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Abstract. The activation and hygroscopicity of cloud condensation nuclei (CCN) are key to the understanding of
aerosol–cloud interactions and their impact on climate. They
can be measured by scanning the particle size and supersaturation in CCN measurements. The scanning of supersaturation is often time-consuming and limits the temporal resolution and performance of CCN measurements. Here we
present a new approach, termed the broad supersaturation
scanning (BS2) method, in which a range of supersaturation is simultaneously scanned, reducing the time interval
between different supersaturation scans. The practical applicability of the BS2 approach is demonstrated with nanoCCN measurements of laboratory-generated aerosol particles. Model simulations show that the BS2 approach may
also be applicable for measuring CCN activation of ambient mixed particles. Due to its fast response and technical
simplicity, the BS2 approach may be well suited for aircraft
and long-term measurements. Since hygroscopicity is closely
related to the fraction of organics/inorganics in aerosol particles, a BS2-CCN counter can also serve as a complementary
sensor for fast detection/estimation of aerosol chemical compositions.

1

Introduction

Aerosol particles serving as cloud condensation nuclei (CCN) influence the cloud formation process and play
an important role in regulating the radiative budget of the

earth system (Pruppacher and Klett, 1997). The abundance
of CCN is one of the key prerequisites for better understanding and assessment of aerosol–cloud interactions and their
effects on climate. To predict CCN concentrations, knowledge about the aerosol size distribution and CCN activities
(hygroscopicity) is required.
The CCN activities can be determined by the size-resolved
CCN measurements, in which both dry particle diameter
(Dd ) and supersaturation (S) are scanned (Dusek et al., 2006;
Frank et al., 2006; Moore and Nenes, 2009a; Snider et al.,
2010; Kuwata et al., 2008; Gunthe et al., 2011; Rose et
al., 2011; Petters et al., 2009; Wex et al., 2009; Wittbom
et al., 2014). Based on such measurements, the CCN activity parameter (e.g., κ) can be determined by the corresponding Köhler equation (Köhler, 1936; Petters and Kreidenweis,
2007).
Fast scanning of S is important for measurements of ambient CCN or laboratory-generated CCN with high temporal
variability. The DMT (Droplet Measurement Technologies)
CCN counter (CCNC) is one of the most commonly used
CCNCs nowadays (Roberts and Nenes, 2005). The change of
S in this type of CCNC can be achieved by changing the thermal gradient in the activation tube. This approach requires a
waiting time of a few minutes to stabilize the newly designated S, which largely reduces the time resolution of the S
scan. Due to the low time resolution, CCN activities are normally measured at only a few S to account for the temporal
variability of ambient aerosol particles (Gunthe et al., 2011;
Rose et al., 2011). To increase the time resolution of the S
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scan, Scanning Flow CCN Analysis (SFCA) was developed,
in which S was continuously adjusted by changing the flow
rate in the activation tube (Moore and Nenes, 2009b). SFCA
makes the rapid and continuous measurement of S spectra
possible, with a time resolution of ∼ 10–60 s. Fast scanning
of S has also been achieved for other designs of CCNC in the
work of Fukuta and Saxena (1979) and Hudson (1989).
This study presents a new approach, termed the broad supersaturation scanning (BS2) method, which measures the
activation of size-resolved CCN simultaneously over a continuous range of S and reduces the time required for the S
scan to the same time as required for a single diameter scan
(in practice, the time resolution of the instrument is, e.g., 1 s
for the DMT-CCNC). This enables a fast determination of κ,
which is useful for both CCN modeling/prediction and estimation of aerosol chemical compositions (Wang et al., 2015).
Besides advances in the time resolution, BS2-CCNC may be
built with simple modifications of existing DMT-CCNC. In
addition, both temperature gradient and flow rate are kept
constant during the measurements, minimizing the potential
problem of aerosol volatilization and technical complexity
(Moore and Nenes, 2009b).
2
2.1

