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Abstract. Precise quantification of the cloud condensation
nuclei (CCN) number concentration is crucial for under-
standing aerosol indirect effects and characterizing these ef-
fects in models. An evaluation of various methods for CCN
parameterization was carried out in this paper based on in situ
measurements of aerosol activation properties within HaChi
(Haze in China) project. Comparisons were made by clo-
sure studies between methods using CCN spectra, bulk ac-
tivation ratios, cut-off diameters and size-resolved activation
ratios. The estimation of CCN number concentrations by the
method using aerosol size-resolved activation ratios, either
averaged over a day or with diurnal variation, was found to
be most satisfying and straightforward. This could be well
expected since size-resolved activation ratios include infor-
mation regarding the effects of size-resolved chemical com-
positions and mixing states on aerosol activation properties.
The method using the averages of critical diameters, which
were inferred from measured CCN number concentrations
and particle number size distributions, also provided a good
prediction of the CCN number concentration. Based on com-
parisons of all these methods in this paper, it was recom-
mended that the CCN number concentration be predicted us-
ing particle number size distributions with inferred critical
diameters or size-resolved activation ratios.

1 Introduction

Clouds have an impact on the global water cycle by cloud
formation and precipitation as well as on the energy balance
of the earth–atmosphere system by absorption, scattering and
emission of radiation. Cloud condensation nuclei (CCN), i.e.
the particles that can be activated at a certain water vapor
supersaturation, could influence cloud microphysical prop-
erties. An increase in CCN number concentration may in-
crease the cloud droplet number concentration (Twomey and
Warner, 1967; Ramanathan et al., 2001), and decrease the
size of cloud droplets (Twomey, 1974), consequently fur-
ther change cloud lifetime and precipitation (Albrecht, 1989;
Zhao et al., 2006b). Thus, the CCN number concentration is
a key factor to characterise aerosol indirect effects, i.e. the
impacts of aerosols as CCN on climate.

CCN number concentrations and CCN spectra have
been characterised by field measurements since the 1950s
(Twomey, 1959a, and reference therein). Measurements in
various locations and seasons showed that CCN number con-
centrations were generally higher in the continental air (De-
lene and Deshler, 2001; Detwiler et al., 2010; Rose et al.,
2010; Deng et al., 2011; Gunthe et al., 2011) than in the mar-
itime air (Squires and Twomey, 1966; Bigg and Leek, 2001),
and higher under polluted conditions than under clean condi-
tions (Hobbs et al., 1980; Snider and Brenguier, 2000; Hud-
son et al., 2000; Hudson and Yum, 2002). With such high
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spatial and temporal variability in CCN properties, robust pa-
rameterization of the CCN number concentration is of great
importance to model applications.

Several parameterization schemes of the CCN number
concentration have been developed. The parameterization of
CCN spectra with constants (Twomey, 1959b; Ji and Shaw,
1998; Mircea et al., 2005), though simple to carry out,
does not take into account any variation in the CCN load-
ing. The bulk activation ratio (the ratio between CCN and
aerosol number concentrations) was also a useful parameter
in the CCN prediction (Pruppacher and Klett, 1997). Mea-
surements and sensitivity studies indicated that the particle
size plays a more important role in the aerosol activation pro-
cess at high supersaturations than the chemical composition
does (Junge and McLaren, 1971; Fitzgerald, 1973; Dusek et
al., 2006), which could however be quite important at low
supersaturations (Kuwata et al., 2008; Twohy and Ander-
son, 2008). Closure studies of the CCN number concentra-
tion based on the particle number size distribution (PNSD)
were conducted to investigate the influence of bulk (Bougia-
tioti et al., 2009) and size-resolved aerosol chemical compo-
sitions (Medina et al., 2007; Stroud et al., 2007). The effects
of aerosol mixing states on the CCN prediction were also
notable in locations with strong anthropogenic aerosol emis-
sions (Ervens et al., 2010; Kammermann et al., 2010; Rose
et al., 2010; Wang et al., 2010; Wex et al., 2010; Deng et
al., 2011; Kerminen et al., 2012). The examination of these
methods for the CCN calculation can be used to considerably
improve the parameterization of the CCN number concentra-
tion.

