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Abstract. Aerosol size distribution and cloud condensa- 1 Introduction

tion nucleus (CCN) number concentration were measured in

the North China Plain from 31 December 2009 to 20 Jan-Aerosols play an important role in cloud physics, climate and
uary 2010. The CCN closure study was performed usinghydrological cycle. Previous studies have shown that the in-
these data and droplet kinetic condensational growth modelcrease of aerosol number concentration, due to either nat-
The calculated CCN concentration with the assumption ofural or anthropogenic sources, can increase CCN concen-
pure ammonium sulfate aerosol is 40—140 % higher than thatration and enhance cloud albedo (Twomey, 1977). In addi-
observed for the supersaturations in this study. A sensitivitytion, more aerosols that lead to higher CCN concentration
test on aerosol solubility and mixing state indicates that 0.2-and smaller cloud droplets for fixed liquid water, can sup-
0.5 mass fraction of ammonium sulfate for internal mixture Press precipitation and, thus, extend the cloud lifetime and
can lead to a ratio of 0.82—1.30 for the calculated to observedncrease fractional cloudiness (Albrecht, 1989). However,
CCN concentrations, and that 0.4—0.7 mass fraction of amthe aerosol-cloud interaction is very complex and uncertain
monium sulfate for external mixture results in a ratio of 0.74— (IPCC, 2007; Lohmann and Feichter, 2005) because aerosol
1.25 in the North China Plain during the time period of the size distributions, chemical compositions, mixing states and
field observations, suggesting that a relatively simple scheméneteorological parameters can all affect the properties of the
may be used for CCN prediction in climate models for this clouds (Ackerman et al., 2000; Nenes et al., 2002; Peng and
region. Finally, we compare the calculated CCN concentral-ohmann, 2003; Rotstayn and Liu, 2003).

tions from the kinetic condensational growth model and the Many investigations have been carried out to study the
equilibrium model. The kinetic condensational growth model aerosol effects on clouds and climate (e.g., Ackerman et al.,
can simulate droplet growth in a time period under a certain2004; Anderson et al., 2003; Boucher and Lohmann, 1995;
supersaturation, while the equilibrium model only predicts Feingold et al., 2003; Lohmann and Feichter, 1997; Penner
whether a certain aerosol can be activated as CCN under th&t al., 2004; Xue and Feingold, 2006). Studies showed that
supersaturation. The CCN concentration calculated with thecloud droplets were smaller in polluted clouds than those
kinetic model is higher than that with the equilibrium model in clean clouds over the Atlantic Ocean (Brenguier et al.,
at supersaturations of 0.056 % and 0.083 %, because son?@00; Schwartz et al., 2002). Ship tracks are famous evi-
particles that are not activated from the equilibrium point- dences of the Twomey effect (Ferek et al., 1998). Some ob-
of-view can grow large enough to be considered as CCN inservations of ship tracks (Ferek et al., 2000) and boundary
the kinetic model. While at a supersaturation of 0.17 %, CCNlayer clouds (Heymsfield and MacFarquhar, 2001; Hudson
concentration calculated with the kinetic model is lower thanand Yum, 2001) confirm that precipitation can be suppressed
that with the equilibrium model, due to the limitation of by aerosols. In addition, satellite data revealed plumes of re-
droplet kinetic growth. The calculated CCN concentrationsduced cloud particle size and suppressed precipitation origi-
using the kinetic model and the equilibrium model are thenating from some major urban areas and industrial facilities
same at supersaturations of 0.35 % and 0.70 %. such as power plants (Rosenfeld, 2000).
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A major challenge of understanding the aerosol effects orproved successful by laboratory studies (Bilde and Sven-
clouds and climate is to know the ability of aerosol parti- ningsson, 2004; Henning et al., 2005; Raymond and Pandis,
cles acting as CCN at a specific ambient supersaturationr2002, 2003; Svenningsson et al., 2006). Another method de-
Satellites, networks of ground-based instruments and dedrived from Kohler theory is called#-Kohler theory”, which
icated field experiments are used to continuously observemploys a single parameterto describe the solubility ef-
the aerosol distribution and composition at different regionsfect on CCN activation (Petters and Kreidenweis, 2007). Co-
(Bates et al., 1998; Delene and Ogren, 2002; Kaufman ehant et al. (2004) indicated that the lack of aerosol-CCN
al., 2002; Ramanathan et al., 2001). Studies show that difelosure brings into question either (1) our fundamental un-
ferent compositions of aerosol particles have different chem-derstanding of the role of aerosol composition on the CCN
ical properties, resulting in different CCN activation (Bilde spectrum or (2) the techniques used to determine CCN spec-
and Svenningsson, 2004; McFiggans et al., 2005). Laboratrum or composition and mixing state. Therefore, in order
tory studies show that the activation of pure black carbon parto improve the aerosol-CCN closure, chemical properties of
ticles requires higher supersaturations than that predicted bgerosols have been widely studied. Although the two ques-
calculations where the particles are represented as insolubkons above have not been completely solved, the roles of
and wettable spheres, and that the addition of a small amourghemical properties including solubility, surface tension and
of NaCl to the black carbon particles greatly enhanced theiroxidation state in CCN activation are now better understood
CCN efficiency (Dusek et al., 2006). In addition to the chem- (Bougiatioti et al., 2009; Broekhuizen et al., 2004, 2006;
ical composition of aerosol, the size distribution, the mixing Cantrell et al., 2001; Ervens, 2007; dayi et al., 2010; Wang
state and a detailed knowledge of how different compoundset al., 2010).
interact with water, are required to accurately predict how Classical Kohler theory predicts the critical supersatura-
a realistic aerosol population will undergo cloud nucleationtion of a particle and, thus, does not incorporate any potential
(Andreae and Rosenfeld, 2008; McFiggans et al, 2006; Wardinetic limitations to cloud droplet formation (Ruehl et al.,
et al., 2010). Two different types of mixture, internal mixture 2008). Chuang et al. (1997) showed that neglecting kinetic
and external mixture, are often observed in field measurefimitations on the water uptake of cloud droplets can lead
ments (\Makea et al., 2002; Schwarz et al., 2006) and usedto overestimations in cloud radiative forcing calculations.
in model studies (Textor et al., 2006; Wang et al., 2010). ForNenes et al. (2001) identified three mechanisms that lead
example, field measurements baké\a et al. (2002) showed to kinetic limitations for cloud droplet activation. The first
that externally mixed aerosol was sometimes observed at umechanism that limits the formation of activated droplets is
ban and forest sites in Finland and a coastal site in westerthe “inertial mechanism” described by Chuang et al. (1997),
Ireland. Schwarz et al. (2006) presented results that the numwhere the timescale of cloud formation is not sufficient for
ber fraction of internally mixed black carbon particles range these particles with a large dry diameter and a very low crit-
from 0.2 t0 0.8. ical supersaturation to reach their critical diameter. The sec-