Methodology
Concept of the BS2 approach

For easy understanding, we introduce the BS2 method
in comparison with previous designs and applications of
the DMT-CCNC (note that the experimental evaluation in
Sect. 3.3 was performed with a nano-CCNC instead of the
DMT-CCNC). Figure 1a shows a typical distribution of supersaturation in the activation tube of DMT-CCNC, denoted
by Stube . Stube (r) is a function of r, the radial distance to
the centerline of the activation unit. In Fig. 1, Stube (r) =
0.31 × cos(0.14 × r), in which the unit of S is % and the unit
of r is millimeters. The highest Stube (r) appears in the centerline (r = 0) and drops to 0 near the wall. Note that Stube
in the activation tube also has an axial dependence (Roberts
and Nenes, 2005); here we simply use Stube (r) to represent
the maximum S in the axial direction at a given r. A list of
frequently used symbols is given in Appendix A.
Figure 1a and b show regular applications of DMT-CCNC,
in which aerosol particles are focused on the centerline by
a narrow aerosol inlet and laminar sheath flow. Such application ensures that aerosol particles are exposed to a single Stube (r = 0) at the centerline (Fig. 1b). Then, depending on the values of Stube (r = 0) and Saerosol (the critical
activation supersaturation of aerosol particles), the activation fraction Fact can be either 0 (Saerosol > Stube (r = 0)) or
1 (Saerosol < Stube (r = 0)).
Figure 1c shows the dependence of Fact on Saerosol in a
single S scan (i.e., with a given Stube ). It is clear that the Fact
value (0 or 1) measured in a single S scan is not sufficient
to determine Saerosol (because it corresponds to an infinite
Atmos. Meas. Tech., 9, 5183–5192, 2016

Figure 1. Schematics of typical CCN measurements. (a) Contour
of supersaturation in the CCN activation unit and configuration of
aerosol and sheath flow; (b) distribution of supersaturation in the
activation unit (Stube ). r is the radial distance to the centerline. The
shaded areas represent the sheath flow part, and the non-shaded areas represent the aerosol flow part. The Stube profile is adopted from
http://nenes.eas.gatech.edu/Experiments/CFSTGC.html. (c) Plot of
the activation supersaturation of aerosol particles Saerosol against
the activation fraction Fact .

number of values of Saerosol ). To determine the exact Saerosol ,
multiple S scans (i.e., scanning different Stube ) are required
until Fact changes from 0 to 1. The number of S scans/steps in
a spectrum determines the uncertainty of Saerosol . When the
adjustment of Stube is slow, only a few Stube can be scanned,
leading to a large Stube interval and uncertainties in the derived Saerosol . That is why we need a fast S scan approach
such as BS2 or SFCA.
In the BS2 approach, we make use of the whole S distribution inside the activation chamber. Instead of being focused at the centerline, the measured aerosol particles are introduced with a wider inlet of a high aerosol-to-sheath flow
ratio and distributed in a broad cross section of the activation
tube (Fig. 2). In this case, aerosol particles are exposed to a
range of S simultaneously. For a population of aerosol particles with the same Saerosol , the total activation fraction, Fact ,
can be calculated by integrating the product of the flow velocity v(r) and the activation fraction function g(x) over the
cross section of the aerosol flow, i.e., from the center (r = 0)
www.atmos-meas-tech.net/9/5183/2016/
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Saerosol and the particle diameter Dd by solving the κ–Köhler
equation (Petters and Kreidenweis, 2007; Su et al., 2010).
Equation (2) gives an approximate solution for the effective
κ:
κ≈

4A3
27(ln(Saerosol /100 % + 1))

2

Dd3

with A =

4σsol Mw
,
RT ρw

(2)

where σsol is the surface tension of water, Mw is the molar
mass of water, R is the gas constant, T is the temperature in
Kelvin and ρw is the density of liquid water. Note that Eq. (2)
provides only an approximation, of which the accuracy deteriorates as κ and Dd decreases (Fig. S1 in the Supplement).
We thus recommend using the numerical iteration method for
a more accurate solution of κ, e.g., as in the work of Rose et
al. (2008).
2.2