Measurements of aerosol optical properties (Ma et al.,
2011, 2012), aerosol hygroscopicity (Liu et al., 2011) and
aerosol activation (Deng et al., 2011) during the Haze in
China (HaChi) campaign have shown that the North China
Plain (NCP) is one of the most heavily polluted regions in the
world, wherein a variety of strong aerosol emission sources
are located. Studies show that high concentration of aerosol
particles in these region may have impacts on cloud micro-
physical properties and surface precipitation (Zhao et al.,
2006a, b; Deng et al., 2009). Under such polluted circum-
stances, parameterizations of CCN might be somewhat dif-
ferent from usual methods. Precise quantification of CCN
number concentration is required in detailed cloud models,
where the activation fraction of aerosols depend nonlinearly
on the aerosol abundance. Thus, it is necessary to examine
the validity of the CCN parameterization schemes. Intensive
measurements of aerosol activation properties in this study
were employed to evaluate different methods for CCN pa-
rameterizations, including the use of CCN spectra, bulk CCN
activation ratios, cut-off diameters and size-resolved activa-
tion ratios (activation curves).

2 Measurements and data

Measurements of PNSD and aerosol activation properties
were conducted at Wuqing Meteorological Station from 5
November to 30 December 2011. More information on the
site and the polluted surrounding areas were described in Xu
et al. (2011) and Ran et al. (2011). Number size distributions
and activation properties of aerosols dried to less than 30 %
relative humidity were measured by an aerodynamic particle
sizer (APS Model 3320, TSI, USA), a scanning mobility par-
ticle sizer (SMPS, Model 3936, TSI, USA) and a continuous-
flow CCN counter (CCNC, Model CCN-200, DMT, USA)
(Roberts and Nenes, 2005; Lance et al., 2006).

The SMPS consisted mainly of a differential mobility
analyser (DMA, Model 3081, TSI, USA) and a condensation
particle counter (CPC, Model 3772, TSI, USA). The DMA
sheath and sample flows were 6 Lpm and 0.8 Lpm, respec-
tively. The sample flow exiting the DMA was split into two
parts, with 0.3 Lpm for CPC and 0.5 Lpm for one column of
the CCNC. The DMA, controlled by the TSI-AIM software,
scanned a cycle every five minutes and selected particles in a
certain size increment between 10-430 nm. The PNSD and
size-resolved activation properties were obtained by using
this scanning system (Moore et al., 2010). The PNSD was
inverted from the raw counts recorded by AIM using an al-
gorithm (Hagen and Alofs, 1983; Wiedensohler et al., 2012)
with the ideal Dirac, triangular transfer function (Knutson
and Whitby, 1975) and the particle equilibrium charge prob-
ability distribution (Wiedensohler, 1988). The PNSD in the
range of 10nm-10 µm were obtained in combination with
APS measurements.

The CCNC column downstream of the DMA was oper-
ated at five supersaturations, with 20 min for 0.07 % and
10 min each for 0.10, 0.20, 0.40 and 0.80 %. The cham-
ber of the CCNC was considered as temperature sta-
bilised during the last 5 min of the duration for each
supersaturation. The time series of size-selected CCN
number concentrations (NCCN,s(Dp,S)) during these 5 min
were matched with the size-selected CN (Condensa-
tion Nuclei) number concentrations (NCN,s(Dp)) measured
with the CPC. The size-resolved aerosol activation ratios
(A(Dp,S) =NCCN,s(Dp,S)/NCN,s(Dp)) were inverted from
size-selected CCN number concentrations and PNSD using
a modified algorithm based on Hagen and Alofs (1983). The
size-resolved activation ratios for five supersaturations were
available every one hour. The sheath and sample flow rates
of CCNC were calibrated before the campaign. The super-
saturations of CCNC were calibrated with ammonium sulfate
(Rose et al., 2008) before and after the campaign. The results
showed that the effective supersaturations were 0.061, 0.083,
0.200, 0.414 and 0.812 %.

The other column of the CCNC was used to measure to-
tal CCN number concentrations at supersaturations of 0.07,
0.10, 0.20, 0.40 and 0.80 %, of which direct measurements
could lead to considerable underestimations under polluted
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conditions (Deng et al., 2011) due to water depletion inside
the column (Lathem and Nenes, 2011). Number size distri-
butions of CCN were constructed by multiplying the PNSD
and corresponding size-resolved activation ratios. The bulk
CCN number concentrations were the integration of the CCN
number size distribution, and referred to as measured CCN
number concentration in the following content.

3 Calculation of CCN number concentrations

The methods for CCN parameterizations, including the use
of CCN spectra, bulk CCN activation ratios, cut-off diam-
eters and size-resolved activation ratios, are described and
compared below to characterise the variations of CCN num-
ber concentrations.

3.1 Parameterization of CCN spectra using aerosol
number concentration

The method that uses only CCN spectra for the CCN parame-
terization provides a simple way to predict CCN number con-
centrations, with very few constants required for modelling.
CCN supersaturation spectra have often been measured and
fitted with different formulas. A commonly used formula,

NCCN(S) = CSk, (1)

was proposed by Twomey (1959b) assuming Junge Power
Law Distribution and uniform aerosol chemical composition.
This equation contains only two parametersC andk. The pa-
rameterC represents the CCN number concentration at su-
persaturation of 1 %, which is higher in continental and pol-
luted regions than oceanic and clean regions. The parameter
k varies more significantly (Martins et al., 2009). Neverthe-
less, this equation does not fit CCN spectra well. Ji and Shaw
(1998) suggested another formula with three parametersN ,
B andk,

NCCN(S) = N(1− exp(−BSk)), (2)

which gave the best fitting among several formulae in Mircea
et al. (2005).