Closure studies of CCN have been carried out for moreond mechanism is that the particle initially grows, but sub-
than 20 yr based on both aircraft and ground-based measursequently evapourates to stay as an interstitial aerosol par-
ments. The earlier attempts to achieve CCN closure includdicle before it can activate, which is called “evapouration
studies by Bigg (1986) and Quinn et al. (1993). Bigg (1986) mechanism”. Thirdly, some particles can initially activate,
predicted CCN concentrations 3-5 times higher than the obbut become interstitial aerosols through the so-called “de-
served CCN concentrations under polluted aerosol condiactivation mechanism”. The water vapour mass accommo-
tions, while the CCN concentration predicted by Quinn etdation coefficient also has a strong effect on the condensa-
al. (1993) based on an ammonium sulfate assumption wation rate of water and remains an outstanding uncertainty in
a factor of 2 higher than the measured CCN concentrationgjuantifying the indirect effect of aerosols on climate forc-
at 0.3 % supersaturation. VanReken et al. (2003) predictedhg. Literature values of water accommodation coefficient
CCN concentration using classicabKler theory (Kohler, span two orders of magnitude, from 0.01 to 1.0 (e.g., Davi-
1936) assuming an idealised composition of pure ammoniundovits et al., 2004; Laaksonen et al., 2005; Marek and Straub,
sulfate for the aerosols. Their analysis indicates that ther@001; Mozurkewich, 1986; Shaw and Lamb, 1999). Shantz
was generally good agreement between the predicted and olet al. (2010) showed that water accommodation coefficient is
served CCN concentrations: at a supersaturation of 0.2 %, thabout 0.04, while Voiginder et al. (2007) indicates that it is
predicted CCN is 5% higher than that observed; while at alarger than 0.30 using a flow chamber experiment. Ruehl et
supersaturation of 0.85 %, the predicted CCN is 20 % higheral. (2008) suggest that for some air masses, accurate quan-
As the compositions of the aerosols in the environment ardification of CCN concentrations may need to account for ki-
very complex (Kanakidou et al., 2005; Murphy et al., 2006; netic limitations.

Zhang et al., 2007), &hler theory has been extended to in-  In this paper, we present a CCN closure study using data
clude organic species or insoluble matters (Facchini et al.from the North China Plain and droplet kinetic condensa-
1999; Kulmala et al., 1997; Laaksonen et al., 1998; Sein-tional growth model. Section 2 will describe the observed
feld and Pandis, 1998; Shulman et al., 1996), and has beedata, while the theory of droplet condensational growth will
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be discussed in Sect. 3. Section 4 will present the results androbably much smaller than 10 pum for instrumental and size
discussion. The conclusion will be presented in Sect. 5. distribution reasons.