Figure 2. Schematics of BS2-CCN measurements. (a) Contour of
supersaturation in the CCN activation unit and configuration of
aerosol and sheath flow; (b) distribution of supersaturation in the
activation unit (Stube ). r is the radial distance to the centerline. The
shaded areas represent the sheath flow part, and the non-shaded areas represent the aerosol flow part. The Stube profile is adopted from
http://nenes.eas.gatech.edu/Experiments/CFSTGC.html. (c) Plot of
the activation supersaturation of aerosol particles Saerosol against
the activation fraction Fact .

to the edge of the aerosol flow:
Rr
2π 0 vg(Saerosol − Stube (r))rdr
Rr
Fact =
2π 0 vrdr

1 if x ≤ 0
g(x) =
.
0 if x > 0

(1)

Figure 2c shows the dependence of Fact on Saerosol for a BS2
measurement based on the Stube distribution in Fig. 2b and a
prescribed flow velocity profile of v(r) = vm × (1 − r 2 /R 2 ),
where vm is the maximum velocity at the centerline of the
activation unit. Such monotonic dependence suggests that
Saerosol can be directly determined once Fact is measured.
For a given Stube (r = 0) profile, we have a fixed Fact –Saerosol
relation (Fig. 2c), which can be determined with calibration
aerosols (Sect. 2.2). The upper limit of measurable Saerosol by
BS2 equals the maximum Stube on the centerline, while ideally, the lower limit can be zero depending on the width of
the aerosol flow in relevance to the activation tube (Fig. 2a).
For size-resolved measurements, we can calculate the effective hygroscopicity parameter κ of aerosols particles from
www.atmos-meas-tech.net/9/5183/2016/

Calibration

For the BS2 calibration, the goal is to determine the monotonic Fact –Saerosol relation as shown in Fig. 2c. This can be
achieved by performing size-resolved measurements of pure
calibration aerosols with known hygroscopic properties, e.g.,
ammonium sulfate aerosol particles. Each Dd corresponds to
a specific Saerosol , and Eq. (3) gives an approximate solution.
By recording the corresponding Fact , we get the calibration
curve of the Fact –Saerosol relation.
s
!
!
4A3
−1
(3)
Saerosol ≈ 100 % × exp
27κDd3
2.3

Application

The first step for the BS2 measurement is to select proper
Smax , the maximum Stube in the centerline of the activation
unit. Smax should be higher than the highest Saerosol of investigated aerosol particles. Given the range of particle size and
κ, Smax can be estimated by solving the κ–Köhler equation.
An example is given in Fig. S2 to illustrate the relationship
between S, κ and Dd . The adjustment of Smax can be done by
changing the temperature gradient of the tube (Roberts and
Nenes, 2005; Rose et al., 2008; Wang et al., 2015).
Once a proper temperature gradient is selected, we can
perform size-resolved CCN measurements with BS2 analysis and record the BS2 activation spectra, i.e. the activation
fraction Fact as a function of the dry particle diameter Dd .
Based on the calibration curve (i.e., Fact –Saerosol relation),
we can calculate the size-resolved Saerosol as well as κ. Figure 3 shows the modeled size-resolved Fact –κ relation for a
Stube (r) profile as given in Fig. 2b.
To demonstrate the concept of BS2 approach, a nano-CCN
counter (Wang et al., 2015) was employed to perform sizeresolved measurements of laboratory-generated aerosol particles. The nano-CCN counter was developed to measure
aerosol activation activity in the size range of 2 to 10 nm.
In this size range, aerosol particles are of high diffusivity and
Atmos. Meas. Tech., 9, 5183–5192, 2016
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Figure 3. The activation fraction Fact measured by a BS2-CCNC
as a function of particle dry diameter Dd and κ. The Stube profile of
the BS2-CCNC is taken the same as in Fig. 2b.

go beyond the initial flow constraint. Thus, aerosol particles
are widely distributed in the activation unit of a nano-CCNC,
and BS2 analysis can be directly applied without modification of the system.
2.4

Correction for multiply charged particles

When the differential mobility analyzer (DMA) selects particles of a given electrical mobility, the particles are not all
singly charged. There are also multiply charged particles that
have the same electrical mobility but are larger in diameter. The influence of the multiple charges can be corrected
by subtracting the contribution of multiply charged particles
from the measured number concentrations of total aerosol
particles (condensation nuclei, CN) and CCN. The correction for the multiply charged CN and CCN can be done
with a standard inversion algorithm for the size distribution
correction (Hoppel, 1978). The correction procedure for a
size-resolved BS2-CCNC measurement is the same as for
a size-resolved DMT-CCNC measurement. Figure S3 shows
an example of corrected and uncorrected Fact for laboratorygenerated ammonium sulfate aerosol particles.
3
3.1

