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Abstract. Simultaneous measurements of particle num-
ber size distribution, particle hygroscopic properties, and
size-resolved chemical composition were made during the
summer of 2014 in Beijing, China. During the measure-
ment period, the mean hygroscopicity parameters (xs) of
50, 100, 150, 200, and 250nm particles were respec-
tively 0.16 +0.07, 0.19 + 0.06, 0.22 £ 0.06, 0.26 + 0.07, and
0.28 + 0.10, showing an increasing trend with increasing par-
ticle size. Such size dependency of particle hygroscopicity
was similar to that of the inorganic mass fraction in PM;. The
hydrophilic mode (hygroscopic growth factor, HGF > 1.2)
was more prominent in growth factor probability density dis-
tributions and its dominance of hydrophilic mode became
more pronounced with increasing particle size. When PM> 5
mass concentration was greater than 50 ugm=—23, the frac-
tions of the hydrophilic mode for 150, 250, and 350 nm par-
ticles increased towards 1 as PM2 5 mass concentration in-
creased. This indicates that aged particles dominated during
severe pollution periods in the atmosphere of Beijing. Par-
ticle hygroscopic growth can be well predicted using high-
time-resolution size-resolved chemical composition derived
from aerosol mass spectrometer (AMS) measurements using
the Zdanovskii-Stokes—Robinson (ZSR) mixing rule. The or-
ganic hygroscopicity parameter («org) sShowed a positive cor-
relation with the oxygen to carbon ratio. During the new
particle formation event associated with strongly active pho-
tochemistry, the hygroscopic growth factor or « of newly
formed particles is greater than for particles with the same
sizes not during new particle formation (NPF) periods. A
quick transformation from external mixture to internal mix-
ture for pre-existing particles (for example, 250 nm particles)

was observed. Such transformations may modify the state of
the mixture of pre-existing particles and thus modify prop-
erties such as the light absorption coefficient and cloud con-
densation nuclei activation.

1 Introduction

Particle hygroscopicity is one of the important parameters
controlling direct and indirect climate effects of atmospheric
particles (McFiggans et al., 2006; Haywood and Boucher,
2000). Due to water uptake, hydrophilic particles grow sig-
nificantly in size at high relative humidity (RH), which influ-
ences the particle light scattering and extinction coefficients,
thereby impairing visibility (Sloane and Wolff, 1985). In ad-
dition, the water content of atmospheric aerosol particles can
serve as a site for heterogeneous nucleation and reactions that
perturb local photochemistry (Kreidenweis and Asa-Awuku,
2014). Therefore, a better understanding of hygroscopic be-
havior of atmospheric aerosol particles is required to further
elucidate the physicochemical processes in the atmosphere.
The association of the particle chemical composition with
their size-dependent hygroscopic behavior is rather complex.
In order to overcome such complexities, Petters and Krei-
denweis (2007) proposed a single hygroscopicity parame-
ter (x), namely «-Kohler theory. On the basis of the «-
Kdhler theory and Zdanovskii—Stokes—Robinson (ZSR) mix-
ing rule (Stokes and Robinson, 1966; Zdanovskii, 1948), par-
ticle hygroscopic growth of a homogeneous chemical mix-
ture can be predicted, knowing hygroscopic growth fac-
tors of pure chemical species. Aerosol mass spectrome-
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ters (AMSs), which have been increasingly deployed in at-
mospheric aerosol studies, can provide a high time resolution
of the size-resolved chemical composition of non-refractory
particle material (DeCarlo et al., 2006). Therefore, coupled
measurements of an AMS and the Hygroscopicity Tandem
Differential Mobility Analyzer (H-TDMA) are able to cap-
ture highly variable changes in chemical particle composi-
tion and hygroscopicity in real time. Some studies have high-
lighted the advantage of using size-selected AMS informa-
tion over size-averaged information from offline chemical
characterization (Medina et al., 2007; Gunthe et al., 2009;
Cerully etal., 2011; Wu et al., 2013).

Another key product of AMS measurements is the oxi-
dation level and chemical information of organic aerosols.
Compared to inorganic species, which exhibit a well-
characterized hygroscopic behavior, knowledge on the in-
fluence of the water uptake of the organic aerosols remains
limited (Kanakidou et al., 2005; Hallquist et al., 2009). The
hygroscopicity of organic material varies with its oxidation
state (Jimenez et al., 2009), which may be highly variable
in the real atmosphere, depending on the history of an air
mass. Such variation may present a significant challenge
when predicting hygroscopicity, assuming a constant hygro-
scopic growth factor of the organic aerosol fraction at a given
relative humidity, as has usually been done in closure studies.

More recently, some studies have been performed to inves-
tigate the relationship between particle hygroscopicity and
chemical composition in both field measurements and labo-
ratory experiments (Massoli et al., 2010; Wong et al., 2011;
Lambe et al., 2011; Rickards et al., 2013; Moore et al.,
20123, b; Suda et al., 2014; Paramonov et al., 2013; Levin
et al., 2012). These works specially focused on parametriz-
ing the empirical correlations between the atomic oxy-
gen:carbon (O:C) ratio and organic hygroscopicity pa-
rameter (x) derived from either hygroscopic growth factor
(e.g., Wu et al., 2013; Rickards et al., 2013) or cloud conden-
sation nuclei (CCN) activity (e.g., Mei et al., 2013; Wong et
al., 2011; Lambe et al., 2011; Chang et al., 2010). Typically, a
linear parametrization of the correlation between « and O:C
was presented. Rickards et al. (2013) recently summarized
the literature data and pointed out that the systematic vari-
ability in parametrizations between organic « and the O:C
ratio determined from the different studies remains large. A
recent work done by Suda et al. (2014) tested the influence
of the number and location of molecular functional groups
on the hygroscopicity of organic aerosols and may improve
our understanding the mechanisms of the hygroscopicity of
organics.

