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Abstract

Aerosol hygroscopicity and cloud condensation nuclei (CCN) activity under clean con-
ditions and polluted events are investigated based on size-resolved CCN and aerosol
chemical composition observations during the Aerosol-CCN-Cloud Closure Experi-
ment (AC3Exp) campaign conducted at Xianghe, China in summer 2013. About 14–5

22 % of aerosol particles during the campaign are of externally mixed CCN-inactive
particles that cannot serve as CCN under atmospheric typical supersaturation (SS) of
∼ 0.4 %. A high sensitivity of Maximum activation fractions (MAF) to SS under polluted
conditions has been observed. The pollutants can cause a maximum MAF decrease
of 25–30 % (at SS = 0.08 %). Hygroscopicity parameter kappa (κ) are about 16–35 %10

lower under polluted conditions than under clean conditions for particles in accumula-
tion size range (80–180 nm); however, for particles in nucleation or Aitken size range
(30–60 nm), κ is slightly higher under polluted conditions. A non-parallel observation
(NPO) CCN closure study shows low correlation coefficient between estimated and
observed CCN number concentrations (NCCN). About 30–40 % uncertainties in NCCN15

prediction are associated with the changes of particle composition. A case study shows
that CCN activation ratio (AR) increased with the increase of condensation nuclei (CN)
number concentrations (NCN) in relatively clean days. In the case, AR exhibited good
correlation with κchem, which is calculated from chemical volume fractions, due to parti-
cles mainly composed of soluble inorganics. On the contrary, AR declined with increase20

of NCN during polluted events when particles composed mostly of organics. Meanwhile,
AR is closely related to f44, which is the fraction of total organic mass signal at m/z
44 and closely associated with particle organic oxidation level. Our study highlights the
importance of aerosols chemical composition on determining the activation properties
of aerosol particles, underlining the importance of long-term observation of CCN under25

different atmospheric environments, especially those with heavy pollution and high CN
number concentrations.
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1 Introduction

Indirect influence of aerosol particles on the radiative balance of the atmosphere
through changes in cloud droplet number and persistence of clouds (Twomey, 1974;
Albrecht, 1989), carries the largest uncertainty amongst the presently known causes
of radiative forcing (IPCC, 2007, 2013). Thus, better understanding of aerosol forma-5

tion, growth and activation is essential.
Field and laboratory experiments have been conducted with the aim of better char-

acterizing the particle physical and chemical parameters impacting on cloud condensa-
tion nuclei (CCN) activation. Studies have addressed the relative importance of the size
distribution, particle composition and mixing state in determining CCN activation, but10

there are disagreements on the relative importance of these parameters (e.g. Roberts
et al., 2002; Feingold, 2003; Ervens et al., 2005; Mircea et al., 2005; Dusek et al.,
2006a; Anttila and Kerminen, 2007; Hudson, 2007; Quinn et al., 2008; Zhang et al.,
2008; Deng et al., 2013; Ma et al., 2013). CCN closure studies are a useful approach
to test our knowledge of the controlling physical and chemical factors and help ver-15

ify experimental results. CCN number concentration, NCCN, is usually predicted from
measured aerosol properties such as size distribution and composition or hygroscopic-
ity based on Köhler theory. The closure between the measured and estimated NCCN is
often able to achieve in the background atmosphere without heavy pollutions (Chuang
et al., 2000; Dusek et al., 2003; VanReken et al., 2003; Rissler et al., 2004; Gasparini20

et al., 2006; Stroud et al., 2007; Bougiatioti et al., 2009).
In urban/polluted areas, the particle size distribution is more complex with various

composition of air mass (Lee et al., 2003; Alfarra et al., 2004; Zhang et al., 2004a; Sal-
cedo et al., 2006). The particle activation is affected by composition and mixing state
of the aerosol particles. It has been demonstrated that particles are more difficult to be25

activated during biomass burning plumes (Mircea et al., 2005; Lee et al., 2006; Clarke
et al., 2007; Rose et al., 2010, 2011; Paramonov et al., 2013; Lathem et al., 2013).
Also, their activation ratios were reduced by secondary organics formed from oxidation
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of common biogenic emissions (VanReken et al., 2005; Varutbangkul et al., 2006; Mei
et al., 2013) and black carbon (Dusek et al., 2006b; Kuwata et al., 2007). Other or-
ganic components (e.g. organic acids) are shown to activate more easily (Raymond
and Pandis, 2002; Hartz et al., 2006; Bougiatioti et al., 2011), but still much less than
inorganic species. Therefore, heavy polluted areas represent one of the most chal-5

lenging cases to test the understanding of parameters controlling CCN activation and
growth. Furthermore, the main uncertainty in predicting the magnitude of the global
aerosol indirect effects arises from those regions with the influence of urban emissions
(Sotiropoulou et al., 2007). The study of aerosol-CCN closure and relationships inside
and in the outflow of heavily polluted areas is thus important.10

East Asia, especially the Jing (Beijing)–Jin (Tianjin)–Ji (Hebei) region, is a fast de-
veloping and densely populated region including numerous megacities, where an-
thropogenic aerosol emissions have increased significantly over recent years (Streets
et al., 2008) and where aerosol loading is high and chemical composition is complex
(Li et al., 2007a; Xin et al., 2007). The high aerosol loading would have significant influ-15

ence on radiative properties, cloud microphysics and precipitation (Xu, 2001; Li et al.,
2007b; Xia et al., 2007; Rosenfeld et al., 2007; Lau et al., 2008; Li et al., 2011).

Field measurements of CCN have been made in East Asia where megacities are
likely to be major sources of pollutants and CCN (Yum et al., 2007; Rose et al., 2008;
Gunthe et al., 2009; Yue et al., 2011; Liu et al., 2011; Zhang et al., 2012; Deng et al.,20

2011; Leng et al., 2013). Despite the significant accomplishments achieved by these
studies, limitations and uncertainties exist. As a recent example for the region of inter-
est, Deng et al. (2011) over predicted the concentration of CCN at a site in the North
China Plain by 19 % when compared with direct measurements.