Measured CCN spectra in Wuqing were fitted using the
two formulae. The probability distribution functions for the
fitting parameters were shown in Figs. 1a and 2a. All five fit-
ted parameters varied in wide ranges, indicating that it was
improper to represent the CCN spectra using constant param-
eters in models.

The parametersC andN correlated well with the aerosol
number concentration (Figs. 1b and 2b), while simple rela-
tionships between other parameters and aerosol properties
were not found.C and N could thereby be predicted as-
suming a linear relationship with aerosol number concen-
trations (diameter larger than 50 nm)NCN,>50 nm, with other
parameters set as the averages during the whole campaign.
CCN number concentrations were then calculated using the
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Fig. 1 Fitted results of NCCN=CS
k
 and comparison of measured CCN number concentrations to 5 

calculated ones using CCN spectra parameterization 6 

 (a): PDF of fitting parameters. The numbers are average values and corresponding standard 7 

deviation. (b): Linear relationship between aerosol (larger than 50 nm) number 8 

concentration and fitting parameter C. (c): Prediction of CCN number concentration. The 9 

scattered data are the pairs of measurement and calculation, with one color for each 10 

supersaturation. The linearly fitted lines are shown with corresponding colors. The solid 11 

cyan is the linear fit for all the data. The cyan dashed line is 1:1 line.  12 
 13 

14 

Fig. 1. (a)PDF of fitting parameters. The numbers are average val-
ues and corresponding standard deviation.(b) Linear relationship
between aerosol (larger than 50 nm) number concentration and fit-
ting parameterC. (c) Prediction of CCN number concentration. The
scattered data are the pairs of measurement and calculation, with
one colour for each supersaturation. The linearly fitted lines are
shown with corresponding colours. The cyan beeline is a linear fit-
ted line for all the data. The cyan dashed line is a 1:1 line.
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 2 

Fig. 2 Fitted results of NCCN=N(1-exp(-BS
k
)) and comparison of measured CCN number 3 

concentrations to calculated ones using CCN spectra parameterization 4 

(a): PDF of fitting parameters; (b): Linear relationship between aerosol (larger than 50 nm) 5 

number concentration and fitting parameter N; (c): Prediction of CCN number concentration 6 

as in Figure 1.  7 

 8 

9 

Fig. 2. Fitted results ofNCCN =N (1-exp(−BSk)) and comparison
of measured CCN number concentrations to calculated ones using
CCN spectra parameterization.
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two formulas. Calculated CCN number concentrations cor-
related well with measurements at high supersaturations, but
less correlated at low supersaturations (Figs. 1c and 2c). The
slopes of fitted lines between measurements and calculations
were far from 1 (0.7 to 1.7) if the CCN spectra were ex-
pressed as formula (1). CCN spectra could not be well rep-
resented at low supersaturations even if the parameters vary
with the aerosol number concentration. Formula (1) was only
capable of predicting CCN number concentrations at super-
saturations around 1 %. Formula (2) did not show a system-
atic estimation bias at either high or low supersaturations.
The prediction of the CCN number concentration using ei-
ther formula correlated poorly with measurements at low su-
persaturations.

3.2 Calculation of CCN number concentrations using
bulk activation ratios

Empirical parameterization of CCN spectra failed mainly be-
cause CCN spectra cannot be accurately fitted by formulas.
Since CCN number concentrations were largely controlled
by the population of aerosol particles, we tried to improve
CCN predictions by relating CCN number concentrations
to aerosol number concentrations. A bulk activation ratio
(ABulk) is often used to characterise this relationship, i.e.
ABulk(S) = NCCN,m(S)/NRef, whereNCCN,m(S) is the mea-
sured CCN number concentration at supersaturationS. The
reference aerosol number concentrationNRef usually repre-
sents the measured number concentration of particles within
the measured size range. Since the measured aerosol size
range might differ in each campaign, bulk activation ratios
derived fromNRef may not be directly comparable. The bulk
activation ratios in this study were obtained using different
reference aerosol number concentrations and applied to CCN
calculations. Three reference aerosol number concentrations
were considered below, namely, (1) total aerosol number
concentrations, (2) accumulation mode aerosol number con-
centrations, and (3) CCN number concentrations assuming
ammonium sulfate aerosol.