Over the past several decades, particle hygroscopic-
ity measurements have been carried out worldwide, us-
ing the H-TDMA technique. Atmospheric environments, in
which those measurements were performed, included ma-
rine, Antarctic, boreal forest, rural, and urban areas. Swi-
etlicki et al. (2008) and Kreidenweis and Asa-Awu (2014)
compiled the existing observations on particle hygroscopic
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growth in the literature. Throughout these compilations,
measurements of particle hygroscopicity were rarely per-
formed in China, which frequently experiences severe haze
pollution episodes. These few particle hygroscopicity mea-
surements using the H-TDMA technique were deployed in
the Yangtze River Delta (Shanghai, Ye et al., 2013 and
Hangzhou, Zhang et al., 2011), Pearl River Delta (Xinken,
Cheng et al., 2008 and Hong Kong, Lopez-Yglesias et al.,
2014; Yeung et al., 2014), and North China Plain (Beijing,
Massling et al., 2009; Meier et al., 2009; Yufa, Achtert et al.,
2009, and Wuging, Liu et al., 2011). Unfortunately, most of
the measurements lack a linkage between particle hygroscop-
icity and chemical composition with a high time resolution.

This study investigated the size-resolved particle hygro-
scopicity and chemical composition in Beijing, China, dur-
ing summertime. Our work provided a general overview of
particle hygroscopic behavior as well as a chemical closure
study on the particle hygroscopicity using AMS-based chem-
ical particle composition, emphasizing the organic mass frac-
tion. Additionally, the evolution of particle hygroscopicity
during the new particle formation event was investigated to
understand the effects of strong photochemistry-driven atmo-
spheric oxidation processes on particle hygroscopicity and
the mixing state.

2 Measurements
2.1 The sampling site

The sampling site is on the campus of Peking University,
located in northwest Beijing. The laboratory was equipped
with a suite of aerosol instruments situated on the roof of
a building (30m above the ground). The relative humid-
ity (RH) of the sampled air was kept to below 30 % using
a silica gel dryer and a Nafion dryer in series. The particle
number size distribution, particle hygroscopicity, and aerosol
mass spectrometric measurements were made concurrently.
Particle number size distributions were measured by a scan-
ning mobility particle sizer (SMPS) spectrometer (Long
Differential Mobility Analyzer (DMA) 3081 + condensation
particle counter (CPC) 3775) and nano-SMPS (Nano DMA
3085 + UCPC 3776). The sheath flow rates for nano-SMPS
and SMPS were 15 and 3L min~1, respectively. The ratio
of the sample flow rate to the sheath air flow rate is 1:10
for both DMAs. By taking 3L min~! in the Long DMA, the
maximum size detected is 736 nm. The multiple charge cor-
rection, condensation particle counter (CPC) counting effi-
ciency, and particle loss correction were carried out. Other
core instruments will be briefly described below.

2.2 Particle hygroscopicity measurements

The H-TDMA used in this study has been described in de-
tail in previous publications (Wu et al., 2011; Massling et
al., 2003), and complied to the instrumental standards and
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quality assurance prescribed in Massling et al. (2011). The
H-TDMA consists of three main parts: (1) a differential mo-
bility analyzer (DMAZ1) that selects quasi-monodisperse par-
ticles, and a condensation particle counter (CPC1) that mea-
sures the particle number concentration, leaving the DMAL
at the selected particle size; (2) an aerosol humidifier con-
ditioning the particles selected by DMAL to a defined rela-
tive humidity (RH); (3) the second DMA (DMAZ2) coupled
with another condensation particle counter (CPC2) to mea-
sure the number size distributions of the humidified particles.
The second DMA and the aerosol humidification were placed
in a temperature-controlled box. Hygroscopicity scans with
100 nm ammonium sulfate particles were performed every
3 h to analyze the stability of the relative humidity of 90 % in
the second DMA.. Hygroscopicity scans with a deviation of
more than 3% in relative humidity to the set point of 90 %
were not considered for further analysis.

The hygroscopic growth factor (HGF) is defined as the ra-
tio of the particle mobility diameter, D(RH), at a given RH
to the dry diameter, Dp,:

Dp(RH)

HGF(RH) = (1)

Pary

The TDMAIinv method developed by Gysel et al. (2009)
was used to invert the H-TDMA data. Dry scans (under
RH < 10 %) were used to calibrate a possible offset between
DMA1 and DMAZ2 and define the width of the H-TDMA’s
transfer function (Gysel et al., 2009).

Based on the ZSR method, the HGF of a mixture can be es-
timated from the HGF; of the pure components and their re-
spective volume fractions, ¢; (Malm and Kreidenweis, 1997):

1/3
HGFmixed = (Z&‘HGF?) . 2

Here, we assumed that two components including soluble
and insoluble fractions consist of aerosols (also refer to Ehn
et al., 2007; Swietlicki et al., 1999). The soluble fraction was
assumed to be ammonium sulfate. Then, the water-soluble
volume fraction (esoiuple) can be calculated by

HGF3 1

measured

3
HGF NH,),50,-1

: ©)

Esoluble =

where HGFmeasured is the HGF of the particles measured by
H-TDMA, and HGFnH,),s0, is the HGF of pure (NH4)2SO4
particles with the same size. When calculating HGF h,2s0,)
in different diameters, the parametrizations for (NH4)2SO4
water activity developed by Potukuchi and Wexler (1995)
and the density reported by Tang and Munkelwitz (1994)
were used. The Kelvin term was considered in the calcula-
tion. In this study, the hygroscopic growth factors of 50, 100,
150, 250, and 350 nm particles were measured at RH = 90 %.

www.atmos-chem-phys.net/16/1123/2016/

2.3 Particle chemical composition

The Aerodyne High-Resolution Time-of-Flight AMS (HR-
ToF-AMS, here simply referred to as AMS) (DeCarlo et al.,
2006) was operated in “mass spectrum” and “particle-time-
of-flight” submodes for equal time periods. Due to the 600 °C
surface temperature of the vaporizer, the AMS can only an-
alyze the non-refractory chemical composition of the parti-
cles. Elemental carbon, crustal material, and sea salt cannot
be detected. Therefore, based on the transmission efficiency
of the aerodynamic lenses and the detected compounds, the
AMS can provide the size-resolved chemical composition
of the submicrometer non-refractory aerosol particle frac-
tion (NR-PM;) (Canagaratna et al., 2007). Applying the
method developed by Canagaratna et al. (2015), the high-
resolution organic particle mass spectra were used to deter-
mine the elemental composition and the oxygen to carbon
atomic ratio (O: C). The vacuum aerodynamic diameter for
AMS measurements was converted to the particle mobility
diameter by division of the AMS vacuum aerodynamic diam-
eter by the estimated particle density. Here, particle density
was estimated by comparing mass—diameter distributions,
derived from the AMS measurements, and the particle vol-
ume distributions, calculated from the SMPS measurements.
This method was used in Kostenidou et al. (2007). Here, we
assume that the particles detected with a shape factor of 1 are
spherical. The particle volume size distribution is calculated
from particle number size distribution. The optimized parti-
cle effective density is 1520 kg m—3. Hereafter, the mobility
diameter (assuming spherical particles) was used for AMS
data below.