The aim of this paper is to study the CCN activity under high aerosol loading in the25

polluted regions and examine the impacts of particle size and chemical composition on
CCN activation ratio (AR) to the proxy of total aerosol particles in the atmosphere. We
applied a CDF fit model to both clean and polluted aerosols to probe the influences
of size distribution, heterogeneity of chemical composition, and mixing state on CCN
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activity. The hygroscopicity parameter is derived using Köhler theory to study aerosols
hygroscopicity during clean days and polluted events. In the CCN closure study, in
addition to the parallel observation (PO) closure test, we also employ the CDF active
curve fit method to non-simultaneously CN and CCN observation (namely non-parallel
observation (NPO) closure test) to estimate NCCN. Finally, the relationship between5

AR and aerosol physical and chemical properties is examined to further understand
the different behavior of CCN activity under background condition and during polluted
events.

2 Measurement and data

An intensive campaign, named Aerosol-CCN-Cloud Closure Experiment (AC3Exp),10

was conducted during June and July of 2013 at the Xianghe Atmospheric Observa-
tory (39.798◦ N, 116.958◦ E; 35 m a.s.l.), located about 60 km southeast of the Beijing
metropolitan area. This site is surrounded by agricultural land, densely occupied resi-
dences and light industry. Sitting between two megacities (with Beijing to the northwest
and Tianjin to the southeast) and less than 5 km west of the local town center (with15

a population of 50 000), the site experiences frequent pollution plumes. Depending on
the wind direction, instruments at the Xianghe site detect pollutants of urban, rural,
or mixed origins, experiencing both fresh biomass burning emissions and advected
aged aerosols. More information about the measurement location and meteorological
conditions has been described by Li et al. (2007, 2011).20

2.1 Instrument and measurement

In the campaign, aerosol particle size distribution (10–500 nm) and bulk CCN activation
were measured from 1 to 25 June 2013. Size-resolved CCN was measured from 25
June to 21 July 2013 and aerosol chemical composition was measured from 31 May to
30 June 2013. The aerosol inlet for the size distribution measurements was equipped25
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with a TSI Environmental Sampling System (Model 3031200), which consists of a stan-
dard PM10 inlet, a sharp-cut PM1 cyclone, and a bundled nafion dryer. After dried
through the nafion bundle, the sample flow was sent into a Scanning Mobility Particle
Sizer (SMPS, TSI 3034) for the aerosol size distribution measurements (10–500 nm).
Meanwhile, the CCN number concentrations (NCCN) at different super-saturations were5

measured, using a continuous-flow CCN counter from Droplet Measurement Technolo-
gies – Cloud Condensation Nuclei Counter (DMT-CCNC; Lance et al., 2006). Each CCN
measurement cycle included three supersaturations: 0.2, 0.5 and 0.8 %. The scanning
times for those super-saturations were set as 7, 5, and 5 min, respectively.

The size-resolved CCN efficiency spectra were measured by coupling the same10

DMT-CCNC used with a SMPS system (DMA; TSI 3081, CPC; TSI 3776) (Rose et al.,
2008). In this setup the particles are rapidly dried upon entering the DMA. Thus, size
selection is effectively performed under dry conditions, and the relative deviations in
particle diameter should be < 1 % except for potential kinetic limitations (Mikhailov
et al., 2009). The sample flow exiting the DMA was split into two parts, with 0.3 lpm15

for the CPC and 0.5 lpm for the CCNC. The DMA, controlled by the TSI-AIM software,
scanned one size distribution every five minutes with a size range between 10 and
700 nm. The CCNC was operated at a total flow rate of 0.5 lpm with the sheath-to-
aerosol flow ratio of 10. During the campaign, the averaging temperature and pressure
as measured by the CCNC sensors were (23.5±1.6) ◦C and (985.5±3.6) hPa. The20

deviations were determined by the measurement uncertainties. For each CCN mea-
surement cycle, SS was set to 5 different values: 0.08, 0.11, 0.23, 0.42, and 0.80 %.
The completion of a full measurement cycle took 60 min (20 min for the SS = 0.08 %
and 10 min for each of the rests). The supersaturations of CCNC were calibrated with
ammonium sulfate both before and after the campaign, following Rose’s procedures25

(Rose et al., 2008).
The measurement of non-refractory submicron (NR-PM1) aerosol species including

organics, sulfate, nitrate, ammonium, and chloride with an Aerodyne Aerosol Chemical
Speciation Monitor (ACSM) (Sun et al., 2012) is also conducted. The aerosol sampling
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setup and the ACSM operations were same as those in Sun et al. (2012). In addition
to the ACSM, the black carbon (BC) was simultaneously measured by a BC analyzer
(Aethalometer, Model AE22, Magee Scientific Corporation). During the experiment pe-
riod, the campaign area was generally hot and wet, with an average temperature of
23.6 ◦C and an average ambient relative humidity (RH) of 72.3 %.5

2.2 Data

The raw CCN data for both bulk and size-resolved CCN measurements were firstly fil-
tered according to the instrument recorded parameters (e.g. temperature and flow).
A multiple charge correction is applied for each CN size distribution spectrum by
TSI-AIM software. The CCN activation ratio (AR) is calculated based on the ratio of10

NCCN/NCN. In order to examine the CCN activity under clean and polluted days, we
classified the size-resolved CCN efficiency data as polluted and background condi-
tions with CN number concentration NCN > 15 000 cm−3 and < 15 000 cm−3 respec-
tively. Here, the background refers to a regional background condition which represents
a well-mixed atmosphere without influenced by local emissions. Bulk measurement of15

total CCN number concentrations at SS of 0.2, 0.5 and 0.8 % could lead to considerable
underestimation of CCN under polluted conditions (Deng et al., 2011) due to water de-
pletion inside the column (Lathem and Nenes, 2011). Therefore, in this study the data
points with NCN > 25 000 cm−3 were excluded. In the closure study, CCN size distri-
butions were calculated by multiplying the fitted CCN efficiency spectra (3-parameter20