2 Data description 3 Model and method

The diffusive growth rate of a droplet has the form (Prup-

This study uses data from experiments carried out at Wuqin%acher and Klett, 1997, p. 511)

in the North China Plain, which is sometimes heavily pol-

luted by anthropogenic aerosols, from 31 December 2009 to dr D(e—e(T)) 1
20 January 2010. Wugjing is located between the high aerosdig; = mwr? 4 es(D)Dpwl (% _ 1) (1)
optical depth centres of Beijing and Tianjin, and represents M Tk RT

a suburban background state in the North China Plain rey nare, is the water vapour pressure in the ambientaithe

gion (Xu et al., _2011). Many opservat_ions and studies have, oiar vapour pressure over the droplet surfagdhe equi-
been operated in the North China Plain. For example, WU €fi, i m vapour pressure over a flat water surfacthe radius

al. (2008) studied the particle number size distribution in the ¢ {ha droplet,T the ambient air temperatura, the univer-
urban atmosphere of Beijing, while Liu et al. (2011) stud- g5 gas constant, aridthe latent heat of water condensation:
|9d the hygroscopic properties of aerosols in the Wuqllng e and pw are, respectively, the molecular weight and den-
gion in summer. Our study focuses on the aerosol activationjy, of water: D andk are, respectively, the effective diffusion

properties in this region in winter. No precipitation or fog ¢qefficient of water vapour in the air and effective thermal
occurred at Wuging during the experiment, and the domi-¢qonqyctivity of air, including the gas kinetic effects.can
nant wind direction was southerly which means that a highy expressed as

level of pollution could be transported to the site from the

major source regions of eastern Tianjin. The aerosol size dis- 20 My,

tribution and the CCN number concentration were measured’ ~ W exp(prTr) 2)
during the experiment. Details of the aerosol and CCN in-

strumentations and data in our study can be found in Deng ef/€réaw is the water activity and is the surface tension
al. (2011). over the droplet surface. The parameterization of water ac-

Aerosol number size distributions (radius from 7 to tivity for a sqlution of ammonium sulf_ate i.s represented by
375nm), which were obtained by a Scanning Mobility Par- the polynomial expression, as below, in this paper (Tang and

ticle Sizer (SMPS, Model 3936, TSI, USA) with a time res- Munkelwitz, 1994)
olution of five minutes, are divided into 110 bins with the ;5 — 10— 2.715x 10 3x +3.113x 10 °x?
same logarithmic interval. The SMPS consist mainly of Dif- 6.3 8 4
ferential Mobility Analyzer (DMA, Model 3081) angCon— —2:336x 107757+ 1412x 107 3)
densation Particle Counter (CPC, Model 3772). The aerosoWherex is the mass fraction of ammonium sulfate in the so-
measurement equipment in this study has an upper truncdution.
tion radius of 375 nm and does not include larger particles. The composition of aerosol particles was first assumed to
However, it should be noted that aerosol number concenbe pure ammonium sulfate. The reasons are that: (1) ammo-
tration in Wuging was about 10 000-40 000Tin(Deng et nium sulfate is the main chemical material in the aerosols in
al., 2011) during the experimental period and larger particlesurban area (Wang et al., 2006); (2) the chemical properties of
only occupy a small number fraction (less than 1 %) of theammonium sulfate are well understood, especially the water
total aerosols because the particles are mainly from pollutioractivity (Tang and Munkelwitz, 1994); (3) a previous study
in this area. This neglect of larger particles will only slightly in Wuging found that the growth properties of the more hy-
underpredict CCN concentrations. groscopic particles are close to pure ammonium sulfate, indi-
The CCN concentrations at a given supersaturation (nomeating that these particles contain large fractions of inorganic
inally 0.07, 0.10, 0.20, 0.40 and 0.80%) were obtainedcompounds (Liu et al., 2011). The same assumption can be
from a continuous-flow dual CCN counter (CCN-200, DMT) found in previous studies (Dusek et al., 2003).
(Roberts and Nenes, 2005; Lance et al., 2006). The CCN In the CCN closure in this study, we also assume that the
counter was calibrated with ammonium sulfate particlesaerosols consist of ammonium sulfate and insoluble materi-
(Rose et al., 2008), and the calibration shows that the efals. We change the mass fraction of ammonium sulfate in the
fective supersaturations were 0.056, 0.083, 0.17, 0.35 anderosols to test the effect of aerosol solubility on CCN clo-
0.70 % for corresponding measurements (Deng et al., 2011)sure. Both internally and externally mixed aerosols are inves-
These calibrated supersaturations are used in the calculatiotigated. The internal mixture state is represented as an insol-
of CCN concentration in this study. The measured particle di-uble kernel with an ammonium sulfate shell, and the external
ameter range is from 0.75 to 10 um using the CCN countermixture state is pure ammonium sulfate aerosol externally
However, the practical upper size for the CCN counter ismixed with the insoluble material.
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Both the kinetic condensational growth model (Eqg. 1) and 40
the equilibrium model (Eq. 2) are used to predict CCN num-
ber concentrations at a given supersaturation. The observed
110 bins of aerosols are used as inputs to both models. The
equilibrium model can predict the critical supersaturation of
the particle with a given dry radius. Particles with the critical
supersaturation smaller than the ambient supersaturation can
be considered as CCN. However, the equilibrium method has
a defect: particles may not have enough time to grow to their
critical sizes. It has been shown that particles sometimes are
not in equilibrium with the environment and the kinetic ef-
fect leads to limitations of droplet activation in clouds (Nenes
et al., 2001). This kinetic limitation effect may also exist in
CCN counters. In this study, a kinetic condensational growth 0 . .
model is used to simulate particle growth in the CCN counter. 20 30 40
We first calculate the initial equilibrium radius of each bin at CCN (x103 cm_?’)
the measured temperature, pressure and at a relative humid- obs
ity of 85 % using Eq. (2). Then we calculate the growth of the Fig. 1. Comparison between the calculated and observed CCN num-
droplets with time at the measured supersaturations using thieer concentration during 31 December 2009 and 20 January 2010
condensational growth model (Eg. 1). The water accommo-at Wuging. The composition of aerosol is assumed to be pure
dation coefficient for this study is taken to be 0.04 on theammonium sulfate and the water accommodation coefficient is
basis of the laboratory studies of Shaw and Lamb (1999). Wé.04. Different colours represent different supersaturations (red:
also did a sensitivity test on the effect of water accommoda-S = 0-056 % pink: = 0.083 %; yellow: S = 0.17 %; green:S =
tion coefficient on droplet growth rate using values of 0.3 and?-3° %: blue:S =0.70%). The centre of the cross represents the
1.0. mean calculated CCN concentration and the mean observed CCN