AMS positive matrix factor (PMF) analysis was per-
formed to identify different factors of organic aerosols (OAS)
on the basis of the high-resolution mass spectra of organ-
ics (Ulbrich et al., 2009). Four OA components were re-
solved by PMF, including low-volatility oxygenated organic
aerosol (LV-O0A), semi-volatile oxygenated OA (SV-O0A),
hydrocarbon-like OA (HOA), and cooking OA (COA). LV-
OOA and SV-0OO0A typically represented aged secondary or-
ganic aerosols (SOAs) and freshly formed SOAs, respec-
tively (Ulbrich et al., 2009). HOA and COA were both
anthropogenic primary organic aerosol (POA) components
(Lanz et al., 2007).

Black carbon (BC) mass concentration in pgm=—2 is de-
rived from Photoacoustic Extinctiometer (PAX) measure-
ments (DMT company) (Arnott et al., 1999) equipped with
a PM; cut-off inlet. In this study, PAX measurements were
performed at a wavelength of 532 nm. Before carrying out
the PAX measurements, the device was calibrated carefully
using lab-generated monodisperse polystyrene latex (PSL)
particles and polydisperse propane soot particles. The cali-
bration curves were used to correct the measured scattering
and absorption coefficients.

Atmos. Chem. Phys., 16, 1123-1138, 2016
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2.4 Meteorological parameters

Additionally, a weather station (Met One Instruments Inc.)
provided the meteorological parameters. The wind speed,
wind direction, ambient temperature, and relative humid-
ity (RH) were detected.

Air mass backward trajectories arriving at the sampling
site were calculated using the NOAA HYSPLIT-4 (Hy-
brid Single-Particle Lagrangian Integrated Trajectory) model
(Draxler and Hess, 1998). The 48 h trajectories terminated on
a height of 200 m above the ground at 00:00, 06:00, 12:00,
and 18:00 LT (local time) (UTC+08). In total, 100 air mass
backward trajectories were grouped by assigning them to five
clusters using a k-means clustering algorithm. The number of
clusters was identified according to the changes of total spa-
tial variance (cf. HYSPLIT4 user’s guide). Five was chosen
as the final number of clusters considering optimum separa-
tion of trajectories (larger number of clusters) and simplicity
of display (lower number of clusters).

3 Theory
3.1 Hygroscopicity parameter

The hygroscopicity parameter, «, can be calculated from the
hygroscopic growth factor (HGF) measured by H-TDMA
(Petters and Kreidenweis, 2007):

A
oxp 72 )
T 7

— 3 _
KHTDMA = (HGF 1) PH 4)
_ 403/aMw’ (5)
RT pw
where Dp,, and HGF are the initial dry particle diameter

and the hygroscopic growth factor at 90 % RH measured by
H-TDMA, respectively. oy, is the droplet surface tension (as-
sumed to be that of pure water, g, = 0.0728 Nm~—2), M, the
molecular weight of water, pw the density of liquid water,
R the universal gas constant, and T the absolute temperature.

For a given internal mixture, « can also be predicted by
a simple mixing rule on the basis of chemical volume frac-
tions ¢; (Petters and Kreidenweis, 2007):

Kchem = ZSiKi~ (6)

Here, k; and ¢; are the hygroscopicity parameters and volume
fraction for the individual (dry) components in the mixture
with i, the number of components in the mixture. We de-
rived g; from the particle chemical composition measured by
AMS and PAX. The detailed description of how to calculate
volume fraction is given in Sect. 3.2. In the following dis-
cussions, kHTpmA and kchem denote the values derived from
H-TDMA and predicted using the ZSR mixing rule, respec-
tively.
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3.2 Hygroscopicity—chemical composition closure

The AMS provided the particle mass size distribution of
sulfate (SOZ‘), nitrate (NO3'), and ammonium (NHj) ions
as well that of organic compounds. We used a simplified
ion pairing scheme as presented in Gysel et al. (2007) to
convert the ion mass concentrations to the mass concentra-
tions of their corresponding inorganic salts as listed in Ta-
ble 1. Unlike inorganic salts, the hygroscopicity of organic
aerosols is not well recognized. In the literature, there were
different approaches in representing «org in the closure stud-
ies. Typically, korg is assumed as a constant value. Chang
et al. (2010) represented xorg by using the factors from the
PMF analysis to group organics measured by AMS into two
components: a non-hygroscopic, unoxygenated component
consisting of the hydrocarbon-like organic aerosol (HOA)
factor and a hygroscopic component, consisting of the oxy-
genated factors LV-OOA, SV-OOA, and biomass burning or-
ganic aerosol (BBOA). In our study, organic materials de-
rived from AMS measurements were grouped into two com-
ponents including secondary organic aerosols (SOAs) and
primary organic aerosols (POAs) based on AMS-PMF anal-
ysis. SOA, including LV-OOA and SV-OOA factors, is a
more oxygenated organic aerosol, thereby more hygroscopic,
and has a xspoa Of 0.1, which was calculated from the hy-
groscopic growth factor of organics at RH=90% as given
in Gysel et al. (2007) using Eq. (4) in Sect. 3.1. The «s,
which range from 0.06 up to 0.2, with a bin width of 0.02
were selected for testing the closure in our study. By tak-
ing ksoa =0.1, the slope of the linear curve fit is closest
to 1. Therefore, ksoa =0.1 was chosen to perform the clo-
sure between kHTpMA and xchem. One should note that « of
SOA may have varied with its oxidation state (Jimenez et al.,
2009). The usage of a constant « value may introduce uncer-
tainty in the closure of particle hygroscopicity and chemical
composition. POA is the unoxygenated component consist-
ing of the HOA and COA factors and is treated as hydropho-
bic material with kpoa = 0. Then, «org can be calculated as

korg = fpoa - koA + fsoa - ksoa. )

