, precipitation (P), wind
direction (WD) and wind speed (WS). The planetary boundary layer
(PBL) height was obtained from the ERA5 reanalysis data (https://cds.
climate.copernicus.eu/). The atmospheric pollutant data of PM;y,
PM;5, CO, SOz, NOy and O3 were derived from the environmental
monitoring station of Chengdu (http://sthj.chengdu.gov.cn/). The
temporal resolution of these data was 1 h.

2.3. Methodology

The TDMAg; algorithm (Stolzenburg and McMurry, 2008) was
employed to convert the GF-MDF to the actual probability distribution
function of GF (GF-PDF) (Gysel et al., 2009) in the campaign. The same
algorithm was widely applied in Beijing (Wang et al., 2017; Wang et al.,
2018a), Nanjing (Wu et al., 2014) and Guangzhou (Tan et al., 2013b;
Jiang et al., 2016). It corrects the discrepancies attributed by the
diffusing transfer function in the DMA and describes the GF-PDF as a
sum of one or more lognormal distribution functions. The GF-PDFs are
thereafter normalised as [ c(g)dg =1 for each measured dry diameter,
where g represents GF and c(g) represents the normalised GF-PDF.

Three modes (NH, LH and MH) of aerosol particles were frequently
and repeatedly found in GF-PDF during the campaign because of the
complex chemical composition of ambient aerosols. Each mode was
categorised based on the GF value as shown in Fig. S1 (the supplemental
file).

NH mode: GF < 1.10
LH mode: 1.10 < GF < 1.33
NH mode: GF > 1.33

The ensemble mean growth factor (gvean) at each measured size is
defined as the volume equivalent mean growth factor of the GF-PDF over
the entire GF range.

EMean = < / g30(g)dg)j @)

The number fraction (NF) and mean GF for each hygroscopic mode is

0 2400
Height(m)

4800 200 800
Height(m)

5000

Fig. 1. Location of the observation site.


http://data.cma.cn/
http://data.cma.cn/
https://cds.climate.copernicus.eu/
https://cds.climate.copernicus.eu/
http://sthj.chengdu.gov.cn/

L. Yuan et al.

calculated as

82
NFxn; 11, Mu = / c(g)dg €)
Y81
and
8 3 5
o g'c(g)dg
. LH: == 4
&NH; LH; MH < ':2 c(g)dg 4)

where g; and g» are the boundaries of each mode.

The mixing state of aerosol particles in terms of hygroscopic growth
can be derived from the GF-PDF. A wide spread of GF-PDF generally
indicates an external mixture of aerosols. The standard deviation of GF-
PDF (ogrppr) (Eq. (5)) is therefore generally used as a reference to
discuss the mixing state of the submicron aerosols (Sjogren et al., 2008;
Liu et al., 2011; Jiang et al., 2016).

0GrPDF = ( / (8- gMczm)ZC(g)dg)

In order to facilitate the comparison of measurements at different RH
levels, the hygroscopicity parameter, «, is calculated based on x-Kohler
theory (Petters and Kreidenweis, 2007):

(5)

3 1 40’5/3MW
K:(GF‘ —1)- —exp|l —F——] -1
RH RTp,D,(Dry)GF

where o5/, (0.072 J/m?) is the surface tension of the solution/air
interface; My, (18.015 g/mol) is the molecular weight of water; p,, (1.0
g/comS) is the density of water; R (8.3145 J/K-mol) is the universal gas
constant; T (298.15 K) is the temperature. For each GF-PDF, the prob-
ability distribution function of x (x-PDF) can be converted using Eq. (6).
The ensemble mean hygroscopicity parameter (kyean) and « for the three
modes (kng, kg and k) can be also calculated from gyiean, §vu, gLn and

©
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3. Results and discussion
3.1. Meteorological conditions during the sampling period

During the campaign, the weather conditions were dominated by
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cloudy days, and only a few days were clear. Fig. 2 shows the meteo-
rological parameters, including WD, WS, T, RH, P, visibility and atmo-
spheric pressure during the observation period (Local Standard Time,
LST). Parameters T and RH showed evident diurnal cycles with average
values of 8.4 + 3.0 °C and 76.6% =+ 16.4%, respectively. The winds that
prevailed were northerly, with an average WS of 1.0 + 0.7 m/s, and the
atmospheric pressure periodically fluctuated. Several light rains
occurred on the nights of 30 January and 14, 23 and 24 February, as
shown in Fig. 2. Continuous precipitation occurred from the early
morning of 17 February to the following morning, which was attributed
to the southward motion of cold air. The visibility widely varied be-
tween 0.1 and 23.3 km with an average of 5.1 km.

