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Abstract Understanding particle CCN activity in diverse atmospheres is crucial when evaluating aerosol
indirect effects. Here aerosols measured at three sites in China were categorized as different types for
attributing uncertainties in CCN prediction in terms of a comprehensive data set including size-resolved CCN
activity, size-resolved hygroscopic growth factor, and chemical composition. We show that CCN activity for
aged aerosols is unexpectedly underestimated ~22% at a supersaturation (S) of 0.2% when using κ-Kohler
theory with an assumption of an internal mixture with measured bulk composition that has typically resulted
in an overestimate of the CCN activity in previous studies. We conclude that the underestimation stems from
neglect of the effect of aging/coating on particle hygroscopicity, which is not considered properly in most
current models. This effect enhanced the hygroscopicity parameter (κ) by between ~11% (polluted
conditions) and 30% (clean days), as indicated in diurnal cycles of κ based on measurements by different
instruments. In the urban Beijing atmosphere heavily influenced by fresh emissions, the CCN activity was
overestimated by 45% at S = 0.2%, likely because of inaccurate assumptions of particle mixing state and
because of variability of chemical composition over the particle size range. For both fresh and aged aerosols,
CCN prediction exhibits very limited sensitivity to κSOA, implying a critical role of other factors like mixing of
aerosol components within and between particles in regulating CCN activity. Our findings could help
improving CCN parameterization in climate models.

1. Introduction

Owing to the significant spatial variations in aerosol physicochemical properties, the prediction of cloud
condensation nuclei (CCN) number concentration (NCCN) in climate models is still fraught with large uncer-
tainties, which leads to substantial biases in the estimates of aerosol indirect forcing (e.g., Sotiropoulou,
Medina, & Nenes, 2006; Sotiropoulou et al., 2007; Wang, 2010). The largest uncertainties and errors in CCN
prediction are found in heavily polluted regions (Sotiropoulou et al., 2007).

Köhler theory (Koehler, 1936) has been shown to adequately characterize the CCN activity of single-
component and multicomponent aerosols in laboratory studies (e.g., Cruz & Pandis, 1997; Ma et al., 2013;
Padro et al., 2007). Anthropogenic aerosols are more complex, and thus, application of Köhler theory-based
models and parameterizations requires simplifying assumptions regarding particle composition and mixing
state. To evaluate the uncertainty associated with these assumptions, a large number of studies aimed at
quantifying how aerosol properties influence CCN activity in different environments have been performed
(e.g., Chuang et al., 2000; Dusek et al., 2006; Gasparini et al., 2006; Chang et al., 2007; Wang et al., 2008,
2010; Bougiatioti et al., 2011; Padro et al., 2012; Bhattu & Tripathi, 2015; Deng et al., 2011; Zhang et al.,
2014; Zhang, Li et al., 2016). The effects of composition, particle size, mixing state, and the aging process
on CCN activity are still difficult to quantify. It is also not easy to accurately estimate CCN activity under
different ambient conditions (Farmer et al., 2015; Seinfeld et al., 2016). Therefore, understanding how these
different factors influence CCN activity in different environments is crucial in order to determine NCCN

accurately and, ultimately, to quantify aerosol indirect effects.
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The use of aerosol optical measurements (e.g., aerosol optical depth, AOD) to estimate NCCN is challenging
because they are governed both by aerosol physicochemical properties and by environmental variables
(Ghan et al., 2006; Andreae, 2009; Liu & Li, 2014). Field measurements of aerosols and CCN are vital for
validating NCCN retrieved from aerosol optical measurements as well as for improving CCN parameterizations
in climate models. Different CCN parameterizations representing different atmospheric conditions are
needed. However, concurrent and comprehensive measurement programs that include aerosol physiochem-
ical properties and CCN activity from multiple sites are difficult to obtain due to the complexity of the instru-
mentation needed for measuring these parameters.

Using comprehensive data sets from three sites in China, we study the distinct CCN activity of a highly aged
aerosol and of an aerosol in an environment strongly influenced by fresh aerosol emissions. We use the
results to evaluate uncertainties in predicting NCCN when applying a single hygroscopicity parameter, к,
retrieved from chemical composition. The sensitivity of NCCN to the hygroscopicity of secondary organic aero-
sol (SOA) (κSOA) is examined by assuming a series of different κSOA values. The goal of this work is to clarify
which factors regulate CCN activity besides the well-known influences of chemical composition and particle
size, and to improve the understanding of CCN prediction uncertainty for the aerosols typical of heavily
polluted regions like northern China. We particularly focus on the effect of aging/coating on prediction of
hygroscopicity and CCN number concentration.