CDF fit, Table 1) with the aerosol particle number size distribution. Total NCCN was
obtained by integrating the CCN over whole size range. The mass concentrations and
mass spectra were processed using ACSM standard data analysis software (v 1.5.1.1).
The detailed procedures for the data analysis have been described in Ng et al. (2011)
and Sun et al. (2012).25
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3 Theory

As proposed by Petters and Kreidenweis (2007), κ can be used to describe the influ-
ence of chemical composition on the CCN activity of aerosol particles, i.e. their ability to
absorb water vapor and act as CCN. Based on Köhler theory (Köhler, 1936), κ relates
the dry diameter of aerosol particles to the critical water vapor SS, i.e. the minimum SS5

required for cloud droplet formation. According to measurements and thermodynamic
models, κ is zero for insoluble materials like soot or mineral dust, however, their hy-
groscopicity would be changed due to the aging process of the soot and mineral dust
and the κ value is thus > 0. κ is 0.1 for secondary organic aerosols, 0.6 for ammonium
sulfate and nitrate, 0.95–1 for sea salt (Niedermeier et al., 2008), and 1.28 for sodium10

chloride aerosols. The effective hygroscopicity of mixed aerosols can be approximated
by a linear combination of the κ values of the individual chemical components weighted
by the volume or mass fractions, respectively (Kreidenweis et al., 2008; Gunthe et al.,
2009). In this study, we calculated κ based on both size-resolved CCN measurements
and chemical composition observations during the campaign. The theory and method15

to derived κ are described below.

3.1 Derivation of κa and κcut

Particle hygroscopicity κ were derived from the measured size resolved CCN activated
fraction using κ-Köhler theory (Petters and Kreidenweis, 2007). In κ-Köhler theory, the
water vapor saturation ratio over an aqueous solution droplet S is given by:20

S =
D3 −D3

p

D3 −D3
p(1− κ)

exp
(

4σwMw

RTρwD

)
(1)

where D is the droplet diameter, Dp is the dry diameter of the particle, Mw is the molec-
ular weight of water, σw is the surface tension of pure water, ρw is the density of water,
R is the gas constant, and T is the absolute temperature. When κ is greater than 0.1,
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it can be conveniently derived as:

κ =
4A3

27D3
pS

2
c

(2)

A =
4σwMw

RTρw
(3)

where Sc is the particle critical supersaturation and is derived using the approach5

described by Rose et al. (2008). The characteristic Sc of the size selected CCN
is represented by the supersaturation at which AR reaches 50 %. For parameters
listed above, T = 298.15 K, R = 8.315 J K−1 mol−1 (gas constant), ρw = 997.1 kg m−3,
Mw = 0.018015 kg mol−1 and σw = 0.072 J m−2. Note that values derived from CCN
measurement data through Köhler model calculations assuming the surface tension of10

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 parameters”)
but also for surface tension effects (Petters and Kreidenweis, 2007).

In this study, a parameter κa, which characterizes the average hygroscopicity of CCN-
active particles in the size range around activated diameters (Da), is calculated from15

the data pairs of SS and Da based on the κ-Köhler theory. κa is better suited for com-
parison with values predicted from ACSM measurements, because κa is not influenced
by CCN-inactive particles consisting mostly of insoluble and refractory materials like
mineral dust and soot, which are not or less efficiently detected by ACSM. Similarly,
a parameter κcut is also derived from the data pairs of SS and a critical dry particle di-20

ameter Dcut based on the κ-Köhler theory, which characterizes the average hygroscop-
icity of aerosol particles in the size range around Dcut. Note the Dcut is the diameter
when the AR = 50 % regardless of MAF < 1 or MAF = 1. Whereas, Da is the diameter
when the AR = MAF/2 (see Sect. 4.1). The discrepancy of Dcut and Da can reflect the
mixing state and chemical heterogeneity of aerosol particles.25
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3.2 Derivation of κchem

For a given internal mixture, κ can be predicted by a simple mixing rule on the basis of
chemical volume fractions εi (Petters and Kreidenweis, 2007; Gunthe et al., 2009).

κchem =
∑
i

εiκi (4)

where, κi and εi are the hygroscopicity parameter and volume fraction for the individ-5

ual (dry) component in the mixture with i the number of components in the mixture.
We derive εi from the particle chemical composition measured by ACSM. Measure-
ments from ACSM show that the composition of submicron particles was dominated by
organics, followed by nitrate, ammonium and sulfate. The contribution of chloride was
negligible (with volume fraction of about < 2 %). The analysis of anion and cation bal-10

ance suggests that anionic species (NO−
3 , SO2−

4 ) were essentially neutralized by NH+
4

over the relevant size range. For refractory species, BC represented a negligible frac-
tion of the total submicron aerosol volume (less than about 3 %), and the contribution
of sea salt and dust are also expected to be negligible for the size range of < 500 nm.
Therefore, aerosols within the size range of 10–500 nm examined were mainly con-15

sisting of Organics, (NH4)2SO4, and NH4NO3. The particle hygroscopicity is thus the
volume average of the three participating species:

κchem = κorg ·εorg + κ(NH4)2SO4
·ε(NH4)2SO4

+ κNH4NO3
·εNH4NO3

(5)

The values of κ are 0.1, 0.67 and 0.61 for Organics, (NH4)2SO4, and NH4NO3, re-
spectively derived from previous laboratory experiments (Petters et al., 2007). Species20

volume fractions were derived from mass concentrations and densities of participating
species. The densities of (NH4)2SO4 and NH4NO3 are 1770 and 1720 kg m−3, respec-
tively. And the density of organics is 1200 kg m−3 (Turpin et al., 2001).
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4 Results and discussion