3.2. Overview of measurements

3.2.1. Time series of pollutants and differentiation into typical pollution
events

Fig. 3 shows the time series of the mass concentration of four trace
gases (SO2, NO,, O3 and CO), PM3 5 and PM; over the entire observa-
tion period. The BC mass concentrations and the PNSDs with diameters
between 10 and 400 nm are also presented in Fig. 3. Large temporal
variations and different trends were found for each trace gas; PMy s,
PM;o and BC followed the same trends with campaign averages of
78.9106.1 and 5.0 pg m~>, respectively. Generally, PMy 5 and PM;g
agreed well with SO, and the correlation coefficients between PM and
SO, were 0.74-0.78 during the whole period. Although the correlation
coefficients between PM and CO were low (0.34 and 0.36), they have the
same variation trends during some periods in the campaign. This indi-
cated the same type of sources of PM, SO, and CO in these periods.
Additionally, the obvious diurnal pattern could be found for the varia-
tion of O3 on sunny days, indicating the strong photochemical reactions.
According to the time series of PM and the PNSDs, the high values of PM
were often corresponding to the high number concentration of aerosols
larger than 100 nm. This revealed the large contribution of aerosols
larger than 100 nm to PM. The PNSDs also showed several ageing pro-
cesses with the median of particle dimeters increasing gradually with
time. Three pollution events (PEs) and one fireworks episode (FE), in
which increase PMy 5 could be observed, were highlighted as case
studies to further analyse the difference among aerosol hygroscopicities
during different time periods. There were no obvious peak values of CO
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Fig. 2. Time series of (a) hourly wind direction (WD) and wind speed (WS), (b) temperature (1), relative humidity (RH) and precipitation (P), (c) visibility and (d)

atmospheric pressure during the observation period.
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Fig. 3. Time series of (a) SOz, (b) NO, and Os, (c) CO, (d) PMy s and PM;, (e) mass concentration of BC and (f) aerosol number size distribution (PNSD) with

diameters between 10 and 400 nm over the entire observation period.

during FE compared to the rest of the period and the CO concentration
was just a little higher than the campaign average at the time when
PM; 5, PM1 and SO, reached the top during FE. The same variation
trend of CO as PM; 5 and PM;, however, occurred during FE, indicating
the influence of fireworks on these pollutants. On 17 February, the PM
concentrations evidently decreased because of wet deposition, which
can also be observed from the PNSDs shown in Fig. 3. The effects of these
pollutants on aerosol hygroscopicity will be further discussed in detail.

3.2.2. Characteristics of particle hygroscopic properties

Fig. 4 shows the time series of x-PDF for aerosols with diameters of
40, 80, 110, 150 and 200 nm during the campaign. In Fig. 4, the pink,
black and light grey lines represent NFyy, kvean and ogrppr time series,
respectively. The peak value of x-PDF existed in the NH mode for the 40-
nm aerosol particles and generally shifted to the MH mode with
increasing particle size. This indicated that the MH mode increasingly
becomes more prominent with increasing size. For all particle sizes
measured, xpean practically followed the same trend with evident tem-
poral variability. A reverse trend was exhibited by NFyy in relation to
the kpean. This was mainly attributed to the fact that xyjean Was consid-
erably determined by NFyyy, which was contrary to NFyy.

The size-dependent x and NF values for NH, LH and MH modes (xny,
ki, kvy and NFyy, NFiy and NFyy, respectively) for the whole
campaign were parameterised as a function of dry diameter, Dp(Dry),
using Eq. (7) (Rissler et al., 2006; Liu et al., 2011).

k=B -log(D,(Dry)) + C- D, (Dry) + D )

Using this equation, kyean Was also parameterised. The fitting pa-
rameters are listed in Table 1; fitting results are presented in Fig. 5. No
evident variations were found for kg, x g and xyyg with increasing dry

diameter. This indicated that inconsiderable change occurs in the types
of chemical composition of each mode in aerosols with different di-
ameters. With increasing particle size, however, NFyy significantly
increased from 0.30 to 70, while NF;y and NFyy decreased from 0.33 to
0.37 to 0.09 and 0.18. An increasing trend with size was accordingly
exhibited by xpean, with campaign averages of 0.16, 0.19, 0.21, 0.23 and
0.26 for 40, 80, 110, 150 and 200-nm aerosols, respectively. This
revealed that the variation of xyean Was attributed to the change in the
number fraction of each mode with increasing aerosol diameter.
Furthermore, it was noteworthy that for 40-nm aerosols, NF ; had the
highest value, followed by NFyy; however, NFyyy was the highest for
aerosols larger than 40 nm. This indicated that most of the 40-nm par-
ticles were dominated by the less hygroscopic and nearly hydrophobic
particles, whereas aerosols larger than 40 nm were dominated by par-
ticles that were more hygroscopic.