2. Sites, Measurements, and Methodology
2.1. Sites

Field campaigns were conducted at three sites in China (Figure 1): Beijing (BJ: 39.97°N, 116.37°E, 49 m above
sea level (asl)), Xianghe (XH: 39.80°N, 116.96°E, 35 m asl), and Xinzhou (XZ: 38.24°N, 112.43°E, 1,500 m asl). All
sites are located on the North China Plain where rapid economic development has taken place over the past
two decades and where the population density is high and the air is often polluted. Xianghe is located
~70 km to the southeast of BJ site, sitting between Beijing and Tianjin (a megacity in the region) and
~4 km west of the local town center. Located between two mountains (Taihang Mountain to the east and
Lüliang Mountain to the west), the Xinzhou site is ~360 km to the southwest of BJ. The sampling site in
Beijing is located at the Tower branch of the Chinese Academy of Sciences’ Institute of Atmospheric
Physics. It is subject to influences from local traffic and nearby cooking emissions (Sun et al., 2015). The
Xianghe site is surrounded by agricultural land and densely occupied residences. The site experiences
frequent pollution plumes, and pollutants of urban, rural, and mixed origins can be detected there. The
Xinzhou site is also surrounded by agricultural land (e.g., corn fields), with relative less local pollution from
motor vehicles and industrial activities. The site is at times downwind of Xinzhou City (with a population of
0.51 million) to the north and Taiyuan City, the capital of Shanxi Province, to the south. Because of its higher
altitude, the site is often a receptor of aged aerosols transported to the area from other regions.

2.2. Measurements and Instrumentations

Size-resolved CCN measurements were conducted from 7 to 21 July 2013 at XH, 22 July to 26 August 2014 at
XZ, and 8 November to 15 December 2014 and 28 August to 24 September 2015 at BJ. At the XH and XZ sites, a
TSI Scanning Mobility Particle Sizer (SMPS) was combined with a Droplet Measurement Technologies Cloud
Condensation Nuclei Counter (DMT-CCNc) (Lance et al., 2006) to measure size-resolved NCCN and particle
number size distributions (PSD) (Rose et al., 2008). The measured aerosol PSDs at the XH and XZ sites span
the size range of 10–700 nm and 10–600 nm, respectively. At the BJ site, a custom high-flow scanning
mobility particle sizer (SMPS; Wang & Flagan, 1990; Collins et al., 2002; Gasparini et al., 2004) combined with
a DMT-CCNc was used. The aerosol PSD measured over a 3 min period at the BJ site spanned the size range
of 15–600 nm. The aerosol inlet was equipped with a TSI Environmental Sampling System (Model 3031200),
which consists of a sharp-cut PM1 (Particulate Matter with diameter < 1 μm) cyclone and a bundled Nafion
dryer. The sampled particles were dried to RH < 30% prior to introduction into the charge neutralizer and
Differential Mobility Analyzer (DMA). At the XH and XZ sites the sample flow exiting the DMA was split into
two parts: 0.3 liters per minute (Lpm) for the Condensation Particle Counter (CPC) and 0.5 Lpm for the
CCNC. The DMA, controlled by TSI-AIM software, scanned one size distribution every 5 min. At the BJ site,
the flow to the CCN counter was also 0.5 Lpm, but that to the CPC (a TSI 3760A) was 1.5 Lpm. The CCNc inlet
RH was<30%. The supersaturation set points for each CCN measurement cycle were 0.07%, 0.1%, 0.2%, 0.4%,
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and 0.8%. The CCNc supersaturations were calibrated with ammonium sulfate before and after the field
campaign, following the procedures outlined in Rose et al. (2008). The overall relative error (1σ) was
estimated to be <3.5% of the set supersaturations. At the XZ and XH sites the completion of a full
measurement cycle took 50 min (10 min for each supersaturation level). At the BJ site it took 70 min
(14 min for each supersaturation level).

Figure 1. Map showing the locations of the study sites.
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Aerosol hygroscopic growth factor (gf) was measured at the sites using Hygroscopic Tandem Differential
Mobility Analyzers (HTDMA). The HTDMA systems consist of four main parts:

1. A Nafion dryer (model PD-70 T-24ss, Perma Pure Inc., USA) and bipolar neutralizer (Kr85, TSI Inc.). The
Nafion dryer ensured that the RH of the sample flow was below 20% over the study period, and the bipolar
neutralizer was used to produce a steady state particle charge distribution (Wiedensohler, 1988).

2. The first differential mobility analyzer (DMA1, TSI Inc. or fabricated DMA) (Wang et al., 2017; Zhang, Ma
et al., 2016; Gasparini et al., 2004) was used to select quasi-monodisperse particles of a selected diameter
by applying a fixed high voltage.

3. A Nafion humidifier (model PD-70T-24ss, Perma Pure Inc., USA) was used to humidify the aerosol flow from
DMA1 to a defined RH. The RH was set to 90%, 87%, and 85% at BJ, XH, and XZ, respectively.