4.1 CDF fit and parameters derived from the CCN efficiency

The spectra of measured CCN efficiency at both polluted and background conditions
were fitted with a cumulative Gaussian distribution function (CDF; Rose et al., 2008):

fNCCN/NCN
= a

(
1+erf

(
D−Da

σa

√
2

))
(6)5

where, the maximum activated fraction MAF = 2a, the midpoint activation diameter Da,
and the CDF standard deviation σa. The parameters were determined for each spec-
trum. If MAF = 1 by changing parameter “a” to 0.5, the spectrum is characteristic for
internally mixed aerosols with homogeneous composition and hygroscopicity of the
particles. During the campaign period of AC3Exp 2013, we measured about 1200 size-10

resolved CCN efficiency spectra (activation curves) for atmospheric aerosols at SS
of 0.08 to 0.80 %. Figure 1 shows averaged spectra of measured CCN efficiency at
SS of 0.08, 0.11, 0.23, 0.42 and 0.80 % as well as the differences of activation ratios
between background and polluted conditions (Fig. 1). The slope of AR with respect to
diameter near Da in Fig. 1 provides information on the heterogeneity of the composition15

for the size resolved particles. For an ideal case when all CCN-active particles have
the same composition and size, a steep change of AR from 0 to MAF would be ob-
served as D reaches Da. A gradual increase in AR suggests that some of the particles
have lower hygroscopicity and/or heterogeneity of the composition and are not able to
activate at the given SS than others. From Fig. 1, the slope of AR around Da during pol-20

luted events shows more gentle increase compared with the slope under background
conditions, especially at low SS, suggesting that the polluted aerosols have lower hy-
groscopicity. It shows differences of AR between polluted and background conditions
are much larger at SS = 0.08–0.11 % than that at SS = 0.42–0.80 %. This implies that
the impact of chemical composition on CCN activity is decreased along with increasing25
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SS, as has also been found by Kuwata et al. (2008). The pollutants can lead to a max-
imum decrease of 25–30 % (at SS = 0.08 %) of the activation ratio. The decrease at
SS = 0.80 % is about 5 %.

4.1.1 Activation diameter (Da)

The three parameters (MAF, Da, and σ) of CCN efficiency spectra derived from the5

3-parameter CDF fits as well as Dcut, κa and κcut under polluted and clean condi-
tions were also summarized in Table 1. Da_POL and Da_BG in Table 1 are defined
as activation diameter under polluted and clean conditions respectively. Dcut_POL and
Dcut_BG are defined as cut-off diameter under polluted and clean conditions respec-
tively. As expected, Da decreased with increasing SS under both background and pol-10

luted conditions. Generally, Da_POL are larger than Da_BG. Therefore, compared with
background aerosols, the polluted particles would be activated at larger diameter at
a given SS. However, the effect on Da has been weakened with the increasing of SS,
the difference of Da_POL and Da_BG reduced and close to each other at SS = 0.42 %
and 0.80 %. Accordingly, Dcut_POL and Dcut_BG dependence on SS showed similar15

changes to Da. In addition, it should be noted that Dcut is often larger than Da derived
from the CCN efficiency spectra. Because Dcut is defined as the diameter when acti-
vation fraction is up to 50 %, but most of cases during the campaign the “MAF/2” is
smaller than 50 % due to the externally mixed particle composition. The discrepancy of
Dcut and Da just indicated an externally mixed chemical composition of aerosol parti-20

cles.

4.1.2 Maximum Activated Fraction (MAF)

Generally, aerosols are with more uniform and homogenous chemical composition un-
der background conditions, thus result in a higher MAF. In this study, we observed max-
imum MAF of 0.98 at SS = 0.11 % under low NCN during the campaign. At SS = 0.08 %,25

the average MAF was only 0.49 with minimum values as low as 0.1 during those
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polluted events. The low MAF observed during the campaign indicate that a substan-
tial portion (1−MAF, about 14–22 %) of externally mixed CCN-inactive particles consist
of only non-hygroscopic species that cannot serve as CCN under typical atmospheric
SS of ∼ 0.4 %. MAF_POL and MAF_BG in Table 1 are defined as maximum activation
fraction under polluted and clean conditions respectively. MAF_POL display significant5

increase with the increasing of SS; whereas MAF_BG shows a slight increase. This
suggests a higher sensitivity of particle MAF to SS under polluted conditions.

4.1.3 CDF standard deviations (σ )

The 3-parameter fit results represent the average activation properties of the aerosol
particle fraction. The CDF standard deviations (σ) are general indicators for the ex-10

tent of external mixing and heterogeneity of particle composition for the investigated
aerosol in the size range around Da. σ_POL and σ_BG in Table 1are defined as CDF
standard deviations under polluted and clean conditions respectively. Under ideal con-
ditions, the CDF standard deviations should be zero for an internally mixed, fully mono-
disperse aerosol with particles of homogeneous chemical compositions. According to15

Rose et al. (2008), even after correcting for the DMA transfer function, however, cali-
bration aerosols composed of high-purity ammonium sulfate exhibit small non-zero σ
values that correspond to ∼ 3 % of Da. It can be attributed to heterogeneities of the
water vapor SS profile in the CCNC or other non-idealities, such as DMA transfer func-
tion and particle shape effects. Thus, “heterogeneity parameter” values of σ/Da = 3 %20

indicate internally mixed CCN, whereas higher values indicate external mixtures of par-
ticles with varying chemical composition and hygroscopicity. σ/Da_POL and σ/Da_BG
in Table 1 are defined as heterogeneity parameter under polluted and clean conditions
respectively. According to Table 1, σ/Da_POL and σ/Da_BG are with values of 20–
26 %, which is much higher than 3 % observed for aerosols of homogeneous compo-25

sition (e.g. pure ammonium sulfate), indicating that the particles were externally mixed
with respect to their solute content.
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4.2 Derived κ dependence on Dp