Wu et al. (2016) and Wang et al. (2018d) also reported that in Bei-
jing, the smaller particles had a higher fraction of NH or LH particles. A
similar result was also found in Guangzhou (Jiang et al., 2016). This can
be explained as follows. In the urban area, freshly emitted particles from
traffic emissions and newly formed particles are major sources of par-
ticles smaller than 50 nm. Typically, freshly emitted particles (such as
soot and water-insoluble organic matters) and newly formed particles
(which are influenced by oxidation and condensation of VOCs) are
initially nearly hydrophobic or less hygroscopic and externally mixed. In
contrast, larger particles have undergone atmospheric ageing processes
during transport for a longer time. The initially nearly hydrophobic or
less hygroscopic aerosols can be rapidly coated by water-soluble inor-
ganic aerosols, such as ammonium sulphate and ammonium nitrate,
through coagulation, condensation and heterogeneous reactions of
precursor gases, such as SO5 and NOy (Poschl, 2005). These ageing
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Fig. 4. Time series of x-PDF, number fraction of nearly hydrophobic mode (NFyy), ensemble mean hygroscopicity parameter values (kpean) and standard deviation of

GF-PDF (ogr.ppr) for the five particle sizes measured during the Campaign.

processes enhance the hygroscopicity of aerosols (Jimenez et al., 2009;
Liu et al., 2011).

To further facilitate the use of H-TDMA data, the parameterised GFs
were calculated by solving Eq. (6) with « values obtained from Eq. (7)
using the parameters listed in Table 1. The ensemble mean GFs were
therefore established as a function of RH and Dp(Dry); results are illus-
trated in Fig. 5. At a given RH, GF increased with particle size, which was
consistent with the measurements. The enhancement of GF was more
significant at high RH levels, revealing the importance of the hygro-
scopic growth of aerosol particles under high RH conditions. This
parameterisation could be employed to predict GF according to the
ambient RH and dry particle sizes between 40 and 200 nm.

The typical characteristics of aerosol hygroscopicity at the mega-
cities of the three majorly polluted areas in eastern China are summar-
ised in Table 2. Similar to Beijing, Guangzhou and Shanghai, Chengdu is
suffering from severe air pollution problems, particularly high PM, 5
loading during winter. It could be seen that kyjean for all measured sizes
in Chengdu were lower than those in Shanghai (Ye et al., 2011, 2013)
and Nanjing (Wu et al., 2014), which are two megacities located in the
Yangtze River Delta. For the 150 and 200-nm aerosols, however, kyjean in
Chengdu was slightly larger than those in Beijing and Guangzhou during
winter. This might be the result of the accumulation of industrial and
traffic emissions from the locality and around areas under the condition
of high humidity and high static wind frequency in Chengdu (Liao et al.,

Table 1
Fitting parameters for parameterisation of x and number fraction (NF) using Eq.
(7) during entire campaign.

B C D
KMean 0.0862 0.00024 0.0105
KNH —0.0238 0.00004 0.0582
KLH —0.0546 0.00009 0.2121
KMH —0.1561 0.00075 0.5471
NF\u —0.6554 0.00142 1.3185
NF 0.0724 —0.00151 0.3175
NFyu 0.6584 —0.00036 —0.7425

2018) that play an important function in the formation of hygroscopic
salts, such as second inorganic aerosols (SNA, including SO?{, NO3 and
NHY). The relatively higher hygroscopicity of aerosols larger than 110
nm indicated the stronger growth and more liquid water content of
aerosols under the same RH conditions. The accumulation and hygro-
scopic growth of aerosols, thereafter, could contribute to more severe
environmental effects than those in other cities.

3.2.3. Diurnal variation of aerosol hygroscopicity

Fig. 6 shows the average diurnal variations of NFyy, NF .y, NFyy and
KMean for the five measured particle sizes; x-PDF and ogp.ppr are also
shown in Fig. 6. Generally, NFyy exhibited low values, but kyjean Showed
high values during daytime. There were peaks in the variation of NFyy in
the morning and evening at the rush hours (from 06:00 to 09:00 and
18:00 to 20:00 LST) for all particle sizes measured. This phenomenon
revealed more externally mixed aerosol were emitted by the traffics at
this time. This also contributed to the peaks of 6gr.ppr, which indicated
the heterogeneity and complexity of particle composition. In the eve-
ning, thermal inversion formed at ground level and a number of exter-
nally mixed nearly hydrophobic particles (such as BC), which were
emitted by local diesel trucks and heavy-duty vehicles, accumulated on
the surface. This resulted in an increase in NFyy and ogrppr but a
decrease in kyean at night. During daytime, more highly aged particles
because of the photochemical reactions resulted in the decrease in NFyy
and increase in NFyy and kyean. With the corresponding decreasing ogr-
ppr in the afternoon, it could be inferred that the externally mixed
aerosols were changed to internally mixed ones. Similar results are
observed in the North China Plain (Zhang et al., 2016; Wang et al.,
2017).