4. The secondDMA (DMA2, samemodel as DMA1) and a CPC (TSI Inc.) were used together tomeasure the num-
ber size distribution of the humidified particles. The measurement uncertainty of the HTDMA mainly depends
on the accuracy of the measured RH in DMA2 and the possible sizing bias between the two DMAs (Massling
et al., 2007). The RH was calibrated during the campaigns by measuring the growth factor of pure ammonium
sulfate particles of 100 nmdry diameter. The estimated uncertainty in RHwas ±1%, resulting in a relative uncer-
tainty of around 2.5% for the gf of ammonium sulfate particles at 90% RH (Massling et al., 2003). The offset in
sizing between the two DMAswas determined bymeasuring the apparent gf of Polystyrene Latex spheres (PSL,
ThermoScientific, Duke Standards) with no humidification between the DMAs. The offset in sizing was
observed to be less than 3%, which is within the expected range for such systems (Wiedensohler et al.,
2012). More detailed information about the systems used at the BJ, XH, and XZ sites can be found in Tan
et al. (2013) or Wang et al. (2017), Zhang, Ma et al. (2016), and Gasparini et al. (2004), respectively.

Submicron nonrefractory aerosol species including organics, sulfate, nitrate, ammonium, and chloride were
measured using an Aerosol Chemical Speciation Monitor (ACSM; Sun et al., 2012; Wang et al., 2016).
Positive matrix factorization (PMF) with the PMF2.exe (v4.2) algorithm (Paatero & Tapper, 1994) was used
to analyze the ACSM organic spectral matrices following the procedures reported in Ulbrich et al. (2009).
Use of PMF provided the mass fractions of primary organic aerosol (POA) and secondary organic aerosol
(SOA). More detailed descriptions of the operation and calibration of the ACSM are not addressed here but
can be found in Ng et al. (2011). In addition to the ACSM, the black carbon (BC) concentration in PM2.5 was
measured with a time resolution of 5 min by a BC analyzer (Aethalometer, Model AE22, Magee Scientific
Corporation). The campaign-averagedmass concentrations andmass fractions of the measured aerosol com-
ponents are summarized in Table 1.

2.3. Derivation of the Particle Hygroscopicity Parameter, к

Here we derive κ using κ-Köhler theory (Petters & Kreidenweis, 2007) using either CCN activity data (κCCN) or
HTDMA-determined gf (κHTDMA). For κCCN> 0.1 the following approximate expressions can be used (Petters &
Kreidenweis, 2007):

κCCN ¼ 4A3

27D3
pS

2
c

; (1)

A ¼ 4σwMw

RTρw
; (2)

where Sc is the particle critical supersaturation and is the S at which the activation ratio (AR) reaches 50% of E.
It is derived using the approach described by Rose et al. (2008) and Mei et al. (2013). Dp is the particle dry

Table 1
Summary of the Mass Concentration (μg/m3) and Mass Fraction of Measured PM1 Aerosol Components and the Mean Atmospheric Temperatures and Relative Humidities
(RH) at the Three Sites

Site
Sulfate
(SO4%)

Nitrate
(NO3%)

NH4
(NH4%)

BC
(BC%)

OA
(OA%) Temperature (°C)

Relative
humidity

BJ 8.4 ± 9.7(18.2 ± 8.3% 7.3 ± 10.4 (15.3 ± 13.2%) 4.8 ± 6.0 (9.4 ± 5.4%) 2.2 ± 2.1 (6.3 ± 3.7%) 16.8 ± 7.0 (50.1 ± 12.1%) 21 66.4%
XH 12.8 ± 7.5 (18.8 ± 7.1%) 14.4 ± 9.9 (19.5 ± 6.8%) 8.8 ± 5.0 (12.6 ± 2.8%) 5.4 ± 3.4 (7.9 ± 3.1%) 27.5 ± 13.9 (35.8 ± 6.1%) 24 72.3%
XZ 11.5 ± 8.3 (31.0 ± 8.3%) 5.1 ± 4.3 (13.3 ± 6.5%) 4.2 ± 2.8 (11.2 ± 2.9%) 2.4 ± 1.6 (7.4 ± 4.6%) 13.7 ± 5.0 (35.5 ± 5.2%) 22 72.3%
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diameter,Mw is themolecular weight of water, σw is the surface ten-
sion of pure water, ρw is the density of water, R is the gas constant,
and T is the absolute temperature. Note that values derived from
CCN measurement data through Köhler model calculations that
assume the surface tension of pure water have to be regarded as
“effective hygroscopicity parameters” that account not only for
the reduction of water activity by the solute (“effective Raoult para-
meters”) but also for surface tension effects (Petters & Kreidenweis,
2007). κHTDMA can be calculated from the following expression:

RH

exp A
gfDp

� � ¼ gf 3 � 1

gf 3 � 1� кð Þ ; (3)

where RH is expressed as a fraction. A is the same as in equation (2).