Figure 2 shows the dependence of κa and κcut on Dp under both clean and polluted
conditions. κa_POL and κa_BG in Fig. 2 are defined as average hygroscopicity of CCN-
active particles in the size range around Da under polluted and background conditions.
κcut_POL and κcut_BG are defined as average hygroscopicity of CCN particles in the5

size range around Dcut under polluted and background conditions. For clean days,
larger particles were on average more hygroscopic than smaller particles: κa_BG and
κcut_BG increased substantially from about 0.4 at 30–60 nm to about 0.6 at size range
of 120–180 nm. Our result is consistent with the field results observed in Guangzhou,
South China by Rose et al. (2010). However, during polluted events, both κa_POL10

and κcut_POL did not exhibited significant increase; and larger particles are even less
hygroscopic than the smaller particles. Generally, κ for polluted aerosols are about
16–35 % lower than that of clean aerosols for particles in accumulation size range
(80–180 nm). The decreased hygroscopisity parameter during polluted events is thus
probably due to the aerosols consisted mostly of an external mixture of freshly emitted15

biomass burning particles (Andreae and Rosenfeld, 2008; Petters et al., 2009; Rose
et al., 2010). This can also partially explain the reduction of polluted aerosols activity
due to most of the particles within that size range can be served as CCN.

However, for these particles in nucleation or Aitken size range (30–60 nm), κ for pol-
luted particles is slightly higher than clean aerosols. Based on laboratory experiment,20

Petters et al. (2009) examined the hygroscopic properties of particles freshly emitted
from biomass burning. They found that κ was a function of particle size, with 250 nm
particles being generally weakly hygroscopic and sub-100 nm particles being more hy-
groscopic. During the campaign at Xianghe, the biomass burning aerosols are the lead
particles. Thus it is safe to conclude that our field observations just confirmed the lab25

experiment by Petters et al. (2009). Consequently, the impact of pollutions on hygro-
scopisity of aerosols is complex, which is largely dependent on particle compositions
and their mixing state.
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4.3 Time series of Dcut and κcut

Figure 3 shows the time series of Dcut and derived κcut at SS of 0.08–0.80 % through-
out the campaign. Both Dcut and κcut exhibited pronounced fluctuations during obser-
vation period. On 18–19 July, when NCN < 20 000 cm−3, Dcut is relatively low, but the
κcut were enhanced accordingly relative to the campaign average. The changes indi-5

cate a decrease in the portion of particulate matter with low hygroscopicity (organic
substances) and in the heterogeneity of particles (external mixing). The highly polluted
period of 16–17 July 2013 was characterized by intense local biomass burning and
very high aerosol number concentrations. During the polluted events, the increase of
Dcut was pronounced, with apparent enhancement at SS< 0.2 %. Moreover, for all SS,10

κcut decreased to below 0.3 during polluted events, indicating a strong increase in the
heterogeneity of particles and an increase in the portion of particulate matter with low
hygroscopicity (organic substances).

4.4 PDF of Dcut, κcut and κchem

Figure 4 exhibits the probability distribution function (PDF) of Dcut and κcut under back-15

ground conditions and during polluted events throughout the campaign. Dcut_BG are
mainly distributed in the ranges of about 100–200, 100–150, 60–100, 40–60 and 25–
50 nm, with mean values of 156.5, 129.3, 84.6, 55.1 and 40.5 nm at SS of 0.08, 0.11,
0.23, 0.42 and 0.80 %, respectively. Obviously, the Dcut_BG shows larger variations at
low SS than that at high SS. This can be explained by two reasons: one is weaken20

impact (solute effect) of chemical composition on CCN activity at high SS; the other
one is the homogenous composition for these smaller particles according to our pre-
vious analysis (with high κ). Variations of Dcut_BG are smallest at SS = 0.80 % and
largest at SS = 0.08 %. In addition, pollution often increases Dcut by several to dozens
of nanometer. Generally, PDF of Dcut_POL is similar to that of Dcut_BG, with large vari-25

ations at high SS and narrow distribution at low SS. But one can easily find the PDF
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for Dcut_POL moved several to dozens of nanometer and extended to the side of large
particle size at all SS indicating impact by pollutions.

κcut_BG also presents large variations at each size range around Dp. They are mainly
distributed in the ranges of about 0.2–0.6, 0.3–0.6, 0.4–0.6, 0.2–0.6 and 0.2–0.5 at Dcut
of 163, 137, 90, 55 and 41 nm. It shows that a very small portion of particles are with5

κcut < 0.2 under clean conditions, reflecting that the particles are more hygroscopic.
Compared to the PDF of κcut_BG, κcut_POL displays more significant variations. Fur-
thermore, the PDF for κcut_POL is extended or moved to the left side integrally and
showing reduced hygroscopicity at all size ranges. The enhanced variations of PDF
as well as the decrease in κcut_POL indicate strong regional pollution with large pro-10

portions of externally mixed biomass burning particles in the atmospheric aerosol near
Xianghe site.

Figure 5 shows the PDF of derived κchem under background conditions and during
polluted events when assuming a simple approximate mixing rule throughout the cam-
paign. κchem characterizes the average hygroscopicity of aerosol particles in the size15

range of < 1 µm (PM1.0). The κchem displays large variations and mainly distributed in
the ranges of about 0.3–0.5, with a mean value of 0.38. The influence from pollutions
was also indicated, with mean κchem_POL and κchem_BG of 0.35 and 0.38 respectively.
The average value of κchem during the campaign is smaller than κcut and κa, as prob-
ably implied we have assumed a lower κorg (= 0.1) than it was: organics during the20

campaign are probably more hygroscopic due to the aging process. On average, conti-
nental aerosols tend to cluster around κ = 0.3 (Andreae and Rosenfeld, 2008; Pringle
et al., 2010). Our derived κ during the campaign from size-resolved CCN measure-
ments and aerosol chemical composition measurements by ASCM are considerably
higher than previous field observations. The large variation of κ (varying from 0 to 1.2)25

in our study indicate that particles are characterized by biomass burning influenced
aerosols, which has been yielded with κ values ranging from 0.02 to 0.8 (Petters et al.,
2009).
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4.5 CCN closure tests

In this section, we compare NCCN observations with corresponding values that were
estimated on the basis of aerosol particle number size distributions measured in paral-
lel and non-parallel assuming uniform chemical composition of aerosol particles. If the
estimated and observed NCCN agree quantitatively within the range of their uncertainty,5

closure is achieved. By using averaged CDF fit curve method with an assumption of
uniform chemical composition, CCN size distributions were firstly calculated by multi-
plying the CCN efficiency spectra (3-parameter CDF fits of NCCN/NCN) with the total
aerosol particle (CN) number size distributions measured in parallel and non-parallel.
Estimated NCCN were calculated by stepwise integration of the CCN size distributions10

from 10 to 500 nm.