Results and discussion
Imperfect internally mixed aerosol with a single
κ mode

For aerosol particles of the same composition (pure compounds or perfectly internally mixed compounds), their
Saerosol and κ values can be readily determined as described
in Sect. 2.3. Under ambient conditions, however, aerosol particles (even of the same size) often consist of different chemical compositions and hence different κ (Lance et al., 2007;
Su et al., 2010; Gunthe et al., 2011). In this section and
Sect. 3.2, we will discuss the application of the BS2 approach
to the ambient measurements.
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Figure 4. Influence of aerosol hygroscopicity (κ) distribution on the
retrieval of κ by BS2-CCNC. σκ represents the geometric standard
deviation of the aerosol hygroscopicity (κ) distribution.

Most CCN and HTDMA (hygroscopic tandem differential
mobility analyzer) measurements show that ambient aerosol
particles often have a near-single log-normally distributed κ
mode, especially at the clean and background sites (Su et al.,
2010). Here we assume that the investigated aerosol particles
have a log-normal κ distribution with a geometric mean κ of
0.3. Since the broadening of κ distribution is a major difference between pure and ambient aerosol particles, we take a
series of broadening factors, i.e. the geometric standard deviations σκ of the κ distribution, for further discussion of the
BS2 application.
As shown in Fig. 4, for aerosols with a single κ value
(σκ = 1), we can get the same κ value of 0.3. For aerosols
with a broad κ distribution, the retrieved κ depends on Fact .
When Fact > 0.2, the retrieved κ is very close to their geometric mean value, with a relative difference of < 5 %. When
Fact < 0.2, the retrieved κ can be largely biased from the geometric mean. The reason for this is as follows. Since Fact
shows a monotonic dependence on κ, a κ distribution will in
fact result in a Fact distribution. Then, the influence of high
and low Fact will largely cancel out, leading to a κ close to
the geometric mean value. When Fact is close to zero, the
influence becomes asymmetric (because Fact of the less hygroscopic aerosols cannot be smaller than zero). Then, the
effect of more hygroscopic aerosols dominates the signal, resulting in a much higher retrieved κ. In such a case, we may
increase the Smax to ensure Fact > 0.2.
Besides κ, the CCN activity of aerosol particles also depends on their size. As limited by the transfer function of
the DMA, a monodisperse aerosol selected by a DMA consists not only of particles with the selected nominal mobility equivalent diameter, but also contains smaller and larger
particles. The nonuniform size can lead to similar effects
as the nonuniform κ. According to Eq. (2), we can estimate the distribution of Dd , which shows equivalent effects
www.atmos-meas-tech.net/9/5183/2016/
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on Saerosol and measured Fact as a given κ distribution, i.e.,
1 ln Dd ≈ − 13 1 ln κ. Based on the relation between the mobility width and the aerosol-to-sheath flow ratio, and taking
3lnDd as an approximation of the half width of mobility diameter, we determine an equivalent DMA aerosol-to-sheath
flow ratio of 1.05 for a σk of 1.7 (Fig. 4). Thus, for a typical
aerosol-to-sheath flow ratio of 1 : 10 ( 1.05), we will expect
a minor influence of DMA transfer function on the retrieved
κ. Note that the aerosol-to-sheath ratio here is for the DMA
and is different from that in the CCN counter.
3.2

Externally mixed aerosols with two κ modes

At clean and background sites, most CCN and HTDMA
measurements show a single κ mode. During biomass burning events, another less hygroscopic mode often appears at
size range of Dd >100 nm (Rose et al., 2011). In Fig. 5a,
we assume that aerosols have two log-normally distributed
κ modes with the same σκ (geometric standard deviation of
κ) of 1.5, but different mode κ of 0.3 and 0.01 (Rose et al.,
2011). Then, the κ distribution can be described by the probability density function h(κ) as