Here, «org is overall « for organic aerosols. fpoa and
fsoa are volume fractions of POA and SOA in total organic
aerosols measured by the AMS. One should note that Sun et
al. (2012b) found that the contributions of POA and SOA to
OA showed a size dependency in an urban environment. The
relative contribution of POA to OA significantly increased
with decreasing particle sizes. In this study, the closure stud-
ies were performed for particles with the mobility diame-
ters of 150, 250, and 350 nm (larger than 200 nm in vac-
uum aerodynamic diameter). Using the relative contribution
of POA to OA in PM; tended to overestimate the percentage
of POA for the size range focused in this study, thus under-
estimate the «. In our case, the POA/OA and SOA/OA were
0.39 and 0.61, respectively. According to Eq. (7), the korg can
be calculated as 0.06, assuming «spoa = 0.1. On the basis of
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Table 1. Gravimetric densities (p) and hygroscopicity parameters («s) used in this study.

Species NH4NO3 NH4HSO4

(NH4)2S04

SOA POA BC

(kgm—3) 1720 1780
K 0.58 0.56

1769 1400 1000 1700
0.48 0.1 0 0

Sun et al. (2012b)’s study, the POA/OAs for 150, 250, and
350 nm particles were 0.30, 0.23, and 0.19, respectively. Us-
ing these ratios and Eq. (7), the calculated xorgs were 0.07,
0.08, and 0.08, respectively, which were slightly higher than
the one (korg = 0.06) in our case. This minor difference can
be negligible.

The volume fraction of each species was calculated from
the particle mass concentration divided by its density as
given in Table 1. The densities for inorganic salts were well
defined. By summarizing the articles published (Park et al.,
2004; McMurry et al., 2002; Kondo et al., 2011; Kiselev
et al., 2010), 1700 kgm—2 was selected as BC density. The
hygroscopicity parameter « of the hydrophobic black car-
bon was considered to be zero. The density of SOA was
taken to be 1400 kgm~3 (Gysel et al., 2007; Alfarra et al.,
2006; Dinar et al., 2006). The density for POA is cho-
sen as 1000kgm~3, since POA is thought to be similar
to lubricating oil. The kqTpma Values for the individual
compounds listed in Table 1 were calculated from the hy-
groscopic growth factor at 90% RH as given in Gysel et
al. (2007) using Eq. (4) in Sect. 3.1.

One should note that mineral dust (e.g., Shao et al., 2007)
and sea salt (Clarke et al., 2006) can extend into the sub-
micron range. Due to sea salt and dust, particles cannot
be detected by AMS; neglecting dust and sea salt may in-
troduce bias in the closure between particle hygroscopic-
ity and chemical composition. Neglecting sea salt particles
with a high hygroscopicity growth (knaci =1.12 at 90 %,
Petters and Kreidenweis, 2007) may cause an underestima-
tion of particle hygroscopicity. Inversely, neglecting mineral
dust with less hygroscopicity (mineral dust « =0.01-0.08,
Koehler et al., 2009) may cause an overestimation of parti-
cle hygroscopicity. The statistical analyses on the basis of a
long-term observation showed that the dust storm events typ-
ically take place in the spring in Beijing (Wu et al., 2009).
In this study, the measurements were carried out during sum-
mertime. Meanwhile, no dust storm events were observed.
The sea salt is not a major source of atmospheric particles
(e.g., Song et al., 2007) because Beijing is not a coastal
city. Therefore, the uncertainties in hygroscopicity—chemical
composition closure caused by neglecting mineral dust and
sea salt might be ignored.

www.atmos-chem-phys.net/16/1123/2016/
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Figure 1. Mean air mass backward trajectories for five clusters ar-
riving at the sampling site.

4 Results and discussion

4.1 Meteorological conditions during the sampling
period

Figure 1 showed the mean air mass backward trajectories
for five clusters arriving at the sampling site from 31 May
to 24 June 2014. The mean backward trajectories in five
clusters showed the significant differences in direction and
length. The air masses from the east (45 %) and the south
(26 %) were the dominate trajectories. The short-length air
mass backward trajectories in cluster 1 and 2 indicated that
air parcels moved slowly and spent much more time over the
industrialized regions south and east of Beijing. As a result,
the southerly and easterly air masses may be heavily polluted
once they arrived at Beijing (Wehner et al., 2008). Cluster 3
spent much more time over the sea and may be associated
with humid air masses. Northerly (8 %) and northwesterly
(10 %) air masses, as represented by clusters 4-5, typically
lead to the advection of dry and continental air into the Bei-
jing area.

Figure 2 displays the time series of wind speed, wind di-
rection, ambient temperature, and RH during the sampling
period. There was a clear diurnal cycle for all meteorologi-
cal parameters. During nighttime, the wind speed was usu-
ally very low (around 1 ms~1) and started to increase around
noon on each day. The nighttime static wind may lead to very
poor dilution with clean air and dispersion of pollutants and
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Figure 2. Time series of wind speed, wind direction, wet deposition (a) and temperature and RH (b) during the sampling period.
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Figure 3. Time series of particle number size distribution (a), hygroscopicity parameter («) (b), and chemical composition of PM (c) during
the measuring period. The color bars in the upper panel (a) indicate the trajectory clusters. C1-C5 represent five trajectory clusters.

result in the local emissions were trapped in the urban atmo-
sphere. The ambient temperature usually was above 30°C
during daytime and around 20 °C during nighttime. The av-
erage temperature and RH were 24 +7°C and 45+ 20%,
respectively. It rained several times during the measuring pe-
riod, as indicated in Fig. 2a. The heaviest wet deposition oc-
curred on 17 June. The wet deposition obviously removed
the atmospheric particles, as can be seen from the particle
number size distribution shown in Fig. 3a.