4.5.1 Parallel observation (PO) closure tests

The comparison of estimated and parallelly observed NCCN at five SS of 0.08 to 0.80 %
is shown in Fig. 6. In this study, we named it as parallel observation (PO) closure
tests. At SS> 0.23 %, a good agreement between estimated and measured NCCN was15

obtained. The slopes are 1.04 (R2 = 0.95) and 0.93 (R2 = 0.97) at SS = 0.42 % and
SS = 0.80 %, respectively. These slopes are close to 1.0 and the correlations are high
as well, indicating that the estimation on a basis of mean CDF fit AR curve methods can
estimate the observed NCCN pretty well when SS is high. However, at SS of 0.08 and
0.11 %, only a reasonable correlation between estimated and measured was obtained.20

These slopes indicate that, despite the reasonable overall agreement, the estimation on
a basis of the method underestimates about 25–30 % of the observed NCCN at low SS.
The reason for this disagreement and low correlation lies in that size-resolved activation
ratios exhibit a larger variability at low SS than that at higher SS. Another possible
reason is the decrease of MAF at low SS. Overall, in PO closure study, the averaged25

CDF fit method can estimate NCCN well at high SS of > 0.2 % although uniform and
internally mixed chemical composition throughout the size range being assumed.
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4.5.2 Non-parallel observation (NPO) closure tests

In this study, we also estimate CCN number concentrations based on non-parallel CN
size distribution measurements (12–25 June 2013) by using CDF fit curve derived from
the size-resolved CCN measurements (7–21 July 2013). The comparison of estimated
NCCN and the non-parallel measured at three SS of 0.2, 0.5 and 0.8 % are shown in5

Fig. 7. A reasonable agreement between estimated and measured NCCN was obtained
by using CDF fit curve method. The slopes are much close to 1.0. However, only a rea-
sonable correlation with mean R2 of about 0.7 between estimated and measured NCCN
was achieved, which suggests temporal variations both in chemical composition or
mixing state of aerosol particles. The lower slope at SS = 0.2 % indicates that the es-10

timation on a basis of NPO closure underestimates about 7 % of the observed NCCN.
The closure is considerably improved at higher SS. Overall, the uncertainties in such
NPO CCN closure study are about 30–40 %. Thus, it is important to conduct such field
experiment to measure CCN under different environmental conditions. Likewise, cau-
tion needs to be exercised to use data from any experiment of short periods at a single15

site to do CCN parameterization for any large-scale applications. It is necessary to con-
duct long-term CCN measurements at more regional sites, especially those with heavy
pollution of high CN.

4.6 Case study: implications of CCN activation combining chemical
composition20

To understand the behavior of CCN activation under different surrounding circum-
stance, two cases with NCN < 15 000 cm−3 and > 15 000 cm−3 during the campaign are
selected for investigation, which are defined as clean condition and polluted condition,
respectively. Interestingly, bulk CCN activation exhibits completely different changes
with NCN from the two cases: the AR at all three SS of 0.2, 0.5 and 0.8 % increase25

with the increase of NCN in relatively clean condition (Fig. 8a), whereas they decline
with increase of NCN during polluted condition (Fig. 8b). This implies totally opposite or
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distinct mechanisms influencing the particle activation properties. To further study the
impacts from chemical composition and particle size, diurnal variations of AR, derived
κchem and fraction of total organic mass signal at m/z 44 (f44) (Fig. 8c and d) and mass
concentrations of black carbon (BC), organics, nitrate (NO−

3 ), ammonium (NH+
4 ), sulfate

(SO2−
4 ), chloride (Cl−) irons etc. (Fig. 8e and f) are also plotted.5

In clean days, AR shows significant diurnal variations and the changes display an
apparent dependence on κchem: AR increases with the increase of κchem. This indi-
cates the particle activation is well correlated with κchem. Because κchem is derived
from chemical volume fractions and hygroscopicity parameter for the individual compo-
nent, chemical composition thus plays a dominant role in the CCN activation. Actually,10

high correlations between bulk AR and κchem were observed when CN number con-
centrations are low during the campaign (Fig. 9). In these cases, organics account for
relatively low amounts (∼ 30 %) of total particle mass concentrations but concentra-
tions of soluble inorganics are high (Fig. 8e). Especially, mass concentration of nitrate
is higher than organics accounting for the largest mass fraction of all compositions15

when κchem reaches the maximum with a mean value of 0.41. The f44, which is the
fraction of total organic mass signal at m/z 44, is not correlated with AR (Fig. 8c). The
m/z 44 signal is due mostly to acids (Takegawa et al., 2007; Duplissy et al., 2011) or
acid-derived species, such as esters, and f44 is closely related to the organic oxidation
level (i.e., O : C ratio) (Aiken et al., 2008). Usually, the oxidized/aged acids are more20

hygroscopic and easily activated. Therefore, the deteriorated correlations between f44
and AR implied that organics in clean days are less hygroscopic during the campaign.