concentration at each supersaturation. Horizontal and vertical bars
Based_ on the setup .Of the CCN .Counter (Den_g etal., 20:L:I')i’ndicate the standard devirf);ltions of the observed CCN and calculated
we consider that the time for particles to stay in the counterp concentrations, respectively.
(resident time) is roughly 10 s. Because the CCN instrument
can measure droplet size from 0.75 to 10 um in diameter, we
consider particles that grow larger than 1.0 um after the resiThe possible reasons for the overestimation of CCN con-
dent time as CCN in the kinetic model calculation, although centration using the kinetic model include: (1) aerosols are
some of them may not be “activated” in the classical equi-assumed to be pure ammonium sulfate in the model, while
librium method. The calculated CCN number concentrationthe ambient aerosols may contain some insoluble material;
using the kinetic condensational growth model is then com-(2) the high concentration of aerosol particles lead to con-
pared with that from the equilibrium model. Details of the sumption of water vapour and a lower supersaturation than
comparison can be found in Sect. 4.3. expected in the CCN counter. In fact, there is some evidence
that the actual supersaturation in the CCN counter is lower
than the expected value, especially at higher CCN concen-
4 Results and discussion tration (Lathem and Nenes, 2011).

30

x103 cm™3)

N
o

cal

S$=0.056%
$=0.083%
S=0.17%
S=0.35%
S$=0.70%

CCN
=
o

4.1 CCN Closure using droplet kinetic condensational 4.2 Sensitivity to aerosol solubility and mixing state
growth model

Previous studies showed that the amount of the soluble
Figure 1 shows the comparison of calculated and observedatters (Petters and Kreidenweis, 2008; Koch et al., 2011;
CCN number concentrations during the experiment time atKhvorostyanov and Curry, 2007), slightly soluble organics
different supersaturations. The calculated CCN number con{Bilde and Svenningssoon, 2004), and the surface active
centration is obtained from the kinetic condensational growthcompounds (Facchini et al., 1999; Henning et al., 2005) can
model, as discussed in Sect. 3. Aerosols are first assumed adl influence the aerosol activation behaviour. It has been
pure ammonium sulfate and the water accommodation coeffidemonstrated that the calculated CCN concentration was
cientis 0.04. The averages and standard deviations of the cahighly sensitive to the assumed aerosol mixing state and that
culated and measured CCN concentrations for each supersdtie lack of mixing state measurements precludes a quantita-
uration are also shown in Fig. 1. It can be noted that the calcutive evaluation of its effect on CCN closure (Stroud et al.,
lated CCN concentration is 140, 100, 40, 40 and 50 % highe2007). Ervens et al. (2010) studied the impact of the as-
than the observed CCN concentration on average at supersatumed aerosol mixing state and composition on calculated
urations of 0.056, 0.083, 0.17, 0.35 and 0.70 %, respectivelyCCN concentration and found that for an aerosol with small
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Fig. 2. Comparison between the calculated and observed CCN numFig. 3. Comparison between the calculated and observed CCN num-
ber concentration for four different mass fractions of ammonium ber concentration for 4 different mass fractions of ammonium sul-
sulfate ¢) at different supersaturations. For each aerosol, ammo-ate ) at different supersaturations. The insoluble material is as-
nium sulfate is assumed to be internally mixed with an insoluble sumed to be externally mixed with ammonium sulfate. Colour cod-

core. Colour coding of supersaturations and the representation dhg of supersaturations and representation of mean and standard de-
mean and standard deviation is as in Fig. 1. viation is as in Fig. 1.