For the 40-nm aerosols, kpean increased with NFyy in the early
morning (07:00-09:00) and peaks at 09:00. This was because of the
formation of nitrate, which is easily generated by the heterogeneous
hydrolysis of NoOs on wet surfaces under the higher RH condition during
this time (Huang et al., 2018). The amount of NO emitted by traffic
during this time is considerably converted into NO,, which reacts with
OH to form gaseous HNO3 and subsequently transforms into NH4NOs3.
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The decrease in kpean from 09:00 to 11:00 could be explained by the
collision and coagulation of 40-nm aerosols with larger ones. This was
also the reason why NFyy and kyean for the other diameters peaked at
11:00-12:00. After 12:00, the enhanced solar radiation, high tempera-
tures and low RH contributed to the decomposition of nitrate (e.g.,
NH4NO3), but were favourable to the formation of sulphuric and sec-
ondary organic aerosols (SOAs) during photochemical reactions. These
SOAs, which are initially nearly hydrophobic or less hygroscopic, were
concentrated in smaller sizes and their hygroscopicity could enhanced
with their oxidation degrees, leading to the peaks of NFNH and NFLH for
the 40-nm aerosols at noon and then in the afternoon. This phenomenon
affected the 40-nm diameter aerosols more evidently. With increasing
diameter, however, the effects became less.

For aerosols with D, > 80 nm, NFyy significantly increased during
daytime. On the one hand, the condensable vapours, like sulphuric acid,
could condense onto pre-existing particles, and SOAs formed by the
strong photochemical reactions during daytime, could coagulate to
larger particles and then enhance the water-absorbing capacity of these
particles (Wu et al., 2016). On the other hand, the development of PBL
after sunrise drew moderately aged and internally mixed aerosols from
the upper layers to the surface. Furthermore, the particles that have been
for a longer time in the atmosphere were more aged and consequently
increased their hygroscopicity (Zhang et al., 2016; Jiang et al., 2016).
This conclusion is supported by the diurnal cycles of the PNSDs and the
secondary inorganic nitrate observed during the campaign. The previous
study of water-soluble ions by Huang et al. (2018) in Chengdu also
confirmed these diurnal patterns.

3.3. Case study

To further explore the variation in the hygroscopicity of submicron
aerosols and the factors that influence this hygroscopicity, the case
studies of three PEs and two clean periods (CPs) during the campaign are
selected (Fig. 3). The PE is defined as the period during which the hourly
PM, 5 exceeds 75 pg m™ during hours; similarly, the period with PMy 5
less than 75 pg m~3 is recognised as CP.

Among the selected periods, PE1 (2019.1.23 00:00-2019.1.27
09:00), CP1 (2019.1.27 10:00-2019.1.28 20:00) and PE2 (2019.1.28
21:00-2019.1.30 15:00) are continuous periods before the Spring
Festival (Fig. S2 and Fig. S3, the supplemental file); CP2 and PE3 (Fig. 54
and Fig. S5, the supplemental file) are periods after the Spring Festival.
These selected periods make possible the comparison of differences in
aerosol hygroscopicities before and after the Spring Festival.

Fig. 7 depicts the time series of k-PDF, NFny, knean and oGpppr during
PE1, CP1 and PE2. The general variation of aerosol hygroscopicity has
been previously analysed in Section 3.2.2. The average kjjean for aerosols
with diameters of 40 and 80 nm during PE1 (0.14 and 0.18, respectively)
were nearly the same as those in CP1 (0.15 and 0.18, respectively) but
slightly larger than those in PE2 (0.12 and 0.17, respectively). For
aerosols larger than 80 nm, xyjean values during PE1 and PE2 were lower
than that in CP1. These changes were attributed to the variation in the
number fraction of the three modes because « for these modes were
practically constant during all three periods (Table S1, the supplemental
file).

For 40-nm aerosols, NFyy in PE1 (0.39) was lower than that in PE2
(0.46) and both were higher than that in CP1 (0.32); NFy in PE1 and
PE2 (0.33 and 0.31, respectively) were lower than that in CP1 (0.41).