In summer, the new particle formation and traffic emis-
sions are the major sources of ultrafine particles in the at-
mosphere of Beijing (Wu et al., 2007, 2008). In addition, air
masses across the industrialized regions in the south and east

Atmos. Chem. Phys., 16, 1123-1138, 2016

typically bring high concentrations of accumulation-mode
particles to urban areas of Beijing (Wehner et al., 2008).

4.2 Overview of particle hygroscopic growth and the
mixing state

Figure 3 provides an overview of the particle number size
distribution (Fig. 3a), hygroscopicity parameter («) (Fig. 3b),
and chemical composition of PM; (Fig. 3c) during the entire
field campaign. The trajectory clusters were marked as black
circles in Fig. 3a. As shown in Fig. 3a, new particle forma-
tion (NPF) events were observed frequently. During the sam-
pling period, the inorganic species and SOA dominated in
NR-PM; when air masses came from the south and east of
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Figure 5. Size-resolved particle hygroscopicity and inorganic mass fraction (left panel) in NR-PM; and the size-dependent number fraction

of the hydrophilic mode (right panel).

Beijing (trajectory cluster 1 and 2 as indicated by black cir-
cles in Fig. 3a). SOA usually dominated in the organic com-
pounds during the sampling period. Differently, the POA was
a major fraction on 7, 8, and 9 June, when the BC mass frac-
tion increased too. During this time period, the northerly air
masses (trajectory cluster 5 marked in Fig. 3a) arriving at the
measurement site may be influenced by wheat straw burn-
ing, which usually takes place from late May to early June
over the North China Plain. Several previous studies have
shown that wheat straw burning significantly contributes to
the degradation of air quality in Beijing during the harvest
season in the summer (Li et al., 2008; Zheng et al., 2005).
Figure 3b displays the time series of hygroscopicity pa-
rameters for 50 nm (k5onm) and 250 nm (k250n0m) particles.
Both «50nm and x250nm had an obvious temporal variability.
Their variations were similar to that of inorganic mass frac-
tion in PM; displayed in Fig. 3c. An in-depth analysis of
the relationship between particle hygroscopicity and chemi-
cal composition will be given in Sect. 4.3. Figure 4 gives an
overview of growth factor probability density functions (GF-
PDFs) for 50 and 250nm particles during the entire field
campaign. The GF-PDFs of both 50 and 250 nm showed two
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distinct modes, which are identified as hydrophobic mode
(GF < 1.2) and hydrophilic mode (GF > 1.2). This implied
that the particles were usually externally mixed. The hy-
drophilic mode of 250 nm particles is more prominent most
of the time. Differently, the hydrophobic mode dominated
in 50 nm particles. As marked in Fig. 4a by the square with
dashed lines, the hydrophobic mode disappeared occasion-
ally, indicating that the vast majority of particles in this size
range can be fully hygroscopic. This phenomenon took place
during the NPF events. A case study of particle hygroscopic
behavior during the NPF event will be given in Sect. 4.4,
Figure 5 (left panel) shows the size-dependent particle hy-
groscopicity parameters and inorganic mass fraction of NR-
PM1 derived from averaging over the entire measuring pe-
riod. The particle hygroscopicity increased with increasing
particle size, displaying the same size dependency with the
mass fraction of inorganic composition in NR-PMj. This is
because inorganics, including ammonium sulfate and ammo-
nium nitrate, are major water-soluble chemical compounds
in the atmospheric particles. Compared to inorganic com-
ponents, the hygroscopicity parameter of organic aerosols is
typically lower than 0.1 in the ambient atmosphere (Varut-

Atmos. Chem. Phys., 16, 1123-1138, 2016



1130 Z.J. Wu et al.: Particle hygroscopicity and its link to chemical composition in the urban atmosphere of Beijing

bangkul et al., 2006; Virkkula et al., 1999). A similar size
dependency of particle hygroscopicity was observed in var-
ious environments. For examples, Levin et al. (2012, 2014)
and Paramonov et al. (2013) reported that particle hygroscop-
icity increased with particle size at a forested site in Colorado
and a boreal environment of southern Finland at the SMEAR
station, respectively. Juranyi et al. (2013) observed that par-
ticle hygroscopic growth increased with increasing dry di-
ameter in the urban areas of Paris. Swietlicki et al. (2008)
compiled worldwide H-TDMA data and found that the par-
ticle hygroscopicity showed a pronounced size dependency,
with hygroscopicity increasing with particle diameter.

Figure 5 (right panel) shows the size dependency of the
fraction of the hydrophilic mode. It can be seen that the hy-
drophilic mode was more prominent, no matter what parti-
cle size was considered. With increasing particle size, the
dominance of hydrophilic mode became more pronounced.
Above 150 nm, the number fraction of hydrophilic mode was
around 0.8, and its size dependency was insignificant. Be-
low 150 nm, the number fraction of hydrophilic mode in-
creased significantly with increasing particle size. The me-
dian number fraction of hydrophilic mode for 50 nm particles
was 0.6, which was smaller than that of larger particles. Fors
et al. (2011) also reported that smaller particles had a higher
fraction of less hygroscopic particles in southern Sweden.
Larger particles (here, above 150 nm) constituting a larger
fraction of the hydrophilic mode can be explained as such: in
the urban area, traffic emissions are major sources for parti-
cles below 100 nm. Typically, freshly emitted particles, such
as soot, are initially hydrophobic and externally mixed. In
contrast, larger particles have undergone atmospheric aging
processes during transport (such as coagulation, condensa-
tion, chemical reactions) (Pdschl, 2005) for a longer time.
These aging processes enhance the particle’s water solubil-
ity (Péschl, 2005; Jimenez et al., 2009) and result in more
internally mixed particles.