organic mass fraction, the assumption of organic composi-Table 1a. The best-fit mass fraction of ammonium sulfate
tion/mixing state is not crucial, while for high organic mass is 0.3, 0.3, 0.5, 0.3 and 0.2 at supersaturations of 0.056 %,
fraction, predicted CCN number concentrations are quite0.083 %, 0.17 %, 0.35% and 0.70 %, respectively.
sensitive to the assumptions on mixing state/composition. Secondly, we assume that ammonium sulfate is externally
To investigate the sensitivity of closure results to aerosolmixed with insoluble material. Externally mixed aerosols
solubility and mixing state, we first assume that aerosol iswere observed at many places (e.gake\a et al., 2002) and
composed of internally-mixed ammonium sulfate and insolu-have been assumed in many regional scale models (Koch et
ble material. We vary the mass fraction of ammonium sulfateal., 1999; Chin et al., 2000; Boucher and Anderson, 1995;
(e) in the model from 0.9 to 0.3. When aerosols absorb wateBarth et al., 2000). The insoluble aerosols are hydrophobic
from the environment during the hygroscopic growth, eachand do not act as CCN. We only calculate the growth of the
droplet is assumed to have an insoluble core and a shell afoluble aerosols in this case. The equilibrium vapour pres-
ammonium sulfate solution. The equilibrium vapour pressuresure over the ammonium sulfate solution can be derived from
over the droplet is then the equilibrium vapour pressure ovetEgs. (2) and (3); and the kinetic growth of the droplet can be
ammonium sulfate solution with the curvature effect. This calculated based on Eq. (1). Figure 3 shows the calculated
can be derived from Egs. (2) and (3). We then use Eqg. (1)and measured CCN concentrations for various mass fraction
to calculate the kinetic growth of the droplets. Droplet size of ammonium sulfate assuming the aerosols are external mix-
is determined from the size of the insoluble core and theture. The ratio of the calculated to the measured CCN con-
amount of the ammonium sulfate solution. centration is also shown in Table 1b. It is seen that the best-fit
Figure 2 shows the comparison of the calculated and obimass fraction of ammonium sulfate is 0.4, 0.5, 0.7, 0.7 and
served CCN number concentrations at different supersatud.6 at supersaturations of 0.056 %, 0.083 %, 0.17 %, 0.35 %
rations for mass fraction of ammonium sulfate from 0.9 to and 0.70 %, respectively, for external mixing state.
0.3. It can be seen that the calculated CCN concentration It should be noted that external mixing state can gener-
is decreasing with the decrease of ammonium sulfate masally lead to a better CCN closure than the internal mixing
fraction. The ratio of the calculated to the measured CCNstate for a certain mass fraction of soluble material in this
concentration for different mass fraction of ammonium sul- study. The results indicate that the assumption of an internal
fate (from 1.0 to 0.1) and five supersaturations is shown inmixture of 20-50 % ammonium sulfate and some insoluble

www.atmos-chem-phys.net/12/5399/2012/ Atmos. Chem. Phys., 12, 538, 2012
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Table 1. Ratio of calculated to observed CCN number concentration on average at five supersatusationslifferent ammonium sul-
fate mass fractionef and mixing state. For each setup of the composition, we also calculated the averageg/©CNy,s over all the
supersaturations. The kinetic model is used and the mass accommodation coefficient of water is 0.04.

@)

Internal mixture
S (%)le 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

0.056 236 222 209 19 184 160 138 1.09 0.83 0.44
0.083 196 186 175 165 146 136 119 095 0.75 0.37
0.17 137 130 124 118 113 101 091 081 062 0.39
0.35 141 137 132 128 124 115 107 099 083 0.62
0.70 152 149 146 143 140 134 128 121 1.08 0.88

Ave 1.72 165 157 150 142 130 116 101 0.82 054
(b)

External mixture
S (%)e 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

0.056 236 215 193 171 148 125 101 0.77 052 0.26
0.083 196 179 161 142 123 104 084 064 043 0.22
0.17 137 125 112 099 086 0.72 059 045 030 0.15
0.35 141 128 116 102 089 075 060 046 031 0.16
0.70 152 139 125 110 096 081 065 050 034 0.17

Ave 172 157 141 125 108 091 0.74 056 0.38 0.19

material for aerosols or the assumption of an external mixture It should be noted that this study assumes uniform com-
of 40-70 % ammonium sulfate and some insoluble materiaposition for the entire aerosol size distribution and the exper-
for aerosols can generally lead to a good agreement betwedamental period. However, the aerosol soluble mass fraction
the calculated and observed CCN concentration in the exmay be different at different sizes and at different times in re-
perimental area. Actually the aerosol composition and mix-ality. We, therefore, investigated the aerosol number size dis-
ing state are very complex. Ma et al. (2011) suggested thatributions for cases that are above, nearly on, and below the
both internal and external mixing states exist at Wuging, thel:1 line in Fig. 1 to see if the three categories have different
experimental site in North China Plain. In general, aerosolsize modes (and hence possibly different composition). Re-
composition and mixing state are both time-dependent andults show that cases above the 1:1 line usually have smaller
size-dependent. Our purpose is to provide a simple parameaerosol sizes and higher number concentrations, while cases
terization method for CCN prediction that may be used in aon the 1:1 line and below the 1:1 line usually have larger
large scale model for the area. aerosol sizes and lower number concentrations. The differ-
In summary, solubility and mixing state each plays an im- ences in the shape of the size distribution as well as the in-
portant role under certain conditions at Wuging in the exper-tegral number concentration imply that aerosols in different
imental period. For example, CCN closure is more sensitivecategories can possibly have different sources or processes.
to solubility for external mixture, and for internal mixture An extensive analysis of the size distribution data and in-
with soluble mass fraction smaller than 0.4; but less sen~estigation of this result is beyond the scope of the present
sitive to solubility for internal mixture when soluble mass manuscript and will be the focus of a future study.
fraction is larger than 0.4 (Figs. 2—-3 and Table 1). CCN clo-
sure is sensitive to mixing state only when the soluble mas#.3 Kinetic effect
fraction is small (Figs. 2—-3 and Table 1). This means that if
aerosols contain large amount of soluble materials, mixingpreViOUS studies often used the equilibrium model to calcu-
state is not important for predicting CCN number concentra-late CCN number concentration (Broekhuizen et al., 2006;
tion, although external mixing state would lead to a slightly Juranyi et al., 2010; Wang et al., 2010). However, kinetic