Table 2
Ensemble mean hygroscopicity parameter values (kyean) in different cities of China.
Site Time 30 nm 40 nm 50 nm 80 nm 110 nm 150 nm 200 nm 250 nm
Nanjing, suburban (Wu et al., 2014) 2012 0.26 0.24 0.25 0.27 0.28
05-07
Beijing, urban (Wu et al., 2016) 2014 summer 0.16 0.19 (100 nm) 0.22 0.26 0.28
Beijing, urban (Wang et al., 2018d) 2015 winter 0.12 0.19 (75 nm) 0.18 (100 nm) 0.18 0.16
Beijing, urban (Wang et al., 2018c¢) 2016 0.22 0.22 (100 nm) 0.22 0.22
12
Beijing, urban (Massling et al., 2009) 2004 summer 0.10 0.14 0.17 0.21 0.24
2005 winter 0.09 0.17 0.22 0.20 0.17
Guangzhou, urban (Tan et al., 2013b) 2011 winter 0.22 0.21 0.21 0.22 0.23
Guangzhou, urban (Jiang et al., 2016) 2012 winter 0.18 0.19 0.20 0.21 0.22
2013 summer 0.17 0.18 0.18 0.20 0.21
Shanghai, urban (Ye et al., 2011) 2009 0.24 0.28 (100 nm) 0.31
02
Shanghai, urban (Ye et al., 2013) 2009 0.20 0.25 0.28 0.28 (100 nm) 0.29 0.31
09
Chengdu, urban (This study) 2019 0.16 0.19 0.21 0.23 0.26
01-02
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The relatively larger NFyy during PEs also revealed that there were more
freshly emitted aerosols externally mixed during these periods. During
CP1 (also in CP2), NF y was the largest and NFyy has no increase
compared to PE1 and PE2 (Table S1, the supplemental file), this was
because the increasing number of SOAs formed by the secondary
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transformation of precursors. Their degree of oxidation became higher
during the atmospheric ageing progress on sunny days. Moreover, in the
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Fig. 8. Time series of k-PDF, NFyy, Kmean, 0cr-ppr and percentage contribution of the major chemical components during CP2 and PE3.

larger than 40 nm. This led to the enhancement of the hygroscopicity of
larger aerosols, as proved by the increase in NFyy and kyean in CP1 for
aerosols larger than 80 nm.

For larger aerosols (D, > 80 nm), x-PDF showed that PE1 experi-
enced two distinct stages. It was easy to find that NFyy was lower and
KMean Was higher before 17:00 on 25 January; thereafter, the situation
was exactly the opposite. Both NFyy and NFpy significantly increased
and thus NFyy became lower at Stage 2 (Table S2, the supplemental
file). As shown in Fig. 7, evident increase of NFyy and ogp.ppr could be
found during the transition period from Stage 1 to Stage 2, indicating the
enhancement of externally mixed aerosols because of primary emis-
sions. Furthermore, x-PDF became more concentrated with decreasing
NFyy during CP1 and PE2, during which distinctly different character-
istics were exhibited compared with that during PE1. This revealed that
the mixing state of aerosol particles changed during these two periods.
More aerosols were internally mixed, especially in CP1, because of less
emissions, thus contributing to the relatively higher xyean than that in
PE1. The similar trends of x-PDF in CP1 and PE2 indicated the accu-
mulative effect of local pollutants under the low wind condition. This
was proved by the previous studies of Liao et al. (2017) and Wang et al.,
2018who demonstrated that the accumulation of local emissions was the
main contributor to the pollution episodes in Chengdu.

Fig. 8 presents the time series of k-PDF, NFyy, kMean and oGr.ppr in
CP2 and PE3. The characteristics of the size-resolved aerosol hygro-
scopicity did not differ with those in PE1, CP1 and PE2. During these two
periods, however, kyean Values of all measured sizes were higher than

those in PE1, CP1 and PE2. Furthermore, kyean in CP2 was lower than
that in PE3 for all of the five sizes. It could be found that xyy during PE3
was higher than that in CP2 (Table S1, the supplemental file), indicating
the presence of chemical species with a stronger hygroscopicity. This
leads to a little bit higher xyjean in PE3 compared to that in CP2.