3.2.1 Using ratios between measured CCN number
concentrations and total aerosol number
concentrations

Bulk activation ratios derived using the total aerosol num-
ber concentration (here we used the number concentration
of particles with diameter larger than 10 nm,NCN,>10 nm)

(ABulk,Tot =NCCN,m(S)/NCN,>10 nm) were often reported in
literatures. Pruppacher and Klett (1997) summarised previ-
ous measurements and indicated thatABulk,Tot (1 % super-
saturation ratio) were in the range of 0.2–0.6 for maritime
aerosols and 0.004–0.25 for continental aerosols. Bulk acti-
vation ratios measured in the Amazon Basin, however, aver-
aged 0.070, 0.235, 0.458, 0.682 and 0.818 at supersaturations
of 0.15, 0.30, 0.60, 1.00 and 1.5 %, respectively (Roberts et
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  2 
Fig. 3 (a) PDF of total number based bulk activation ratio NCCN,m(S)/NCN,>10nm and (b) comparison 3 

of measured CCN number concentrations to calculated ones using mean NCCN,m(S)/NCN,>10nm 4 

 5 

6 

Fig. 3. (a) PDF of fitting parameters;(b) Linear relationship be-
tween aerosol (larger than 50 nm) number concentration and fitting
parameterN ; (c): Prediction of CCN number concentration.

al., 2002). Bulk activation ratios (based onNCN,3−900 nm)
measured near the megacity of Guangzhou in China aver-
aged 0.06, 0.36, 0.53, 0.59, 0.71 and 0.85 at supersatura-
tions of 0.068, 0.27, 0.47, 0.67, 0.87 and 1.27 %, respectively
(Rose et al., 2010). The average bulk activation ratios (based
on NCN,10−460 nm) measured in east Mediterranean were ap-
proximately 0.5, 0.7 and 0.8 at supersaturations of 0.21, 0.38
and above 0.5 %, respectively (Bougiatioti et al., 2009).

Figure 3a shows the probability distribution functions
(PDF) of bulk activation ratiosABulk,Tot at different super-
saturations in Wuqing. The reference number concentration
is the total aerosol number concentration within the mea-
sured size range of 10 nm–10 µm. Bulk activation ratios at
0.061 and 0.083 % mostly range from nearly 0 to 0.2. Bulk
activation ratios at supersaturations above 0.200 % show a
large variation, which are probably attributed to the varia-
tion of aerosol particle sizes, i.e. the shape of PNSD. Since
size-resolved activation ratios were relatively stable, bulk ac-
tivation ratios were large when the fraction of particles larger
thanD50 (see Sect. 3.4.1) was large and vice versa.

Here we examined the results of using this ratio to predict
CCN number concentrations. Average bulk activation ratios
were 0.06, 0.11, 0.37, 0.54 and 0.65 at supersaturations of
0.061, 0.083, 0.200, 0.414 and 0.812 %, respectively. CCN
number concentrations were calculated by multiplying total
aerosol number concentrations with average bulk activation
ratios. The results are shown in Fig. 3b and the slopes of
fitted lines and correlation coefficients are listed in Table 2.
The correlation coefficients of measured and calculated CCN
number concentrations at each supersaturation were mostly
below 0.8, with lower values for lower supersaturations. The
reference aerosol number concentration counted in particles
that would never be activated at any atmospheric cloud su-
persaturations, i.e. particles with a diameter of 10–30 nm,
within which the number of particles could be either small
(accumulation mode dominant conditions) or large (new par-
ticle formation events). Although these particles were too
small to contribute to aerosol activation, they have a large im-
pact on the bulk activation ratio. Therefore, it is not a proper
method to calculate CCN number concentrations using bulk
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  1 
Fig. 4 (a) PDF of accumulation mode number based bulk activation ratio NCCN,m(S)/NCN,>100nm  and 2 

(b) comparison of measured CCN number concentrations to calculated ones using mean 3 

NCCN,m(S)/NCN,>100nm  4 

 5 

6 

Fig. 4. (a) PDF of accumulation mode number based bulk activa-
tion ratio NCCN,m(S)/NCN,>100 nm and (b) comparison of mea-
sured CCN number concentrations to calculated concentrations us-
ing meanNCCN,m(S)/NCN,>100 nm.

activation ratios derived from the total aerosol number con-
centration, especially for low supersaturation conditions.

3.2.2 Using ratios between measured CCN number
concentrations and accumulative mode aerosol
number concentrations

Bulk activation ratios can also be obtained using measure-
ments of CCN and accumulation mode aerosols. The PNSD
of accumulation mode (with diameter larger than 100 nm)
aerosols is usually measured by airborne optical particle
counters (OPC), such as the passive cavity aerosol spec-
trometer probe (PCASP). Bulk activation ratios derived from
PCASP number concentrations ranged 0.41 to 0.85 at super-
saturations of 0.36 % for the dry season and 0.20 to 0.45 at
supersaturation of 0.28 % for the wet season over southern
Africa (Ross et al., 2003). Breed et al. (2002) found bulk ac-
tivation ratios less than 1 within the boundary layer and larger
than 1 above the boundary layer.