Over the entire study, the mean «s of 50, 100, 150,
250, and 350 nm particles were 0.16 +0.07, 0.19 4 0.06,
0.22+0.06, 0.26+0.07, and 0.2840.10, respectively.
These values were similar to the hygroscopicity parameter
k =0.12-0.27 (measured at RH =90 %) for 35-265nm de-
termined in the urban atmosphere of Paris (Juranyi et al.,
2013). Yeung et al. (2014) observed that hygroscopicity «s
of particles with sizes of 75, 100, 150, and 200 nm were re-
spectively 0.28, 0.29, 0.26, and 0.27 when Hong Kong ex-
perienced a continental airstream. In their study, the parti-
cle hygroscopicity showed no obvious size dependency and
was higher than our observation in Beijing. In contrast, «s
measured were relatively low at a forested site in Colorado
(x =0.16 £ 0.08 detected by CCN counter (CCNCc)), a boreal
forestin Finland (x = 0.18 at RH =90 %) (Sihto et al., 2011),
and a tropical forest site in the Amazon (x = 0.16 - 0.06 de-
tected by CCNc) (Gunthe et al., 2009). At these forested lo-
cations, organic species were predominant in particles. Dif-
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Figure 6. Number fraction of the hydrophilic mode vs. PM2 5 mass
concentration. For 350 nm particles, the number fraction is colored
by the inorganic mass fraction (sulfate + nitrate +ammonium) in
PM;.

ferently, in the atmosphere of Beijing, particles were domi-
nated by the inorganic fraction, as shown in Fig. 3c.

The haze issue caused by high aerosol loadings over the
North China Plain is a major concern, for both air quality and
climate effects. Here, the PM2 5 mass concentration, which
was measured by the TEOM® Monitor (Series 1400ab), and
which is a key factor characterizing air pollution, is plotted
against the number fraction of the hydrophilic mode (Fig. 6)
to analyze the relationship between the particle mixing state
and air pollution. There was no obvious dependency be-
tween the PM» 5 mass concentration and the number fraction
of hydrophilic mode for 50 nm particles, which can be ex-
pected due to the low mass fraction of ultrafine particles. This
was however also true for 150, 250, and 350 nm particles, if
PM.5 mass concentration is lower than 50 pg m—3. The rea-
son for this is that the particle mass concentration is domi-
nated by local sources and less by secondary aerosol particles
formed during long-range transport. Conversely, when PM» 5
mass concentration was larger than 50 pg m—3, the fraction of
the hydrophilic mode was larger than 0.7. With the increas-
ing PM2 5 mass concentration, the fraction rose towards 1,
indicating that the aged aerosols were dominant. This means
that secondary aerosol particles were dominant during se-
vere particulate pollution episodes, occurring frequently in
Beijing. Our results were consistent with recent scientific
findings (Guo et al., 2014; Huang et al., 2014) which have
pointed out that the haze pollution events were mainly at-
tributable to secondary aerosol formation. As an example, the
number fraction of the hydrophilic mode was colored by the
inorganic (SOﬁ‘ +NO3 +NHj{) mass fraction in PMy in
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Fig. 6. Clearly, the inorganic mass fraction spanned from 0.1
up to 0.8 associating with an increasing number fraction of
hydrophilic mode. When PM3 5 mass concentration is larger
than 50 ug m—2, the inorganic mass fraction ranged from 0.5
to 0.7. This indicates that both inorganic and organic species
played key roles in leading to the particle aging. The con-
tribution of inorganic material is slightly higher than that of
organic compounds.

4.3 Closure between particle hygroscopicity and
chemical components

The AMS-derived particle mass concentrations for different
chemical compounds were used to perform a closure study
with hygroscopicity of 150, 250, and 350 nm particles. The
particle mass concentrations for individual species were inte-
grated over the size interval of Dpyy £ 50 nm. Here, Dpyy, is
the dry particle diameter selected by H-TDMA. Considering
the limited signal statistics in this narrow size range, AMS
data were used to carry out the closure only if the sum of sul-
fate, nitrate, ammonium, and organics mass concentrations,
derived from integrating a size range of D py,, & 50 nm, was

greater than 1 ugm~—3.

The BC particle mass concentration within the size range
of Dp,, £50nm was estimated as follows: first, the ra-
tio (Rec,pm,) Of BC particle mass concentration (derived
from PAX) to bulk particle mass concentration (derived from
AMS measurement) was calculated, assuming this ratio was
independent of the particle size. Afterwards, the BC particle
mass concentration in a certain size range, e.g., 150 50 nm,
was estimated by multiplying the mass concentration derived
from integrating a particle size range of 150 + 50 nm (AMS
data) and Rec,pm,. One should note that this assumption
may give an uncertainty in the closure, because the BC mass
concentration has a dependency on particle size (Huang et
al., 2006). Sun et al. (2012a) reported that the average mass
size distribution of BC had one mode peaking at a volume-
equivalent diameter of 207 nm. The sizes of 150, 250, 350 nm
covered the peak of BC mass size distribution. As a result,
the BC mass concentration for particles in diameter of 150,
250, and 350 nm should be higher than that estimated with
the assumption of uniformly distributed BC across the whole
particle size range. We should note that Sun et al. (2012a)’s
measurements were performed in the summer of 2012. The
soot size distribution in 2012 might be different from our
measurements. Considering that the weather conditions and
source emissions during summertime are typically similar in
different years in Beijing, the BC size distributions measured
in 2012 are considered as being representative.

The SOA and POA mass fractions within the size range
of Dp,,, 50 nm were estimated using a similar method as
the calculation of BC mass concentration given above. The
POA (MFppa) and SOA (MFspa) mass fractions in total or-
ganic aerosols in NR-PM; are calculated on a basis of the
AMS-PMF analysis results. Assuming MFpoa and MFsoa
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Figure 7. kHTDMA VS. kchem Using size-resolved chemical compo-
sition data. All the root-mean-square errors (RMSESs) of the linear
fits were 0.04.

were independent of the particle diameter, the POA or SOA
mass concentration in the size range Dpy,, £50nm can be
calculated by multiplying the organic mass concentration de-
rived from integrating a particle size range of 150 +50nm
(AMS data) and MFppa or MFspa. Figure 7 shows the scat-
tering plots of xchem calculated from the size-resolved chem-
ical composition against kytpma. The fitted slopes for 150,
250, and 350 nm particles were 1.01, 102, and 0.97, respec-
tively. All the root-mean-square errors (RMSES) of these lin-
ear fits were 0.04. This indicates that the measured « can be
well predicted on the basis of AMS data and the ZSR mix-
ing rule, while one should note that the assumption of the BC
mass size distribution and xorg value in the closure, as well as
the measurement uncertainties for both H-TDMA and AMS,
could introduce biases in the closure. This may lead to a scat-
ter of datapoints around the line of fit.