The statistical analysis indicated that the mass concentrations of
PM, 5 in the PEs were 1.8-2.2 times higher than those in the CPs. The
major chemical components, such as water-soluble inorganic ion (WSI),
OC and BC, were 1.4-2.0, 1.5-2.0 and 1.5-2.3 times higher in the PEs
than those in the CPs, respectively. In Figs. 7 and 8, the percentage
contribution of the major chemical components to the detected chemical
composition showed that the WSI was slightly lower and OC and BC
were slightly higher in PE1. Generally, however, there were no signifi-
cant differences during the selected periods. This result differed from
those obtained in eastern China and North China Plain, where remark-
able increases and decreases of fraction contribution were found for SNA
and OC, respectively, in PEs compared to CPs (Wang et al., 2015). The
practically similar trends of fractions in chemical compositions during
PEs and CPs reaffirmed the accumulative effect of local pollutants. The
different behaviours of hygroscopic properties between PEs and CPs and
among different PEs, suggested that different and complicated processes
existed in each episode.

Although aerosols with sizes measured during this campaign insig-
nificantly contributed to the PM, 5 concentration, indicators could be
found from the chemical composition of PMj 5 to determine the reasons
that lead to the discrepancies between PEs and CPs. The relatively lower
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fraction of WSI and the higher fractions of OC and BC resulted in the
lower kyean average in PE1 than in CP1 for larger aerosols. A thorough
examination of the two distinct stages, which was divide by the distinct
change of x in PE1, showed that the percentage contribution of WSI to
the detected chemical composition decreases from 74.1% in Stage
1-69.3% in Stage 2. The percentage contributions of OC and BC
accordingly increased from 21.1% to 4.8% in Stage1l-25.3% and 5.4 in
Stage 2, respectively. The varied fractions led to different hygroscopic
properties in the two stages, particularly for aerosols larger than 80 nm.
This was because the larger aerosol particles contributed more to the
mass concentration of each component. According to the meteorological
conditions and gaseous contaminants during Stages 1 and 2 (Figs. S2 and
S3, respectively, the supplemental file), it could be seen that the average
T in Stage 1 was the same as that in Stage 2 (8.8 °C), but the diurnal
variation was relatively more distinct in Stage 1. The average RH,
however, was relatively lower (70.0%) with a more evident diurnal
cycle in Stage 1. These conditions were favourable to the formation of
secondary aerosols (higher NF g and NHyy for 40-nm aerosols). These
aerosols then coagulated with larger ones, possibly enhancing the lat-
ter’s hygroscopicity. The distinct diurnal patterns of NO5 and O3 also
confirmed the intense photochemical reactions during Stage 1 wherein
considerable amounts of hygroscopic substances were produced. This
led to the higher kyean in Stage 1 compared to that in Stage 2. Moreover,
it was noteworthy that at the beginning of Stage 2, fresh emissions
existed based on the variation of CO, BC and PNSDs. These aerosols were
generally hydrophobic, resulting in the top values of x-PDF in the NH
mode, and thus, increase in NFyy and ogr.ppr for all sizes measured and
decrease in kpyean for aerosols larger than 40 nm. The rapid changes in
the x-PDF, the top in the NH mode disappeared and reappeared gradu-
ally in the LH and MH mode (also reflected by ogpppr variation),
revealed that freshly emitted aerosols were externally mixed with pre-
existing aerosols once they were emitted; thereafter, they rapidly
aged. The same phenomenon was also observed when there were fresh
emissions in the evening of 28 January, in the early morning of 30
January and during PE3.

In the latter part of Stage 2, there were less freshly emitted aerosols
(i.e., with low values of NFyy) and the wind speed increased, the
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Fig. 10. Fraction contribution of the major chemical components during
the FE.

pollutants started to dissipate. The pre-existing aerosols therefore
increasingly became more aged, leading to the continuous increase in
KMean, accompanied by more aerosols becoming internally mixed during
CP1 compared with that during PE1.

Furthermore, the comparable fraction of major chemical compo-
nents led to the discrepancy of aerosol hygroscopic properties between
CP2 and PE3. In examining each species in the WS, it was observed that
although the mass faction of SNA slightly decreased in PE3, the per-
centage contribution of SO%_ decreased from 23.9% to 19.9% but NO3
increased from 39.9% to 44.4%. The nitrate has a stronger hygroscop-
icity than sulphate (Petters and Kreidenweis, 2007) and contributed to
the higher xyy in PE3. The higher kyean therefore was influenced by both
the varied fraction of NH, LH and MH modes and the changed types of
chemical composition in each mode. Moreover, the relatively higher
KMean Dut lower fraction contribution of WSI in CP2 and PE3 compared
to that of CP1 and PE2 could also result from the increase in the
component with a stronger hygroscopicity, such as NaCl, according to
the chemical composition analysis in PMj s.

3.4. Impact of fireworks on aerosol hygroscopicity

An FE during the Chinese New Year’s Eve to the next day was
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identified. It was characterised by the PMss concentration that
increased and remained above 75 pg/m®. The FE was thus recognised
from 22:00 on 4 February to 16:00 on 5 February 2019 (Fig. S6) when
numerous fireworks were lit to celebrate the Spring festival. The period
was an opportune time to investigate the influence of fireworks on the
hygroscopicity of submicron aerosols.