Bulk activation ratios derived from the accumulation mode
aerosol number concentration (NCN,>100 nm) (ABulk,Acc =

NCCN,m(S)/NCN,>100 nm) in Wuqing were presented in
Fig. 4a.ABulk,Acc were well below 1 at supersaturations of
0.061 and 0.083 %.ABulk,Acc at 0.200 % were around 1, be-
cause CCN at this supersaturation mainly consist of particles
larger than 100 nm. Particles smaller than 100 nm also con-
tributed to CCN at supersaturations of 0.414 and 0.812 %,
resulting inABulk,Acc above 1.

ABulk,Acc averaged over the campaign were also used to
calculate CCN number concentrations (Fig. 4b). Correlation
coefficients of measured and calculated CCN number con-
centrations were larger than 0.60 at all supersaturations, also
larger than those in the case of usingABulk,Tot. Accumulation
mode particles are better indicators of the CCN population
than total aerosol particles. The best agreement was achieved
at supersaturation of 0.200 %, with the slope of the fitted line
close to 1 and the correlation coefficient around 0.95. This
can be understood since CCN at a supersaturation of 0.20 %
are mostly comprised of those particles larger than a critical

diameter of 100 nm which contain a significant mass frac-
tion of water soluble compounds, e.g. sulfate, nitrate and ox-
idized organics. At other supersaturations, correlations be-
tween measured and calculated CCN number concentrations
were not as good as that at supersaturation of 0.200 %. The
clear explanation is that at lower and higher supersaturations,
the critical diameters are respectively larger or smaller than
100 nm and include a smaller or larger integral of the PNSD.
Thus, the measured CCN concentrations at 0.20 %, is best
represented by the integral of PNSD concentration greater
than 100 nm, i.e. roughly the accumulation mode.

3.2.3 Using ammonium sulfate as reference aerosol
composition

The applications ofABulk,Tot andABulk,Acc showed that it is
of great importance to choose appropriate size ranges of the
reference number concentration for bulk activation ratios in
the calculation of CCN number concentration. A fixed size
range might be suitable for one supersaturation but inade-
quate for others. Therefore, choosing different size ranges
of reference number concentrations for different supersatura-
tions might improve the application of bulk activation ratios
in calculating CCN number concentrations.

The hygroscopic growth and activation behaviour of am-
monium sulfate can be predicted theoretically (Low, 1969;
Young and Warren, 1992; Tang and Munkelwitz, 1994),
and often used in instrument calibration. Here, we pro-
pose a method using ammonium sulfate as a reference sub-
stance to represent the overall aerosol activation properties.
CCN number concentration (NCCN,AS(S)) at supersaturation
S was calculated by integrating the PNSD with diameters
greater than the critical diameter of ammonium sulfate at
S (Tabl 1), assuming that all particles were composed of
100 % ammonium sulfate and taken as the reference num-
ber concentration. The bulk activation ratio derived from
these reference CCN number concentrations (ABulk,AS =

NCCN,m(S)/NCCN,AS(S)) roughly represents the fraction of
ammonium sulfate in an external mixture with insoluble
materials.

The probability distribution ofABulk,AS was displayed
in Fig. 5a. ABulk,AS was above 0.7 at supersaturations of
0.200 % and higher, whereas it was only about 0.4 at lower
supersaturations as a result of less soluble materials con-
tained in larger particles. CCN number concentrations were
even better predicted by the method using averageABulk,AS
during the campaign than the two methods introduced in
Sects. 3.2.1 and 3.2.2 (Fig. 5b). The slopes of the fitted line
were close to 1. The correlation coefficients between calcu-
lated and measured CCN number concentrations were 0.84
and 0.86 at supersaturations of 0.061 % and 0.083 %, and
above 0.90 at supersaturations of 0.200 % and higher.

www.atmos-chem-phys.net/13/6227/2013/ Atmos. Chem. Phys., 13, 6227–6237, 2013
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Fig. 5 (a) PDF of NCCN,m(S)/NCCN,AS(S) and (b) comparison of measured CCN number 2 

concentrations to calculated ones using mean NCCN,m(S)/NCCN,AS(S) 3 

 4 

5 

Fig. 5. (a) PDF ofNCCN,m(S)/NCCN,AS(S) and(b) comparison
of measured CCN number concentrations to calculated ones using
meanNCCN,m(S)/NCCN,AS(S).