Assuming the inorganic fraction was fully explained by
the ZSR mixing rule, korg can be calculated by subtracting «
of inorganic fraction and BC from «nytpma. Here, korg for
150 nm particles was calculated because it provided a better
closure result and higher organic fraction in contrast to other
particle sizes. Duplissy et al. (2011) pointed out that the un-
certainty in the estimation of «org decreases with increasing
organic fraction; thereby, only data featuring organic frac-
tions larger than 50 % were used in this calculation. In addi-
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Figure 8. The relationship between the organic hygroscopicity pa-
rameter (xorg) and oxygen to carbon ratio (O:C). In this figure,
the O: C ratios determined by applying the method developed by
Aiken et al. (2008) are used to consider the comparability between
this study and others.

tion, the evaporation of NH4NO3 could occur in the DMAs
and the humidification section. This leads to a positive pre-
diction bias because the volatile NH4NO3, which is fully de-
tected by AMS, can evaporate in the H-TDMA system (Gysel
et al., 2007). Here, only data with NH4NO3 volume fraction
below 20 % were considered in order to reduce the evapora-
tion artifact of NH4NO3. Restricting data to times when am-
monium nitrate is below 20 % and organics were greater than
50 % may lead to a bias in datapoints between daytime and
nighttime. The statistics showed that there were more night-
time datapoints (204 datapoints) than those during daytime
(160 datapoints). This is because the organic mass fraction
during nighttime was higher than that during daytime. This
bias could make the fit between korg and O : C ratio more rep-
resentative for nighttime situations than daytime.

Figure 8 shows korg as a function of the O: C ratio. With
regards to the scattering point, «org Was not correlated to the
O: C ratio. Several previous studies have reported the simi-
lar plots of kqrg Values as a function of O : C ratios (Chang et
al., 2010; Bhattu and Tripathi, 2015; Rickards et al., 2013).
In order to derive an empirical relationship between «org
and O:C ratios, xorg values were usually binned by O:C
in increments of 0.1. As displayed in Fig. 8, a linear fitting
function (korg = (0.08 £ 0.02) - O:C + (0.02 £ 0.01)) was ob-
tained. Some empirical functions reported by other previous
studies are also shown in Fig. 8. In these previous studies
(Wu et al., 2013; Jimenez et al., 2009; Rickards et al., 2013;
Duplissy et al., 2011), the xorg Vvalues were derived from
the measurements performed in the subsaturation regime. In
Massoli et al.’s (2010) study (not shown in Fig. 8 due to the
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Figure 9. Van Krevelen diagram for the O:C and H:C ratios.
The gray lines illustrate how functionalization reactions of organic
species affect H:C and O:C from an arbitrary starting point (adopted
from Heald et al., 2010).

linear fitting using HGF, not «org), they reported a linear rela-
tionship (HGFggp g, = (0.58 £ 0.15) - O:C + (0.85 =+ 0.08)) be-
tween HGFggo, and O:C for the laboratory-generated SOA
particles. Both results displayed in Fig. 8 and Massoli’s study
showed a positive correlation between «org and O:C. Such
positive correlation was also reported by those studies based
on CCNc measurements, for examples, Chang et al. (2010)
and Mei et al. (2013). We note that the slopes of the linear
fitting varied with different studies, indicating that there was
not a simple parametrization to describe the relationship be-
tween organic hygroscopicity and its oxidation state though
the various atmospheric environments.

In order to gain insight into the similarities of OA mea-
sured in Beijing and other environments, the average ele-
mental composition, which is an approach to simply describe
organic aerosol (OA) chemistry (Kroll et al., 2011) is ana-
lyzed here. The O:C vs. H:C ratios of OA (Van Krevelen
diagram, V-K) can be used to characterize both the source
profiles and the atmospheric evolution of OA (Heald et al.,
2010; Ng et al., 2011). Figure 9 displays the V-K diagram
for the O: C and H: C ratios during the entire sampling pe-
riod in our study. The O:C vs. H: C ratios can be fitted by
a line with a slope of —0.63 and an intercept of 1.95 by
the reduced-major-axis (RMA) regression method. The V-K
diagram for OA summarized by Chen et al. (2015) is also
given in Fig. 9 in order to make comparisons between OA
measured in Beijing and in other atmospheric environments.
Chen et al. (2015) found that ambient organic aerosols line
up in the V-K space along a line with a slope of —0.6 by syn-
thesizing a large data set of surface field observations cov-
ering urban, rural, and remote environments. The trajectory
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of our work agrees well with this general trend, as shown in
Fig. 9. It implies that the atmospheric aging of OA in Bei-
jing has great similarities with the results measured in other
locations.

The gray lines in Fig. 9 display a conceptual V-K dia-
gram, illustrating how reactions involving the addition of
functional groups fall along straight lines proposed by Heald
et al. (2010). A slope of —1 is produced by the simultane-
ous addition of both functional groups, forming a hydroxy-
carbonyl or carboxylic acid. The horizontal line (slope =0)
means that the replacement of a hydrogen with an alcohol
group (—OH) involves an increase in oxygen but no change
in hydrogen (Heald et al., 2010). The slope forO:Cvs.H: C
ratios in our study falls into the space between lines with a
slope of —1 and 0. This indicates that the addition of both
alcohol and carboxylic functions could lead to the enhance-
ment of the O: C ratio. However, these reactions could re-
sult in different particle hygroscopic behaviors. This could
be one of the reasons to explain that O:C does not encom-
pass changes in detailed chemical composition that are re-
sponsible for changes in hygroscopicity. Recently, Richards
et al. (2013) undertook an extensive review of « values pub-
lished in the literature and showed that «org vs. O:C plot has a
large degree of scatter. This indicates that other factors, such
as phase state (Pajunoja et al., 2015) and molecular structures
(Suda et al., 2014) of organic aerosols (OA) other than oxi-
dation state may also play a role in the determination of the
OA hygroscopicity.