In addition, CN number concentrations at size range of nucleation, Aitken and accu-
mulated mode are also shown in Fig. 8g and h for clean and polluted conditions respec-
tively. In clean days, AR is correlated well with the changes of particle concentration at25

accumulated mode, suggesting aerosol particles at the size range of > 100 nm can be
mostly activated under relatively uniform chemical composition. AR also shows mod-
erate correlation with Aitken mode particles, and the correlation is not so well as the
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accumulated mode particles, as is attributed to smaller particles with Aitken diameter
of < 40 nm at the given SS (0.2–0.8 %) are difficult or cannot be activated.

During polluted events, AR shows significant diurnal variations but the changes have
no apparent dependence on changes of κchem (Fig. 8d, also see Fig. 9). In contrast,
variation of AR is closely related to variation of f44: the AR increases with the increase5

of f44 (Fig. 8d). As stated above, the f44 is closely related to the organic oxidation level.
Usually, the oxidized/aged acids are more hygroscopic and easily activated, suggest-
ing the significant roles of organics contributions from oxidized or aged aerosols to
CCN activity. In this case, organics account for largest amounts (with average percent
of 44 %) of total particle mass concentrations (Fig. 8f). The high fraction of organics10

makes the derived κchem low with a mean value of 0.35. However, based on the weak
correlation between AR and κchem under heavy pollutions, it cannot be inferred that AR
is less dependent on or influenced by chemical composition of the particles, because
the impact from organics on the particles activation is complicated (Jimenez et al.,
2009). In addition, one cannot use only an empirical value (in this study we suppose15

κorg = 0.1) to describe the particle hygroscopicity and activation properties due to the
complexity of the organic aerosol fraction and its tendency to evolve with atmospheric
oxidative processing and aerosol aging based on previous studies (e.g. Padró et al.,
2010; Engelhart et al., 2011, 2012; Asa-Awuku et al., 2011).

Similarly, under polluted conditions, AR is more correlated with the changes of accu-20

mulated mode particles than the variations of Aitken particles. It suggests that aerosols
with large particle diameter (> 100 nm) can be more easily activated, consistent with
Köhler theory (Köhler, 1936). No correlation was observed between the bulk AR and
particle number concentrations at Aitken mode. In the case of polluted days during
the campaign, CN aerosols are mainly from biomass burning, which are usually those25

fine particles in nucleation or Aitken mode composed of less hygroscopic organics and
thus cannot be activated to CCN. This can give a reasonable explanation of why bulk
AR at the three SS shows decrease along with the increase of NCN during polluted
events presented in Fig. 8b. During the biomass burning events, although the total NCN
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increased, no more particles was activated to CCN, as thus lead to the decrease of the
bulk AR.

5 Summary and conclusions

Atmospheric aerosol particles acting as CCN are pivotal elements of the hydrological
cycle and climate change. In this study, we measured and characterized CCN in rela-5

tively clean and polluted air during the AC3Exp campaign conducted at Xianghe, China
during summer 2013, with the aim of understanding the CCN activation properties un-
der high aerosol loading in the polluted regions and implying the impacts of particle
size and chemical composition on CCN activation ratio to the proxy of total aerosol
particles in the atmosphere.10

Based on the CDF fit method, we derived that about 14–22 % of aerosol particles
during the observed periods cannot be activated under typical atmospheric SS of about
0.4 %. The low MAF observed during the campaign indicates externally mixed CCN-
inactive particles consisting of only non-hygroscopic species. We also found a high
sensitivity of MAF dependence on SS under polluted conditions, implying that CCN ac-15

tivity would be changed much more evidently when changing the SS in the regions with
heavy pollutions. We observed that particles with diameter of 120–160 nm were on av-
erage more hygroscopic than particles with diameter of 30–60 nm. For particles in the
accumulation size range (80–180 nm), κ for polluted aerosols are about 16–35 % lower
than that for clean aerosols. In contrast, for particles in the nucleation or Aitken size20

range (30–60 nm), κ for polluted particles is slightly higher than that for clean aerosols.
The slight enhancement in hygroscopisity parameter for smaller particles during pol-
luted events is probably because of the aerosol aging and coating process. The low R2

for the NPO CCN closure test suggests about 30–40 % uncertainties in NCCN predic-
tion that is mainly caused by changes in particle composition. By combining analyses25

of chemical composition data from ACSM measurement, the relationship between bulk
AR and the physical and chemical properties of the atmospheric aerosol is investigated.
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It showed that CCN activation ratio (AR) increased with the increase of condensation
nuclei (CN) number concentrations (NCN) in relatively clean days. In the case, AR ex-
hibited good correlation with κchem, which is calculated from chemical volume fractions,
due to particles mainly composed of soluble inorganics. However, AR declined with in-
crease of NCN during polluted events when particles composed mostly of organics. In5

this case, AR is closely related to f44, which is the fraction of total organic mass signal
at m/z 44 and closely associated with particle organic oxidation level.

Our study implied that chemical compositions effect on aerosols hygroscopicity and
CCN activation is complex but important. Especially, it has been further confirmed that
CCN measurements at more locations, especially those with heavy pollutions, are nec-10

essary.
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Table 1. Characteristic of spectra Basic spectral parameters for polluted and background
aerosols during the campaign for different super saturation. Quantities are midpoint activa-
tion diameters (Da, Dcut), maximum activated fractions (MAF), CDF standard deviations (σ),
heterogeneity parameters (σ/Da), hygroscopicity parameters (κa, κcut).