3.3 Calculation of CCN number concentrations using
inferred critical diameter

The methods presented in the sections above used measure-
ments of CCN and aerosol number concentrations for CCN
parameterizations. In addition to the aerosol number concen-
tration, the size of aerosols was another important factor for
controlling the CCN number concentration. In this section,
the PNSD of aerosols were included to improve the calcula-
tion of CCN number concentrations.

With an assumption of uniform, internally mixed but un-
specified chemical composition throughout the size range,
a critical dry particle diameter (Dinf) can be inferred from
measured CCN number concentrations and PNSD, namely,
the integral of PNSD larger thanDinf equals to the measured
CCN number concentration. Particles with diameter larger
thanDinf can be activated at a given supersaturation, while
smaller ones cannot. Results were shown in Fig. 6a. At two
lower supersaturations, the probability distribution functions
of the inferred critical diameters were comparable to those in
Deng et al. (2011). At higher supersaturations, PDF had two
peaks in Deng et al. (2011), while only one peak in this study.
A wider range ofDinf in last paper corresponded to water
depletion in CCNC (Lathem and Nenes, 2011). Bulk CCN
number concentrations were underestimated when abundant
aerosol particles were activated, which would result in over-
estimated inferred critical diameters.

Average inferred critical diameter for each supersaturation
was used as a cut-off diameter to calculate CCN number con-
centrations (Fig. 6b). Surprisingly, calculated CCN number
concentrations matched well with measured ones. The slopes
of fitted lines were 0.96, 0.98, 1.00, 1.01 and 1.01 for su-
persaturations of 0.061, 0.083, 0.200, 0.414 and 0.812 %, re-
spectively. The correlation coefficients were above 0.8 at all
supersaturations. These results suggest that the method using
inferred critical diameters is capable of easily and precisely
predicting CCN number concentrations.
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Fig. 6 (a) PDF of inferred critical diameters and (b) comparison of measured CCN number 2 

concentrations to calculated ones using mean inferred critical diameters 3 
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Fig. 6. (a) PDF of inferred critical diameters and(b) comparison
of measured CCN number concentrations to calculated ones using
mean inferred critical diameters.

3.4 Calculation of CCN number concentrations using
size-resolved activation ratios

Size-resolved activation ratios, combined with PNSD, pro-
vide a straightforward way to calculate CCN number concen-
trations. Size-resolved activation ratios depend on the chem-
ical composition and mixing state of aerosol, which are not
usually available through measurements or models. Here sev-
eral methods for CCN parameterization are examined using
measured size-resolved activation ratios.

3.4.1 UsingD50 derived from activation curves

Size-resolved activation ratios provide another cut-off diam-
eter for CCN calculations. A critical diameter, denoted as
D50, is often derived from measured size-resolved activation
ratios.D50 is the diameter at which 50 % of the particles are
activated. Multiply charged particles would influence the de-
termination ofD50. If the mode diameter of the polydisperse
size distribution exceeds the critical diameter of the parti-
cles, multiply charged particles may lead to nonmonotonic
CCN counter response curves (Petters et al., 2007). Frank et
al. (2006) and Deng et al. (2011) have proposed procedures
for the multiple charge correction. Size-resolved activation
ratios in this study were inverted to eliminate the effects of
multiply charge and DMA transfer function.

D50 of a simple sigmoidally shaped activation curve is de-
termined by fitting the size-resolved activation ratios with a
formula as seen below,

A(Dp) = d/{1+ exp[(D50− Dp)/a]}, (3)

whereA(Dp) is the activation ratio of particles with diameter
Dp, a andd are fitting constants. The maximum activation
ratiosd are not always 1, due to the measurement uncertainty
and sometimes insufficient size range. Thus,D50 is usually
defined as the diameter at which 0.5d of the aerosol particles
are activated.

Figure 7a presents the PDF ofD50. The critical diame-
ters of ambient particles, bothD50 andDinf , were larger than
those of ammonium sulfate, and the hygroscopicity param-
eter κ (with κ from D50 of 0.19–0.39 andκ from Dinf of
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Table 1. Critical sizes for ammonium sulfate particles (Dc,AS), as well as the measuredD50 andDinf and corresponding hygroscopicity
parameterκ. The measuredD50, Dinf andκ are reported as mean± standard deviation and minimum∼ maximum.