4.4 Case study: particle hygroscopicity during an NPF
event

As shown in Fig. 3a, the NPF events frequently took place
during the sampling period. In order to understand the effects
of NPF on particle hygroscopic behavior, this section will
exemplify the evolution of particle hygroscopicity during an
NPF event. As an example, Fig. 10 displays the time series
of particle number size distribution, GF-PDFs and water-
soluble fraction of 50 and 250 nm particles, and chemical
composition of PM7 during an NPF event that occurred on
5 June 2014. Here, the particles 50nm in diameter repre-
sented the newly formed particles, and particles 250 nm in
diameter represented the pre-existing particles.

The NPF event started at around 10:30 LT and ended at
05:30LT the next day. After the start of new particle for-
mation, the number fraction of the hydrophilic mode for
50 nm particles increased from 0.5 to around 1, showing
the conversion of externally to more internally mixed par-
ticles, as marked by the black dashed lines in Fig. 9b.
Around 20:30 LT, the fraction of the hydrophilic mode par-
ticles dropped to 0.6, and the hydrophobic mode appeared
again. This is attributed to the intensive traffic emissions at
the time of rush hour, which can clearly be seen from the par-
ticle number size distribution. During nighttime, the growth
factor of hydrophilic mode particles decreased. This can be
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Figure 10. The variation in particle number size distribution (a),
GF-PDF (b, c), water-soluble volume fraction (b, c), and chemical
composition of PM1 (d) during an NPF event.

explained by sulfuric acid condensation playing a minor role
in particle growth during nighttime. Simultaneously, ambient
temperature decreased from 27 to 20 °C. Lower temperature
facilitated the condensation of semi-volatile organic vapors
onto the newly formed particles. The chemical composition
of PM; also (Fig. 9) showed that the inorganic species and
SOA dominated before 20:30 LT, while the mass fraction of
organic compounds, especially POA, increased significantly
afterwards.

Clearly, an obvious enhancement in the water-soluble frac-
tion of 50 nm particles took place after the NPF event started.
A similar phenomenon was also observed by Shantz et
al. (2012), who showed that the 36 nm particles became in-
creasingly CCN active within 1-4 h after the nucleation dur-
ing the NPF events. They hypothesized that the condensa-
tion of sulfate on these small particles enhanced their CCN
activity. The water-soluble fraction accounted for 42 % of
50nm newly formed particles. The water-soluble fraction
was most likely ammonium sulfate formed from a neutral-
ization reaction between ammonia and sulfuric acid. In con-
trast, the newly formed particles consisted of a minor fraction
of water-soluble fraction (16 %) in Hyytiala, Finland (Ehn et
al., 2007). Other observations in the clean atmospheric en-
vironments (relative to Beijing), such as a forested site in
Colorado (Levin et al., 2012), Mace Head, Ireland (Vakeva
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et al., 2002), and Melpitz, Germany (Wu et al., 2015), also
showed that low water-soluble compounds, most likely sec-
ondary organic species, mainly contributed to new particle
growth. Differently, in the urban area of Atlanta (Sakurai et
al., 2005), the water-soluble fraction dominated in the newly
formed particles, which was similar to our observation in this
study.

As shown in Fig. 9c, the fraction of the hydrophilic mode
of 250 nm particles increased significantly and approached 1
after the NPF event started. This can be explained as such:
during the particle formation, a large amount of condensable
vapors, such as sulfuric acid and secondary organic species,
were produced because of the strongly active photochem-
istry. These condensable vapors can condense onto the pre-
existing particles and result in the transformation of external
mixtures to internal mixtures. Such a transformation may al-
ter the atmospheric behaviors of pre-existing particles, such
as optical properties and cloud condensation nuclei activation
during the new particle formation events.

5 Conclusions

Particle number size distribution, particle hygroscopicity,
and size-resolved chemical composition were measured con-
currently during summertime 2014 in Beijing, China. The
particle hygroscopicity showed a pronounced size depen-
dency. It increased with increasing particle size. During
the measurement period, the mean «s of 50, 100, 150,
200, and 250nm particles are 0.16+0.07, 0.19+0.06,
0.22+0.06, 0.26 + 0.07, and 0.28 4+-0.10, respectively. The
size-dependency behavior of particle hygroscopicity was
similar to that of inorganic compounds in PM;. The hy-
drophilic mode (HGF > 1.2) was more prominent, no mat-
ter what particle size was considered. With increasing parti-
cle size, the dominance of hydrophilic mode became more
pronounced. When PMy 5 mass concentration was below
50pug m—3, no dependency between PM, 5 mass concentra-
tion and the number fraction of hydrophilic mode was found.
Above 50 ug m—3, the number fraction of hydrophilic mode
for 150, 250, and 350 nm particles increased and rose towards
1 with the increasing PM3 5 mass concentration. This means
that aged particles dominated the particle mass concentra-
tion, especially during severe particulate pollution events
in Beijing. Based on the size-resolved AMS data, the par-
ticle hygroscopic growth can be well predicted using the
ZSR method. The organic hygroscopicity parameter showed
a positive correlation with the O : C ratio.

Frequent new particle formation events took place dur-
ing the measuring period. The hygroscopic growth factor or
« of newly formed particles was greater than the hygroscopic
growth factor of particles with the same sizes during non-
NPF periods. During new particle formation, fast transfor-
mations of external mixtures to internal mixtures for existing
particles (for example, 250 nm particles) have been observed.

Atmos. Chem. Phys., 16, 1123-1138, 2016

This was a strong indication that secondary aerosol mate-
rial such as organics and sulfates was produced due to the
strongly active photochemistry during NPF events, and sub-
sequently condensed onto the particles. Such a transforma-
tion may modify the atmospheric behaviors of pre-existing
particles, such as optical properties and cloud condensation
nuclei activation.
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