As proposed by Petters and Kreidenweis (2007), κchem, is calculated
using a simple mixing rule based on chemical volume fractions for
an assumed internal mixture:

κchem ¼
X

i
εiκi ; (4)

where κi and εi are the hygroscopicity parameter and volume
fraction, respectively, for the individual (dry) components in the
mixture and i is the number of components in the mixture. For this
analysis the bulk composition measured by the ACSM is used to
calculate κchem. The aerosol components measured by the ACSM
mainly consisted of organics, (NH4)2SO4, and NH4NO3 (Zhang
et al., 2014; Zhang, Li et al., 2016). The values of κ are 0.67 and
0.61 for (NH4)2SO4 and NH4NO3, respectively, which are derived

from previous laboratory experiments (Petters & Kreidenweis, 2007). The following linear function derived
by Mei et al. (2013) was used to estimate κorg in our study: κorg = 2.10 × f44–0.11. The particle hygroscopicity
is thus the volume average of the three participating species. Species volume fractions were derived from
mass concentrations and densities of the participating species. The densities of (NH4)2SO4 and NH4NO3 are
1,770 kg m�3 and 1,720 kg m�3, respectively. The density of organics was assumed to be 1,200 kg m�3

(Turpin et al., 2001). More detailed descriptions of the method to retrieve κchem can be found in Zhang
et al. (2014). A quick comparison between gf-derived and CCN-derived κ values as a function of particle size
at the three sites is shown in Figure 2. For particle diameter ranging from 40 to 200 nm the differences
between gf-derived and CCN-derived κ values are less than 20% for all sites. The CCN-derived κ at the three
different sites was slightly higher than that derived from the HTDMA data. Similar disparities have been
reported by others (e.g., Cerully et al., 2011; Good et al., 2010; Irwin et al., 2010; Wex et al., 2009; Wu et al.,
2013). Possible explanations include nonideality effects in the solution droplets, surface tension reduction
due to surface active substances, and the presence of slightly soluble substances that dissolve at RH higher
than that maintained in the HTDMA (Wex et al., 2009). Both the κCCN and κHTDMA observed at XZ are much
higher than that observed at BJ and XH, and also higher than reported values at most other continental sites
in China (e.g., Jiang et al., 2016; Liu et al., 2011; Ye et al., 2013).

2.4. Identification of Aerosol Type From CCNc and HTDMA Measurements

We fit the size-resolved CCN curves using a lognormal function with the maximum activated fraction (E) and
critical supersaturation (Sc) among the fitting parameters (Mei et al., 2013). For each set of measurements, the
function form that yielded the best fit (i.e., the smallest least squares residual) was employed for deriving the
size-selected AR curves. The AR typically increased with increasing S until reaching E. The difference between
1.0 and E represents the number fraction of nonhygroscopic primary particles that cannot serve as CCN for
typical atmospheric supersaturations, which normally range from 0.1 to 0.7% in cumulus clouds
(Pruppacher & Klett, 2000). The characteristic Sc of a size-resolved population of particles is the S at which
the AR reaches 50% of E. The slope of the AR with respect to S near Sc provides information about the hetero-
geneity of the composition for the size-selected particles.

0
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0 50 100 150 200
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BJ-CCNc BJ-HTDMA
XH-CCNc XH-HTDMA
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Figure 2. The dependence of к onDp at three sites. The к values are retrieved from
both size-resolved CCNc and HTDMA measurements. The кHTDMA at XH is from
Zhang, Ma et al. (2016). The solid and open symbols represent the кHTDMA and
кCCN respectively, and the circles, squares, and diamonds represent the values
observed at BJ, XH, and XZ sites, respectively. The error bars represent ±1σ.
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The lognormal function fits of the size-resolved CCN activity (presented in the middle of Figure 3) show
differences between the three locations. Maximum CCN activation ratios at BJ in both 2014 and 2015 were
significantly below 1 at a supersaturation of 0.8%, which suggests a large contribution of externally mixed
low hygroscopicity or hydrophobic particles, which is also indicated by the HTDMA measurements shown in
Figure 3 (right column). At BJ, even at 150 nm dry Dp a significant fraction of the particles did not activate at
S = 0.8%. The mean кHTDMA probability distribution functions (PDFs) shown in Figure 3 show high-amplitude
peaks at кHTDMA< 0.05 at BJ for particles with Dp ranging from 40 to 200 nm, reflecting the significant impact
of local primary emissions (e.g., vehicle emissions and cooking sources) (Sun et al., 2015; Vu et al., 2017). The
PDFs at each site have tails that extend to κ < 0, though the impact is <0.02% and deemed negligible. The
comparatively shallow slopes around Sc at the BJ site indicate that particle composition there was more het-
erogeneous than at the XH and XZ sites, particularly for particles with Dp< 100 nm. The steeper slopes for the
data from the XZ site suggest greater uniformity in particle hygroscopicity, which is expected with an aged
and internally mixed aerosol. The corresponding PDF of кHTDMA possesses a single dominant peak. The XH
site is influenced by a mixture of local primary emissions and aged particles and consequently has higher к
values than at the BJ site but lower к values than at the XZ site (also shown in Figure 2).