SS Dc,AS (nm) D50 (nm) κ from D50 Dinf (nm) κ from Dinf

0.061 175 215± 12; 189–254 0.35± 0.06; 0.20–0.53 238± 17; 193–275 0.26± 0.06; 0.16–0.48
0.083 143 175± 12; 148–212 0.35± 0.07; 0.19–0.56 194± 13; 157–220 0.26± 0.06; 0.17–0.48
0.200 81 93± 5; 81–110 0.39± 0.07; 0.22–0.59 106± 7; 90–125 0.26± 0.06; 0.16–0.46
0.414 49 61± 4; 53–74 0.31± 0.06; 0.18–0.49 76± 7; 60–133 0.17± 0.05; 0.03–0.34
0.812 31 45± 4; 37–59 0.19± 0.05; 0.08–0.33 60± 7; 41–85 0.08± 0.03; 0.03–0.24
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Fig. 7.D50 and the application of meanD50 to calculation of CCN
number concentrations.

0.08–0.26) was smaller (Table 1), suggesting that the hygro-
scopicity of ambient particles was lower than ammonium sul-
fate. The averageD50, namely 214.5, 175.1, 93.1, 60.9 and
45.4 nm at each supersaturation, were lower than the inferred
critical dry diameter (Fig. 7b). There are three possible rea-
sons for such a difference.

First, the activation curves were not sigmoidally shaped.
The activation curve measured in the NCP, in both this study
(Fig. 8a) and Deng et al. (2011), were not ideal sigmoidally
shaped. Measured activation ratios were lower than what a
sigmoidal function would give at the diameters where ac-
tivation ratios were close to the maximum. Similar acti-
vation curves were also found in Beijing (Gunthe et al.,
2011). Such non-sigmoidally shaped activation curves re-
sulted from the externally mixed aerosols. Assuming a flat
PNSD (dN /d logDp is constant), lower activation ratios at di-
ameters aboveD50 due to less hygroscopic particles would
lead toDinf > D50.

Second, the PNSD were not flat. IfD50 was smaller than
the peak diameter (in the case of higher supersaturations),
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Fig. 8. (a)Average size-resolved activation ratios and(b) compar-
ison of measured CCN number concentrations to calculated ones
using average size-resolved activation ratios.

Dinf > D50, whileDinf < D50 if D50 was larger than the peak
diameter (in the case of lower supersaturations).

Third, Dinf might be larger thanD50, when the maximum
activation ratios were lower than 1 for the reason of the mea-
surement uncertainty and insufficient measuring range.

UsingD50 (either real-time or campaign average) to cal-
culate CCN number concentrations resulted in an overesti-
mation of about 20 % (Fig. 7c and d). Based on these results,
predictions of the CCN number concentration might be bi-
ased due to the improper determination ofD50 for externally
mixed aerosol.

3.4.2 Using averaged activation curves without diurnal
variation

Similar to the inferred critical diameter,D50 was derived as-
suming a uniform aerosol chemical composition. However,
aerosols in the North China Plain were found to be usually
externally mixed (Liu et al., 2011). Size-resolved activation
ratios, which contain information on aerosol mixing states,
are hopeful in the improvement of the CCN calculations.

Average size-resolved activation ratios during the cam-
paign were shown in Fig. 8a. To test how well the aver-
age condition represented size-resolved activation properties
of aerosols, the temporal variations of the activation curves
were not considered. CCN number concentrations calculated
using measured PNSD and average size-resolved activation
ratios are shown in Fig. 8b. Measured and calculated CCN
number concentrations were linearly fitted. The slopes of the
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Table 2.Slope andR2 values are averages over all supersaturations. Numbers in parentheses are ranges of slopes andR2 at specific super-
saturations.

Category Principle Details R2 Slope

CCN spectra The parameters in
the formula are
expressed as a function of
NCN(D > 50 nm)

NCCN =CSk 0.90
(0.47–0.99)

0.92
(0.70–1.88)

NCCN =

N0(1−exp(−BSk))
0.98
(0.46–0.99)

1.02
(0.86–1.18)

Bulk activation ratio
ABulk = NCCN/NRef

N∗
CNABulk,Mean

NRef = NCN,>10 nm 0.92
(0.31–0.87)

0.91
(0.81–0.95)

NRef = NCN,>100 nm 0.97
(0.70–0.97)

1.08
(0.86–1.16)

NRef = NCCN,AS(S) 0.99
(0.84–0.97)

0.96
(0.91–0.97)

Cut-off diameter Use a cut-off diameter to
distinguish CCN-active
and CCN-inactive particles

Critical dry diameter
Dinf is inferred from
the measured PNSD
and NCCN,m. Campaign
averageDinf is used.