Prior to the FE, PMy 5 was low with a minimum of 31.5 pg/m3
because of the vertical diffusion in the well-developed boundary layer
on 4 February. In other cities, rapid increases in the mass concentration
and amount of aerosol occurred at approximately midnight (00:00)
(Wehner et al., 2000; Zhang et al., 2010; Kong et al., 2015; Tanda et al.,
2019). The case in Chengdu differed in that slow and continuous
growths of PMj 5, BC, CO and SO, mass concentrations that started in
the afternoon of 4 February and increased to maximum values. These
maximum values exceed 470 pg/m3, 17.7 pg/m>, 1.1 mg/m? and 25.0
pg/m>, respectively, at approximately 10:00 on 5 February and subse-
quently decreased until noon. The foregoing was simultaneously
observed in several air quality stations in Chengdu, and similar elevated
trends were also observed in the WSIs, such as SO5~, Na*, K" and Cl .
This indicated that Chengdu is still affected by the fireworks although
the use of fireworks is forbidden. The fireworks from the surrounding
areas that accumulate under low temperature, low wind, low PBL and
high RH conditions during the night (Fig. S6, the supplemental file) was
considered to have non-negligible influences, namely the “indirect” in-
fluences, on Chengdu. The variation in the PNSD showed that the
aerosol number concentration was also low at noon on 4 February. A
sudden peak in aerosol number concentration with diameter from 20 to
more than 100 nm occurred in the afternoon and continued to the next
day. This was consistent with aerosols that are typically generated by
fireworks. They have a maximum number concentration with sizes
widely range from lower than 50 nm to larger than 100 nm (Wehner
etal., 2000; Zhang et al., 2010; Jing et al., 2014; Lin, 2016). The median
diameter of aerosols also has a continuously increasing trend with the
development of the FE (Fig. S7, the supplemental file), reconfirming the
“indirect” influence and atmospheric ageing process.

For the hygroscopic properties, slow enhancements of kyean could be
found for aerosol diameters of 80, 110, 150 and 200 nm during the FE
(Fig. 9). This pattern was consistent with the trends of C1~, K" and Na*
in PMs 5 (Fig. 10). Previous studies related to the major chemical com-
ponents of fireworks generated aerosols also confirmed the elevation of
Cl7, K" and Na™ (Lin et al., 2014; Kong et al., 2015; Lin, 2016; Carrico
et al., 2018). Note that KCl and NaCl are strongly hygroscopic salts
(Carrico et al., 2010), led to average xyy values of 0.36, 0.35, 0.35 and
0.37 for 80, 110, 150 and 200-nm diameter aerosols, respectively,
during the FE. These values were significantly higher than those on the
pre-FE and post-FE days.

The average values of xny, k1 and kv among the different sizes
measured during the FE period did not considerably differ (Table S2, the
supplemental file), indicating that the effects of fireworks were uniform
on atmospheric submicron aerosols. The NFyy values, however, were
observed to have an increasing trend with size (from 0.34 for 40-nm
aerosols to 0.64 for 200-nm aerosols), indicating that more strong hy-
groscopic components of fireworks were found in the larger aerosols.
This resulted in increasing kyean With increasing diameter; the xyean
averages were 0.19, 0.19, 0.21, 0.23 and 0.27 for the 40, 80, 110, 150
and 200-nm aerosols, respectively. These results, with values higher
than those during the pre-FE and post-FE periods, indicated the severe
threat to the environment.