SS Da_POL Dcut_POL MAF_POL σ_POL σ/Da_POL κa_POL κcut_POL Da_BG Dcut_BG MAF_BG σ_BG σ/Da_BG κa_BG κcut_BG

0.08 % 175.37 168.60 0.49 41.49 0.24 0.40 0.53 150.11 156.50 0.79 39.67 0.26 0.64 0.67
0.11 % 142.97 144.30 0.53 33.68 0.24 0.39 0.48 125.75 129.30 0.82 30.82 0.25 0.57 0.63
0.23 % 87.16 95.30 0.67 22.48 0.26 0.39 0.44 79.69 84.60 0.86 16.69 0.21 0.52 0.53
0.42 % 55.99 55.10 0.78 11.96 0.21 0.43 0.52 54.39 54.40 0.86 10.82 0.20 0.47 0.51
0.80 % 37.54 41.80 0.81 7.32 0.19 0.40 0.39 37.91 40.50 0.86 8.63 0.23 0.39 0.38
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Fig. 1. Averaged measured CCN efficiency spectra (top) by the 3-parameter CDF fit 

at SS of 0.08%, 0.11%, 0.23%, 0.42% and 0.80% and differences of activation ratios 

(bottom) between polluted and background conditions during the size-resolved CCN 

measurements period. 

 

 

 

 

Figure 1. Averaged measured CCN efficiency spectra (top) by the 3-parameter CDF fit at SS of
0.08, 0.11, 0.23, 0.42 and 0.80 % and differences of activation ratios (bottom) between polluted
and background conditions during the size-resolved CCN measurements period.
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 Fig. 2.Characteristics of hygroscopicity parameters, κcut (upper left) and κa(upper 

right) against the particle diameters for polluted and background conditions and 

changes of κcut (below, left) and κa(below, right) due to the pollutions at each particle 

diameter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Characteristics of hygroscopicity parameters, κcut (upper left) and κa (upper right)
against the particle diameters for polluted and background conditions and changes of κcut (be-
low, left) and κa (below, right) due to the pollutions at each particle diameter.
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Fig.3 Time series of CN number concentrations, Dcut and derived κcut at five SS of 

0.08-0.80% during the size-resolved CCN measurements period. 

 

 

 

Figure 3. Time series of CN number concentrations, Dcut and derived κcut at five SS of 0.08–
0.80 % during the size-resolved CCN measurements period.
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Fig. 4 Probability distribution (PDF) of Dcut and κcut under background and polluted 

conditions at five SS of 0.08-0.80% during the size-resolved CCN measurements 

period. 

Figure 4. Probability distribution (PDF) of Dcut and κcut under background and polluted condi-
tions at five SS of 0.08–0.80 % during the size-resolved CCN measurements period.
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Fig. 5 PDF of derived κchem under background and polluted conditions during the 

campaign (30 May-30 June, 2013). 

 

 

 

Figure 5. PDF of derived κchem under background and polluted conditions during the campaign
(30 May–30 June 2013).
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Fig. 6 Estimated NCCN plotted against the observed NCCN in parallel observation (PO) 

closure test. The green solid line is the 1:1 line, and the dashed green lines indicate the 

band of about ±30% deviation of NCCN-estimated from NCCN-observed. 

Figure 6. Estimated NCCN plotted against the observed NCCN in parallel observation (PO) clo-
sure test. The green solid line is the 1 : 1 line, and the dashed green lines indicate the band of
about ±30 % deviation of NCCN-estimated from NCCN-observed.
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Fig. 7 Estimated NCCN plotted against the observed NCCN in Non-parallel observation 

(NPO) closure test. The green solid line is the 1:1 line, and the dashed green lines 

indicate the band of about ±30% deviation of NCCN-estimated from NCCN-observed. 

 

 

Figure 7. Estimated NCCN plotted against the observed NCCN in Non-parallel observation (NPO)
closure test. The green solid line is the 1 : 1 line, and the dashed green lines indicate the band
of about ±30 % deviation of NCCN-estimated from NCCN-observed.
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Fig. 8 Two selected cases of background conditions (22-23 June, 2013) with NCN of 

<15000 cm-3 (left) and polluted events (14-15 June, 2013) with NCN > 15000 cm-3 

(right) during the campaign. Bulk CCN activation ratios (AR) at all three 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Figure 8. Two selected cases of background conditions (22–23 June 2013) with NCN of <
15 000 cm−3 (left) and polluted events (14–15 June 2013) with NCN > 15 000 cm−3 (right) during
the campaign. Bulk CCN activation ratios (AR) at all three supersaturations of 0.2 %, 0.5 % and
0.8 % against NCN in clear days and polluted days are shown in (a and b) respectively. Diurnal
variations of AR, derived κchem and fraction of total organic mass signal at m/z 44 (f44) are
shown in (c) (background conditions) and (d) (polluted events). Mass concentrations of black
carbon (BC), organics, nitrate (NO−

3 ), ammonium (NH+
4 ), sulfate (SO2−

4 ), chloride (Cl−) irons
etc. are shown in (e) (background conditions) and (f) (polluted events). NCN at size range of
nucleation, Aitken and accumulated mode are shown in (g and h) for background conditions
and polluted events respectively.
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supersaturations of 0.2%, 0.5% and 0.8% against NCN in clear days and polluted days 

are shown in Fig 8a and Fig. 8b respectively. Diurnal variations of AR, derived κchem 

and fraction of total organic mass signal at m/z 44 (f44) are shown in Fig. 8c 

(background conditions) and Fig. 8d (polluted events). Mass concentrations of black 

carbon (BC), organics, nitrate (NO3
−), ammonium (NH4

+), sulfate (SO4
2−), chloride 

(Cl-) irons etc. are shown in Fig. 8e (background conditions) and Fig.8f (polluted 

events). NCN at size range of nucleation, Aitken and accumulated mode are shown in 

Fig 8g and Fig. 8h for background conditions and polluted events respectively. 

 

 

   

Fig. 9. An example for temporal variations of bulk AR at spersaturation of 0.5%, 

derived κchem and NCN during the campaign (19-24 June, 2013). The periods (with low 

NCN) when high correlations between bulk AR and κchem were observed were marked 

by rectangles in light green color. 

Figure 9. An example for temporal variations of bulk AR at spersaturation of 0.5 %, derived
κchem and NCN during the campaign (19–24 June 2013). The periods (with low NCN) when high
correlations between bulk AR and κchem were observed were marked by rectangles in light
green color.
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