0.99
(0.88–0.98)

1.01
(0.96–1.01)

D50, Real-time 1.00
(0.93–0.99)

1.18
(1.16–1.32)

D50, Campaign Average 0.99
(0.87–0.99)

1.17
(1.16–1.30)

Size-resolved activa-
tion ratios

nCN(Dp) · A(Dp)

nCN(Dp) · A(Dp) →

nCCN(Dp) → NCCN
NCCN

Campaign average of
the activation curves

0.99
(0.88–0.99)

1.00
(0.94–1.00)

Diurnal variation of
the activation curves

0.99
(0.90–0.99)

0.99
(0.95–1.00)

fitted lines and the correlation coefficients at different super-
saturations are given in Table 2. The calculation slightly un-
derestimates CCN number concentrations, and the correla-
tion coefficients were below 0.9 at supersaturations of 0.061
and 0.083 %, at which size-resolved activation ratios display
a larger variability than those at higher supersaturations. The
slopes of the fitted lines are close to 1 and the correlation co-
efficients are above 0.95 at supersaturations of 0.200 % and
higher. The method using average size-resolved activation ra-
tios to calculate CCN number concentrations generally pro-
vides a reasonable estimation.

3.4.3 Using averaged activation curves with diurnal
variation

Size-resolved activation ratios had strong diurnal variations
at lower supersaturations (Fig. 9a). Emissions in rush hours
increased the amount of particles with low hygroscopicity
and resulted in lower activation ratios. The increase of acti-
vation ratios in daytime was due to aerosol aging. The max-
imum activation ratios within the measured size range var-
ied significantly at low supersaturations, e.g. 0.7–0.9 and

0.75–1.0 at supersaturations of 0.061 and 0.083 %. However,
D50 did not show such a large variability.

Figure 9b displays the CCN number concentrations cal-
culated taking into account the diurnal variation of size-
resolved activation ratios. The slopes of the fitted lines were
similar to those calculated without considering the diurnal
variation of size-resolved activation ratios, whereas the cor-
relation coefficients were a little higher.

4 Summary and conclusion

In this paper, methods for calculating CCN number concen-
trations based on aerosol size distributions (summarised in
Table 2) were examined using a dataset from HaChi field
campaign in the North China Plain. Table 1 shows the slopes
of the linear regression (with intercept of 0) and the correla-
tion coefficients (R2) between calculated and measured CCN
number concentrations. Slope andR2 values are the averages
over all supersaturations. The numbers in parentheses are the
ranges of slopes andR2 at specific supersaturations.

The method using CCN spectra to predict the CCN num-
ber concentration is easily used in models. However, the
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Fig. 9. (a)Diurnal variation of maximum of size-resolved activation
ratios and(b) comparison of measured CCN number concentrations
to calculated concentrations using diurnally variant size-resolved
activation ratios.

parameters in fitted functions for CCN spectra span over a
wide range. Reasonable results of CCN spectra could only
be obtained using the number concentration of aerosols with
diameters larger than 50 nm at high supersaturations. There is
an inevitable limitation of using this method for CCN predic-
tions under very clean and polluted conditions, since aerosol
size distributions and chemical compositions are not properly
accounted for in this method.

The method using bulk activation ratios together with the
aerosol number concentration provides a simple way to cal-
culate the CCN number concentration. Results showed that
the ratio between measured CCN number concentrations and
total/accumulation mode aerosol number concentrations sig-
nificantly varied. Assuming externally mixed aerosols of am-
monium sulfate and CCN-inactive substances, a new param-
eterization of CCN number concentration is proposed using
bulk activation ratio based on the activated number concen-
tration of ammonium sulfate. The prediction of CCN number
concentration using ammonium sulfate-based bulk activation
ratio is better than that of total aerosol number concentration-
based bulk activation ratio.

The cut-off diameter divides particles into a CCN-active
group and a CCN-inactive group.D50 is often obtained from
size resolved activation ratios and applied in the calculation
of the CCN number concentration. Calculated CCN num-
ber concentrations were generally overestimated by about
15–20 % because of the non-sigmoidally shaped activation
curves and the non-flat PNSD. Inferred critical dry diameters
were inversely calculated, assuming a homogeneous chem-
ical composition. CCN number concentrations can be well
predicted using campaign-averaged inferred critical dry di-
ameters at each supersaturation.

Using the above methods, aerosol chemical compositions
and mixing states should be assumed. However, ambient
aerosols have size-dependent compositions and are often par-
tially externally mixed. The aerosol activation curve con-
tains information on aerosol chemical compositions and mix-
ing states, and could thereby be used to reasonably pre-
dict CCN number concentrations on the basis of PNSD. Re-

sults showed that the campaign-averaged activation curves
could well-predict CCN number concentrations. Moreover,
the agreement between calculated and measured CCN num-
ber concentrations was even better when the diurnal variation
of size-resolve activation ratios was taken into account.

Based on the criteria that the correlation coefficients of cal-
culated and measured CCN number concentrations are above
0.8 and the fitted slopes between 0.9–1.1, it is recommended
that the CCN number concentration be predicted using PNSD
together with inferred critical diameters or size-resolved ac-
tivation ratios.
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