less predicted CCN than internal mixing state for a fixed sol-limitation is an important factor affecting droplet nucleation
uble mass fraction. process and the equilibrium model can sometimes lead to

a discrepancy in the calculated and observed droplet num-
bers (Nenes et al., 2001). Here, we compare the calculated
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Fig. 4. Comparison between the average calculated CCN numberig. 5. Growth curves of four selected bins at each supersatura-
concentration using the kinetic model (dot) and that using the equition (S): the smallest bin of aerosols (bin 1), the largest bin of
librium model (triangle). Different colours represent different su- aerosols (bin 110), the smallest bin of aerosols that can be consid-
persaturations as before. ered as CCN based on the kinetic model (dashed black lines; bin
66 atS = 0.056 %, bin 64 atS = 0.083 %, bin 57 atS = 0.17 %,
bin 42 atS = 0.35%, bin 29 atS = 0.70%) and the smallest bin

CCN number concentrations from the kinetic condensationaff aerosglsl tha}_gan bel_con§ig_er¢e7% "’f‘(s)s C_C(')\‘Oggifd b‘?” ghsefequilib-
growth model and the equilibrium model. As discussed jnum moge (solid gray lines: bin e 0, bin or

S . - .S =0.083%, bin 55 for 0.17 %, bin 42 fa$ = 0.35 %, bin 29 for
Sect. 3, the kinetic model considers a particle as CCN IfS=0.7O %). A particle is considered as CCN if its radius is larger

its _rad_'us IS Iarge_r_ th.an 0.5um after th_e re_S|dent t!me (10 S)than 0.5um (red dashed line) at 10 s using the kinetic model. The
while in the equilibrium model a particle is considered as jitia radii of selected bins and the time for these bins to grow to a
CCN if its critical supersaturation is smaller than the ambi- detectable size can be seen in Table 2. The composition of aerosols
ent supersaturation. The composition of dry aerosols is conis pure ammonium sulfate and the water accommodation coefficient
sidered as pure ammonium sulfate in both models. The wateis 0.04.
accommodation coefficient is first set to be 0.04 on the basis
of the laboratory study of Shaw and Lamb (1999). A sensi-
tivity study on the water accommodation coefficient is also be activated in the equilibrium model, but can still be consid-
performed. ered as CCN based on the kinetic model, because their radii
Figure 4 shows the averaged CCN number concentrationare larger than 0.5 um at=10s (e.g., bin 66 at a supersat-
calculated from the kinetic and equilibrium models for vari- uration of 0.056 %, bin 64 at a supersaturation of 0.083 %).
ous supersaturations. Both the observed and calculated CCWherefore, the kinetic model calculates higher CCN number
are averaged over the experimental time period for each suconcentration than the equilibrium model at supersaturations
persaturation. Results for the kinetic model in Fig. 4 are theof 0.056 % and 0.083 % for this study. (2) Particles can be
same as in Fig. 1. It is seen that CCN number concentratioractivated in the equilibrium model, but cannot be considered
calculated with the kinetic model is 84 % and 26 % higher as CCN in the kinetic model, because their radii are smaller
than that by the equilibrium model at supersaturations ofthan 0.5um at =10s (e.g., bin 55 at a supersaturation of
0.056 % and 0.083 %, respectively, while it is 9 % lower than 0.17 %). In this case, the kinetic model calculates lower CCN
that by the equilibrium model at a supersaturation of 0.17 %.number concentration than the equilibrium model. (3) The
Both models calculate the same CCN number concentratiosmallest bin that can be considered as CCN based on the
at supersaturations of 0.35 % and 0.70 %. The reasons for thisquilibrium model is consistent with that predicted by the
behaviour will be discussed below. kinetic model (e.g., bins 42 and 29 for the supersaturations
Figure 5 shows the growth curves of various bins at differ- of 0.35% and 0.70 %, respectively, in this study), leading to
ent supersaturations. Four bins are selected for each supethe same calculated CCN number concentration.
saturation: the smallest bin (bin 1), the largest bin (bin 110), Analysis above indicates that the detectable radius of CCN
and two intermediate bins including the smallest bin that cancounter and the resident time of aerosols in the column are
be considered as CCN in the kinetic model, and the smallvery important parameters in the kinetic model. We define
est bin that can be considered as CCN in the equilibriumas the smallest aerosol radius that can grow larger than the
model. It can be seen that there are three types of growtlletectable radius after the resident time in the counter based
characteristic for the intermediate bins. (1) Particles cannobn the kinetic model, ang: as the smallest activated aerosol
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S=0.056% S=0.083% rJry Table 2. The time for various bins to grow larger than 0.5 pum to be

detected at different supersaturations. Water accommodation coef-
ficienta = 0.04, 0.3 and 1.0.