The mass concentration of organics accounted for about 50.1%, 35.8%, and 35.5% of the total PM1 at the BJ,
XH, and XZ sites, respectively (Table 1). Combining the analyses of the size-resolved CCN AR curves, the PDFs
of кHTDMA, and the chemical composition information, the aerosol characteristics of the BJ, XH, and XZ sites
during the observation periods were categorized as primary, transitional, and aged, respectively.

3. Results and Discussion
3.1. Critical Supersaturation Dependence on Dp

The study-average size dependence of Sc for the three sites is presented in Figure 4. For comparison, the Sc of
particles composed of pure ammonium sulfate, fresh soot, and pinic acid (Ma et al., 2013) is also shown. For

Figure 3. CCN activation ratios (AR) as a function of (left column) supersaturation and (right column) size-resolved mean probability distribution functions (PDFs) of
the HTDMA-retrieved hygroscopicity parameter (κHTDMA) at the three sites: Beijing (BJ), Xianghe (XH), and Xinzhou (XZ). The PDFs of κHTDMA at the XH site are from
Zhang, Ma et al. (2016).
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both ambient particles and pure compounds, an increase in particle
size generally causes a reduction in Sc, because of a reduced Kelvin
effect and an increased Raoult effect (Koehler, 1936). The effect of the
chemical composition and/or mixing state on Sc is illustrated by the
different trends of Sc among different sites. Aerosols composed of aged
and internally mixed particles usually require a lower S to activate than
do freshly primary particles. Among the three sites, the more aged
particle characteristics of XZ had the lowest Sc(Dp). The magnitude of
the differences between the Sc at the different sites increased with
decreasing particle size. For example, the mean Sc is 0.34% at XZ and
0.52% at BJ for Dp = 60 nm, while they are in close agreement for parti-
cles with Dp > 150 nm. This largely reflects the significant difference in
hygroscopicity of the smaller particles coupled with the similarity in
hygroscopicity of the larger particles that are generally aged and coated.

Overall, compared with laboratory experiment results for pure
compounds, the CCN activity recorded at the XZ site is similar to that
of pure ammonium sulfate (к = 0.61) (Clegg et al., 1998). The Sc
observed at the BJ site is comparable to that of pure organic acids such
as pinic acid (κ = 0.248) and to that of SOA particles (Prenni et al., 2007).

The size-dependent Sc at the XH site was higher than at XZ but lower than at BJ. However, the calculated
hygroscopicity parameter derived from the chemical composition, кchem, at the XZ site (~0.41) is much lower
than that of pure ammonium sulfate, while кchem at the BJ site (~0.32) is much higher than that of pure pinic
acid. This implies that кchem may underestimate the CCN activity at XZ and overestimate it at BJ.

3.2. Comparison of Mean кCCNc, кHTDMA, and кchem

The mean кchem is compared with that derived from the CCNc (κCCNc) and HTDMA (кHTDMA) measurements in
Figure 5. Here кchem is calculated from the bulk PM1 composition, whereas кCCNc and кHTDMA are arithmetic

means based on measurements of particles with diameters between
about 40 and 200 nm. Because of the dependence of chemical composi-
tion on particle size, bulk кchem may overestimate the particle hygrosco-
picity at BJ because the ACSM measurements show aerosol volume was
dominated by particles with Dp > 60 nm, though Wu et al. (2016)
demonstrated that such a dependence of Dp on chemical composition
is negligible in urban areas. As is shown in Figure 5 the mean кCCNc
and кHTDMA at BJ are much lower than кchem derived from the ACSM
measurements. At the XZ site where the aerosol is more aged and
chemically homogeneous, the dependence of composition on particle
size is expected to be negligible. The кCCNc and кHTDMA at XZ show no
trend with Dp (as shown in Figure 3).