The analyses that focus on fireworks aerosols demonstrate that the
WSIs are critical parts of PM chemical compositions, and the fraction
contribution of SNA gradually increases and becomes the major com-
ponents of WSI during the post-FE periods (Yang et al., 2014; Kong et al.,
2015). All of these components have a critical influence on the hygro-
scopicity of aerosols (Lin, 2016). In this study, a similar phenomenon
was observed that the contributions of CI~ and K* were replaced by the
SNA after the FE. Correspondingly, kyean for all measured sizes
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decreased with decreasing ClI~ and K" fractions; the distribution of
k-PDF for the selected sizes became more concentrated with decreasing
or.ppr (Note that the Na™ concentration was found to be approximately
two orders of magnitude smaller than those of CI~ and K. As a result,
the change in its fraction contribution was not evident before, during
and after the FE). This indicated the ageing of aerosols during the pro-
duction of SNA in the post-FE atmosphere. The externally mixed fire-
works aerosols therefore became gradually internal mixture.
Numerous studies alerted regarding the environmental and health
risks of fireworks during big celebrations and festivals. The enhanced
hygroscopicity of submicron aerosols during the FE reveals that more
ultrafine aerosols, which are originally insensitive to light scattering,
can grow into a size that can scatter more visible light at high RH. This
contributes to the strong attenuation of incident solar radiation and
visibility that is most easily noticed by the public in terms of aerosol
environmental effect. The strong hygroscopicity also reveals the higher
liquid water content of aerosols that can promote the chemical con-
version of secondary aerosols on their surface; this can further cause
serious health damage to humans. These effects can be amplified by the
feedback cycle of higher hygroscopicity, stronger scattering and more
water content, lower visibility and stronger chemical conversion and
higher hygroscopicity. Moreover, the high hygroscopicity of fireworks
increases the probability of cloud condensation nuclei activation to
cloud droplets. This can lead to a higher activation ratio at a lower
super-saturation, consequently increasing the number and decreasing
the size of cloud droplets. It can also affect cloud optical properties,
cloud cover and cloud lifetime. Further observations should therefore be
implemented to more precisely quantify these effects and their in-
teractions so that the results can be readily applied to the prediction of
environmental and health effects as well as to the climate modelling.

4. Conclusions

In-situ measurement of the size-resolved hygroscopic behaviour of
submicron aerosols was conducted from late January to February, 2019,
in a megacity in Sichuan Basin. The growth factors (GF) at 90% relative
humidity for dry aerosol with diameters of 40, 80, 110, 150 and 200 nm
were measured by a hygroscopicity tandem differential mobility ana-
lyser (H-TDMA). The impacts of pollution episodes and fireworks on the
hygroscopicity of submicron aerosols were investigated.

Aerosol particles were usually externally mixed and consisted of
nearly hydrophobic mode (NH), less hygroscopic mode (LH) and more
hygroscopic mode (MH) in the urban area. The ensemble mean hygro-
scopicity parameter values (kyean) Showed an increasing trend with size
due to the coating of water-soluble inorganic aerosols in the atmospheric
ageing processes. The campaign average of kyjean Were 0.16, 0.19, 0.21,
0.23 and 0.26 for aerosols with diameters of 40, 80, 110, 150 and 200
nm, respectively.

The diurnal patterns of aerosol hygroscopicity and mixing state were
influenced by the photochemical reactions and development of plane-
tary boundary layer (PBL). The number fractions of NH (NFyy) was low,
but kpean Was high during daytime because the photochemical reactions
and the PBL activities produced more highly aged particles; corre-
spondingly increased the fraction of internally mixed aerosols.

The different behaviours of hygroscopicity during pollution episodes
(PEs) and clean periods (CPs) were mainly caused by the change in the
number fraction of each mode. The NF g values of the 40-nm diameter
aerosols in CPs were larger due to the increase in the amount of SOAs
formed by the secondary transformation and higher degree of oxidation
during the atmospheric ageing progress. More aerosols of diameters
larger than 80 nm were internally mixed during CP1 and stage of
pollution accumulation, resulting in the higher xyean values. The pres-
ence of stronger hygroscopic components in the MH mode could
contribute to the higher xpyean-

The hygroscopicity of the fireworks aerosols showed that more
strong hygroscopic components of fireworks were found in the larger
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aerosols. The average kyean values were 0.19, 0.19, 0.21, 0.23 and 0.27
for the 40, 80, 110, 150 and 200-nm aerosols, respectively, during the
FE. These values were higher than those in the pre-FE and post-FE days,
indicating the potential environmental threat of these pollutants. The
production of SNA in the post-FE atmosphere made the externally mixed
fireworks aerosols become gradually internal mixture.

The kyean Obtained in this study were lower than those in Shanghai
and Nanjing. xyean for aerosols larger than 110 nm, however, were
higher than those in Beijing and Guangzhou during winter. This indi-
cated the stronger growth and more liquid water content of aerosols
under the same RH conditions. Considering about the condition of high
humidity and high static wind frequency in the Sichuan Basin, the
accumulation and hygroscopic growth of aerosols could contribute to
more severe environmental effects than those in other regions. Thus,
quantitative hygroscopic properties of aerosols in urban areas are
essential for understanding the formation and evolution of severe haze
events in the Sichuan Basin in southwest China. Studies addressing the
direct measurement of the hygroscopicity of aerosols, however, are
scarce in this region. The findings of this study contribute to the pre-
liminary understanding of the hygroscopic behaviour of urban aerosol
particles in the Sichuan Basin, but further observations should be
implemented to more precisely quantify its impacts so that the results
can be readily applied to the prediction of environmental and health
effects as well as to the climate modelling.
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