0.9

07 Supersaturation  Initial Radius ¢ =0.04 « =03 «=10
(%) (nm)
0.5 0.056 103 0.40s 0.20s 0.17s
0.083 80 1.3s 0.62s 0.54s
03 0.17 50 30s 14s 12s
S=0.17% S=0.35% 0.35 31 7.3s 3.0s 2.5s
0.70 20 2.7s 1.0s 0.83s
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0.5 water accommodation coefficient is only 0.04 on the basis
of the laboratory studies of Shaw and Lamb (1999). Recent
0.3 i i ici
5 10 15 20 5 10 15 20 studies have shown that the mass accommodation coefficient
resident time (s) resident time (s) is larger than 0.3 in a flow chamber (Voigtider et al., 2007).

To investigate the sensitivity to the water accommodation

Fig. 6. Variation of ry/re at different resident times and de- gefficient @), the simulations presented abowe=£ 0.04)
tectable radii for different supersaturationsrepresents the small- were repeated witke = 0.3 anda = 1.0. We focus on the

est aerosol radius that can grow larger than the detectable radiug, 0. o tivated bin at each supersaturation based on the
after the resident time in the counter based on the kinetic model,

while re represents the smallest activated radius calculated with theequ'“bnurn model. The time for these particles to grow

equilibrium model. The isopleths are stepped because the detectabl@fder than 0.5 um radius for differemt(0.04, 0.3 and 1.0) is
radius varies from 0.3 to 1.0 um with an interval of 0.1 um, and the Shown in Table 2. It can be seen that less time is needed if the

resident time varies from 5 to 20 s with interval of 1s. In addition, Water accommodation coefficient is higher. However, analy-
the aerosol size distribution is represented with discrete bins. sis indicates that it is larger than 0.3, the value of has

little influence on droplet growth and, hence, CCN number

concentration prediction, while as small as 0.04 has sig-
radius based on the equilibrium model. Figure 6 shows thenificant influence on droplet growth and the calculated CCN
ratio of ri to re at different resident times (5—-205s) and dif- concentration due to the kinetic limitation.
ferent detectable radii (0.3—1.0 um) for various supersatura- It should be noted that although particles detected by the
tions. The composition of aerosols is assumed as pure am=CN counter at a given supersaturation are considered as
monium sulfate and the water accommodation coefficient iSCCN, they may not be actually activated in the classical way.
0.04. It should be noted thatis smaller thame only atlower  Figure 7 shows the time when a particle (pure ammonium
supersaturationss(= 0.056 and 0.083 %), indicating that the sulfate) with certain initial dry radius can grow to its crit-
kinetic model will predict higher CCN number concentration ical radius at a given supersaturation in the CCN counter.
than the equilibrium model because some “unactivated” pardt can be seen that the time decreases as the supersatura-
ticles are large enough to be considered as CCN. This sugion increases: it is longer than 100s at a supersaturation
gests that if a CCN counter has small detectable radius, vergf 0.056 %, while only on the order of seconds at a super-
low supersaturations should be avoided for CCN measuresaturation of 0.70%. It is also relatively larger at both the
ments. Itis also seen in Fig. 6 that if the resident time is smallsmall-size end and the large-size end. A particle with a large
(e.g., 7s and smaller) and the detectable radius is large (e.gdry radius and at a low critical supersaturation especially
0.8 um and larger)y is larger tharre in this study, indicat- needs a long time to reach its critical radius because the
ing that the CCN number concentration calculated with thelinear growth rate is inversely proportional to droplet size.
kinetic model will be lower than that from the equilibrium This kinetic mechanism that limits the formation of acti-
model due to the kinetic limitation. In general, if particles vated droplets is described by Chuang et al. (1997). At the
stay in the column long enough, the kinetic limitation will small-size end, a particle also needs a longer time to reach its
have a small effect on CCN prediction. At supersaturationscritical radius because the driving force (vapour difference
of 0.35% and higher (0.70 %), both resident time and de-between the ambient and the particle surface) for droplet
tectable radius have a small impact on CCN prediction usinggrowth becomes smaller as the particle grows closer to its
the kinetic model. critical radius. The result suggests that many droplets would

The mass accommodation coefficient of water hasnot have sufficient time to grow to their critical radii in the

been widely studied. A value of 1.0 has been used byCCN counter. However, the CCN counter cannot distinguish
Mozurkewich et al. (1986). However, results showed that thewhether the droplets are really activated as CCN, but can
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10° : : : : : : ‘ uary 2010. The input initial dry aerosols to the kinetic con-

densational growth model and equilibrium model were ob-
served by SMPS. The CCN concentrations were observed
L | by a CCN counter. The kinetic model overpredicts the CCN

concentrations by 40—-140 % in comparison with the observa-
tions for the supersaturation range in this study if assuming
the aerosols are pure ammonium sulfate. Sensitivity of CCN
closure to the aerosol mass fraction of soluble material and
mixing state were investigated. Two extreme mixing states
of aerosols were considered, including internally-mixed am-
| monium sulfate and insoluble material, and externally-mixed
oo ammonium sulfate and insoluble material. Increasing the in-