The кchem at XZ is much lower (0.41 ± 0.06) than кCCNc (0.48 ± 0.07) and
кHTDMA (0.47 ± 0.03), with differences of 18.3% ± 5.0% between кchem
and кCCNc and 15.1% ± 3.6% between кchem and кHTDMA. The lower
кchem would yield a larger critical diameter or higher Sc, and thus a
lower CCN and cloud droplet concentration, which will in turn lead to
uncertainty in evaluating the associated aerosol indirect effects on
clouds and climate. On the contrary, calculated кchem at the BJ site is
0.32 ± 0.11, which is considerably higher than кCCNc (0.26 ± 0.04) and
кHTDMA (0.25 ± 0.08), with corresponding overall differences of
24.6% ± 7.7% between кchem and кCCNc and 29.6% ± 15.4% between
кchem and кHTDMA. The higher кchem would accordingly result in a
smaller critical diameter or lower Sc, and consequently higher
estimated CCN and cloud droplet concentration.
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pinic acid

Figure 4. Critical supersaturation (Sc) as a function of particle diameter (Dp) at BJ
(red line), XH (black line), and XZ (blue line). Lab measurements (Ma et al., 2013)
for fresh soot (light blue dashed line), pure ammonium sulfate (к = 0.61, pink
dashed line) and pinic acid (к = 0.248, green dashed line) are included for
comparison.

Figure 5. Mean к retrieved from (top) CCN, HTDMA, and ACSM measurements
and differences between (bottom) кchem and кCCNc and кHTDMA at the three
sites. For comparison, кHTDMA at BJ is calculated only using the к values for
Dp> 100 nm due to the strong dependence of к on Dp at the site. No ACSM was
available for chemical composition measurements at the XH site, though an
intermediate кchem value is expected there.
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Although the ACSM-based к may overestimate particle hygroscopicity because of its sensitivity to larger
particles, the mean кchem at XZ is much lower than кCCNc and кHTDMA. Indeed, as shown in Figure 3, кCCNc
and кHTDMA show no apparent size dependence because upwind processing of the aerosol results in uniform
composition over the full size range. One explanation for the lower кchem at XZ is uncertainty in the hygro-
scopicity of organic aerosols (кorg) because it is assumed to be a simple linear function of f44 (Mei et al.,
2013). Because the coefficients in the linear function (κorg = 2.10 × f44–0.11) are based on measurements
in different regions, they may not be applicable for the aerosols sampled during this study. However, increas-
ing кSOA to an ~upper limit value of 0.3 (Jimenez et al., 2009; Petters & Kreidenweis, 2007; Petters et al., 2016)
increases кchem only to 0.43, which is still lower than кCCNc and кHTDMA. An underestimate of кorg thus cannot
fully explain the low кchem at XZ. Another cause may be the particle aging/coating process, for example,
condensation of secondary aerosol (sulfate and nitrate) on preexisting particles. The resulting particle hygro-
scopicity may depend more on the coating layer than on the original particle composition (Ma et al., 2013). In
that case, for example, preexisting primary particles like hydrophobic soot that are coated by hygroscopic
substances will not strongly influence the overall particle hygroscopicity and CCN activity. This effect will also
be discussed in section 3.4.

For the aerosol sampled at the BJ site where primary particles make up a significant fraction of the overall
concentration the hygroscopicity is overestimated by the bulk кchem model. One likely cause of this bias is
that ACSM measurements indicate that aerosol volume was dominated by particles with Dp > 60 nm, and
the hygroscopicity for particles <60 nm is much lower than that of the larger particles. Additionally, the
distribution of hygroscopicity in an external mixture (McFiggans et al., 2006; Figure 3) such as that commonly
found in urban areas such as Beijing is not captured in the calculations and may have contributed to the bias.
An inaccurate assumption on particle mixing state could result in either an overestimate or an underestimate
of the к and thus lead to uncertainties in predicting NCCN (Padro et al., 2012) and cloud droplet concentration.
It may also be that the кorg used is higher than it should be, though to force кchem to match кCCNc requires the
unreasonable assumption that the organic component is completely nonhygroscopic with кorg = 0.

3.3. Prediction of CCN Number Concentrations

To further assess the potential effect of кchem on evaluating CCN activity of the distinct types of aerosols
observed at XZ and BJ, NCCN is estimated.

The critical dry diameter (Dcrit) was calculated to predict the total CCN number concentration (NCCN_Predicted)
based on κ-Köhler theory (Petters & Kreidenweis, 2007), where the Dcrit of a particle population with proper-
ties (Sc, κchem) corresponds to the minimum D needed for activation. The NCCN_Predicted was then obtained
from the step-wise integration of the particle number size distribution from Dcrit to 600 nm for the data sets
collected at the XZ and BJ sites. The sensitivity of NCCN to the hygroscopicity of SOA (κSOA) is also examined by
assuming a series of κSOA values (0.07, 0.1, 0.2, and 0.3). The κ of primary organic aerosol κPOA is assumed to
be 0 because POA is thought to be hydrocarbon like (Zhang et al., 2004) and aliphatic in nature and, in
general, those types of compounds have not been found to be CCN active in laboratory experiments (e.g.,
Pradeep et al., 2003) and field measurements (Cubison et al., 2008).