$=0.35%
T, soluble matters in the aerosols can decrease the calculated
‘ ‘ ‘ ‘ ‘ | [=—s=0056% CCN number concentration and, thus, make the calculated
0 50 100 1?r?itial r;gﬁs (mf]?o 300 350 400 CCN number concentration closer to the observed. Itis found
that external mixing state can lead to even less calculated
Fig. 7. The time required for particles to grow to their critical radii CCN number concentration than the internal mixing state
at different supersaturations. The x-coordinate is the initial dry radiifor a certain mass fraction of soluble material. Reasonable
of aerosols, the composition of aerosols is ammonium sulfate ancagreement of calculated CCN number concentrations with
different colours represent different supersaturations. Water accomgpserved ones is obtained when we assume 0.2—0.5 mass
modation coefficient is 0.04. fraction of ammonium sulfate internally mixed with insol-
uble material or 0.4—0.7 mass fraction of ammonium sulfate
only detect droplets with radii larger than its detectable ra-SXternally mixed with insoluble material in aerosols. It also
dius and count them as CCN. §hould be noted that thg results are valid for the winter season
in the Wugqing area, while results in other seasons may be dif-

It is generally seen that the sensitivity of CCN closure tof rent b ¢ different aerosol ; meteorol nd
kinetic effect is very complex and depends on supersatura-e ent because of dilterent aerosol sources, meteorology a
tmospheric chemistry processing.

tion, resident time, detectable radius and mass accommode- CCN number concentrations calculated with the kinetic
tion coefficient. At higher supersaturation (0.35% and 0.7 % L . :
model and the equilibrium model were compared in this

in this study), kinetic effect has little influence on CCN clo- tudv. A particle is considered as CCN if its radius is laraer
sure; at lower supersaturation (0.056 %, 0.083 % and 0.1795 %Y. AP . ) : o g
an 0.5 um after resident time (10s) in the kinetic model,

in this study), kinetic effect can influence CCN closure in = " S : s .
y) while a particle is considered as CCN if its critical super-

several ways: (a) if the detectable radius is sma0.6 um), saturation is smaller than the ambient supersaturation in the
some “unactivated” particles may be large enough to be P

counted as CCN. A Kinetic growth mode can then precit 0 U T2y T8 Cnd BVEPe PREeei e e
more realistic and higher concentration of CCN than the 9 yeq

i 0, 0, -
equilibrium model in this case. (b) if the detectable radius ismOdeI at ';helz Slf[ﬁe:saturattlon? Oft anst?h/o and 0'083,{/0’ ?e
large 0.5 um), and the resident time is shorterl0—30's), cause particles that are not activated at these supersaturations

: . can grow larger than 0.5 pm at 10 s. However, the CCN num-
some particles may not have time to grow large enough t . . L )
b Y 9 9 9 qber concentration calculated with the kinetic model is lower

be counted as CCN due to kinetic limitation. ‘Therefore, thethan that with the equilibrium model at a supersaturation of
kinetic growth m | shoul redi N con- . .
etic growth model should be used to predict CCN co 0.17 %, because particles that can be activated based on the

centration under this condition. (c) if the detectable radiusClassical equilibrium theory cannot grow larger than 0.5 pm
is large (-0.5um), and the resident time is longerd0s), at 10s due to kinetic limitation, hence, are not counted as

kinetic limitation does not influence CCN closure. Both the CCN in the kinetic model. Analysis indicates that the de-

kinetic growth model and equilibrium model can be used to . . .
predict CCN concentration. In addition, CCN closure is sen-tectable radius of CCN counter and the resident ime of par-
ticles in the column can affect the calculated CCN number

sitive to mass accommodation coefficient if it is very small . . o
(<0.1). On the opposite, if the mass accommodation Coefﬁ_concentratlon at lower supersaturations based on the kinetic

cientis larger than 0.1, it has little influence on CCN cIosure.mOdeI' Ifa CCN_counter has small _detectable radius, very
low supersaturations should be avoided for CCN measure-

ments. If the resident time of particles in the CCN counter
5 Conclusions is short, kinetic limitation on droplet growth must be consid-

ered. Generally if particles stay in the column long enough,
This study focuses on the CCN closure at Wuging, a sitethe kinetic limitation will have small effect on CCN predic-
in the North China Plain where high aerosols number con-tion. At higher supersaturations, both resident time and de-
centrations existed, from 31 December 2009 to 20 Janiectable radius have small impact on CCN prediction using
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the kinetic simulation. The influence of the water accommo- clouds: Droplet effective radius versus number concentration, J.
dation coefficient on droplet growth was also investigated. ~Atmos. Sci,, 57, 803-821, 2000. _

Larger water accommodation coefficient¥ 0.3) does not ~ Broekhuizen, K., Kumar, P. P., and Abbatt, J. P. D.: Partially sol-
significantly limit droplet growth but smallex (0.04) has uble organics as cloud condensation nuclei: Role of trace solu-

great influence on droplet growth. ble and surface active species, Geophys. Res. Lett., 31, L01107,
do0i:10.1029/2003GL018202004.
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