The accuracy of the prediction of NCCN using bulk кchem is dependent upon S, with typically underestimated
concentrations at low S but always overestimated concentrations at high S (e.g., Juranyi et al., 2010). This
reflects the observed size dependence of hygroscopicity, with the mean bulk кchem derived from PM1 usually
higher than the hygroscopicity of smaller particles (corresponding to the critical diameter at high S) but lower
than that of larger particles (corresponding to the critical diameter at low S). Normally, the mean bulk кchem is
closest to the hygroscopicity of particles with Dp of 100–150 nm, corresponding to S of 0.1–0.2%. Such an
effect can be neglected at XZ because of the weak size dependence of к but is expected to be large at BJ
due to the strong size dependence there. The analysis below is thus limited to the results for S = 0.2% to focus
on the effect of aging/coating without the complicating dependence on S.

The sensitivity of NCCN_predicted to the hygroscopicity of SOA (κSOA) is shown in Figures 6a and 6b for calcula-
tions assuming the particles are internally mixed with a size-independent composition (BK-INT scheme).

Our results show that for the XZ site NCCN at S = 0.2% was underestimated by ~22%when calculated from the
f44-derived κchem. Based on the differences between κchem and κCCNc or κHTDMA discussed in section 3.2 and
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shown in Figure 5, we conclude that changes of 15–18% in κ (corresponding to a change in critical diameter
from89 to 94 nmat S=0.2%)will lead to about a 22%change inNCCN. Increasing κSOA all theway to the ~upper
limit of 0.3 (Petters et al., 2016) with an accompanying change in κchem from 0.41 to 0.426 reduces the
underestimate inNCCNonly to15%, indicating thatunderestimationofκSOAmayexplainatmost 7%of the total.

For the aerosol sampled at the BJ site, NCCN is overestimated by 45% at S = 0.2% when using the BK-INT
scheme, suggesting that changes of 25–30% in κ (corresponding to a change in critical diameter from 101
to 110 nm at S = 0.2%) will lead to about a 45% change in NCCN. At a lower κSOA of 0.07, NCCN is still overes-
timated by 33%, indicating that an overprediction of organic hygroscopicity could explain only about 12% of
the overestimate of NCCN. This is expected because most primary particles such as POA and soot are within
the Aitken mode and are too small to contribute to NCCN. The assumption of an internal mixture causes a
large fraction of the POA and hydrophobic soot particles to be counted as CCN as, mathematically, they
are blended with hygroscopic species and therefore leads to an overestimate of NCCN. Thus, the BK-EXT
scheme (externally mixed aerosol with constant composition over the full size range) is applied here
(Figure 6c). By using the scheme the prediction is improved, with a reduced overestimation of 27% based
on the f44-derived κchem. The remaining bias is believed to be due to the simplified bulk chemical composi-
tion assumption. The accuracy of the estimates would improve if size-resolved chemical composition
measurements were available (Asa-Awuku et al., 2011; Ervens et al., 2010). Overall, NCCN is relatively insensi-
tive to κSOA, which is likely due to the fact that the organic volume fraction at both sites is<70% (50.1% at BJ
and 35.5% at XZ) (Chang et al., 2007; Wang et al., 2008).
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Figure 6. Observed and predicted NCCN (S = 0.2%) at the XZ and BJ sites. (a) XZ results using an internally mixed scheme (BK-INT); (b) BJ results using the Bulk-INT
scheme; (c) BJ results using the BK-EXT scheme (assuming particles are externally mixed but with a size-independent composition). Here the sensitivity of CCN
number concentrations to the hygroscopicity of SOA (κSOA) in the BK-INT scheme is examined by assuming a series of κSOA values (0.07, 0.1, 0.2, and 0.3), repre-
sented by different colors and symbols. The green solid squares in Figure 6c are results obtained by assuming κPOA and κSOA are 0.05 and 0.18, respectively. The
numbers in parentheses are slopes and correlation coefficients (R2) of linear fits through the data. The black dashed lines are 1:1 lines.
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Our results from BJ agree well with other studies conducted in urban areas with large contributions from
freshly emitted particles (e.g., Bhattu et al., 2015; Broekhuizen et al., 2006; Cubison et al., 2008; Medina
et al., 2007; Mochida et al., 2006; Quinn et al., 2008), with all reporting overestimated NCCN when assuming
either an internal mixing state or an external mixing state but with bulk chemical composition. The BK-INT
assumption often results in an overestimate of NCCN, which is inconsistent with the observed underestima-
tion for aged aerosols measured during this study. In several studies of aged aerosols (e.g., Bougiatioti
et al., 2009; Chang et al., 2007; Kuwata et al., 2008; Wang et al., 2010), NCCN was also underestimated, although
the authors argue that closure was achieved within acceptable errors (±20%). Here we show a more signifi-
cant underestimation of 22% at S = 0.2%. The underestimation is even larger at lower S (not shown here); for
example, NCCN is underestimated by 36% at about S = 0.1%. The underestimation of NCCN corresponds to at
least 7–14% in the uncertainty of derived cloud droplet number concentration (Sotiropoulou et al., 2006),
and, if representative of the globe, would result in roughly a 0.5 W m�2 uncertainty in indirect forcing
(Sotiropoulou et al., 2007).

3.4. Aerosol Hygroscopicity Enhanced by Atmospheric Aging/Coating Process

As described in section 3.2, the low кchem at XZ and the resulting underestimation of NCCN it would cause is
likely due to particle aging/coating processes, for example, condensation of secondary aerosol components
such as sulfate and nitrate on preexisting particles. To further evaluate this hypothesis we investigate the
diurnal cycles of particle hygroscopicity at BJ and XZ based on the different measurements (Figure 7). As is
stated previously, because the ACSM measurements show aerosol volume was dominated by particles

Figure 7. Diurnal cycles of particle hygroscopicity obtained from different measurements: кHTDMA and кchem retrieved from HTDMA and ACSM measurements,
respectively, under (a) clean and (b) polluted conditions at the BJ site; (c) кCCNc and кchem retrieved from CCNc and ACSM measurements at the XZ site, and the
difference between кCCNc and кchem.
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with Dp > 60 nm, the кHTDMA at BJ in Figure 7 is calculated based on measurements of particles with
diameters >60 nm for comparison in order to strengthen the signal due to coating effect.

From the diurnal cycles of κchem and κHTDMA in clean (Figure 7a) and polluted (Figure 7b) conditions, it is clear
that кHTDMA peaks in the afternoon, but that no associated peaks in кchem are observed. This feature is
stronger on clear days when atmospheric oxidation and the aging process are more rapid. Between 10:00
and 14:00 the disparity in particle hygroscopicity is from ~0.23 (κchem) to ~0.30 (κHTDMA) in clean conditions
and ~0.37 (κchem) to ~0.41 (κHTDMA) on polluted days, equivalent to between 11% and 30% enhancements
accompanying aging and coating of the particles. In contrast, no significant differences between κchem
and κHTDMA are observed at night and in the early morning due to the lack of photochemical production
of secondary hygroscopic species. Figure 7 suggests that particle hygroscopicity cannot always be accurately
predicted from κchem calculated from the simple mixing rule in equation (4). Previous studies have shown
that freshly emitted POA and BC particles may be rapidly coated by more hygroscopic components in
polluted urban areas, resulting in enhanced hygroscopicity of the mixed particles (Johnson et al., 2005;
Zhang et al., 2004; Zhao et al., 2017). Interestingly, such an effect was not evident in the diurnal cycles for
the already well mixed aerosol present at XZ, where κchem and κHTDMA showed similar diurnal variations
(Figure 7c) with a roughly constant bias between κCCNc and κchem of between 15% and 18%. This
day/night contrast can be explained by the decreased rate of oxidation and condensation at night in the
relatively remote area. Furthermore, because the aerosol arriving at XZ is already aged and internally mixed,
the impact of additional coating is minimal. We conclude that NCCN at XZ is significantly underestimated by
the κchem model with the BK-INT assumption because the coating effect is neglected.

4. Summary

Using a comprehensive data set from field measurements made at three sites in China, the prediction of
particle CCN activity was evaluated. On the basis of measured size-resolved CCN activities and hygroscopic
growth factors in the three distinct environments, we categorized the aerosol characteristics of BJ, XH, and
XZ sites as primary, transitional, and aged, respectively. We showed a marked underestimation (~22%) of
NCCN for the aged aerosol when assuming particles are internally mixed with uniform submicron chemical
composition. We attributed the underestimation to neglect of the influence of particle coating and physical
mixing, which was supported by the diurnal cycles of κchem and κHTDMA. Owing to the aging/coating effect,
particle hygroscopicity was enhanced by between ~11% (polluted conditions) and ~30% (clean days). In
contrast to the results obtained for the aged aerosol at XZ, for the aerosol at BJ for which freshly emitted
particles contributed significantly to the total concentration the CCN activity was overestimated. That bias
is likely due to the use of inaccurate assumptions of particle mixing state and of variability in composition
with particle size. Our study also shows that for both aerosol types NCCN_predicted exhibits very limited sensi-
tivity to κSOA, which implies a critical role of other factors like mixing state and coating/aging in regulating
CCN activity.

Thus, it is evident that CCN activity is linked not only to particle composition but also to mixing state and to
aging and physical mixing processes (like coating and condensation), which should be elucidated and
quantified through further laboratory experiments However, our findings suggest that CCN activity of aged
aerosols in northern China can approach that of pure inorganic aerosol (i.e., pure sulfate), which may also
be true in other regions of the globe. Long-term observations frommore ground sites, as well as aerosol data
sets derived from aircraft measurements made at cloud base, should be made to better parameterize CCN.
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