(log κ − log 0.01)2
exp −
h(κ) = √
2(log σκ )2
2π log σκ
!
aκ0.3
(log κ − log 0.3)2
,
+√
exp −
2(log σκ )2
2π log σκ
aκ0.01



(4)

where aκ 0.3 and aκ 0.01 represent the number fractions of the
two modes, which are size-dependent in the 100–200 nm size
range (Rose et al., 2011), as follows:
aκ 0.01 = 0.3 × log10 (Dd /30) and aκ 0.01 = 1 − aκ 0.3 ,

(5)

where the unit of Dd is nanometers.
Figure 5b shows the modeled result for measurements with
a BS2 approach (labeled as “apparent”). The retrieved κ
varies from 0.11 to 0.26, which lies between the κ values
of the two modes (i.e., 0.01 and 0.3). This is because the
measured activation fraction Fact is an average of individual
modes weighted by their number fraction:
Fact = aκ 0.3 × Fact, κ 0.3 + aκ 0.01 × Fact, κ 0.01
= (1 − aκ 0.01 ) × Fact, κ 0.3 + aκ 0.01 × Fact, κ 0.01 .

(6)

The retrieved κ (∼ 0.11 to 0.26) follows the change of the geometric mean values (∼ 0.11 to 0.18) and represents certain
kinds of weighted average of the two κ modes. This result
suggests that the BS2-CCNC alone cannot be used to resolve
the multimode structure of κ distribution.
To resolve the dual κ mode or multiple κ mode, we need to
decouple the mixed information in Eq. (6) and extract the signal of each mode (i.e., Fact , κ 0.3 or Fact , κ 0.01 ) by combining
BS2-CCNC with other complimentary techniques. The idea
here is (1) to use the DMT-CCNC to determine aκ 0.01 , and
www.atmos-meas-tech.net/9/5183/2016/

Figure 5. (a) Supersaturation required to activate the less hygroscopic mode by the DMT-CCNC. The shaded isolines show the normalized size-resolved hygroscopicity distribution h(κ), the probability density function of a two-mode κ distribution (Rose et al.,
2011). The colored isolines represent the supersaturation required
to activate particles for a certain dry diameter Dd and κ. (b) Model
simulations of κ retrieved for the more hygroscopic mode by BS2CCNC with (labeled as “corrected”) and without (labeled as “apparent”) complementary measurements of the DMT-CCNC.

(2) to choose a Smax of BS2-CCNC low enough so that Fact ,
κ 0.01 = 0. In such a way, we can solve Fact, κ 0.3 from Eq. (6)
and determine κ of the more hygroscopic mode. In the 100
to 200 nm size range, for example, the two aforementioned
hygroscopic modes can be separated by setting S of DMTCCNC to be around 0.37 % (Fig. 5a), and setting Smax and
Stube profiles of BS2-CCNC to be the same as in Fig. 2b.
Figure 5b shows that we are able to resolve the mean κ
of the more hygroscopic mode (labeled as “corrected”) with
such a combination of measurements. κ of the less hygroscopic mode can be resolved with a similar approach, in
which we run the DMT-CCNC in parallel, with an S of
0.37 % and a BS2-CCNC with higher Smax (∼ 1.5 %) and
Smin of ∼ 0.37 %. The adjustment of Smin can be done by
changing the width of the aerosol flow with new designs of
inlets.
Figure 5b also shows a relatively large deviation of retrieved κ when Dd approaches 200 nm. This is due to the
imperfect separation of the two hygroscopic modes by the
Atmos. Meas. Tech., 9, 5183–5192, 2016
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Figure 6. (a) Schematic of the setup for nano-CCNC measurements; (b) dependence of activation fraction Fact on the aerosol activation
supersaturation Saerosol and (c) hygroscopicity κ for aerosols of dry diameter 2.5 nm. The solid line represents the calibration curve. The dots
represent measurement results of different compounds in which AS denotes ammonium sulfate and WOx denotes tungsten oxides. The error
bars represent the uncertainties of Fact .

DMT-CCNC. As shown in Fig. 5a, the activation S drops as
Dd increases. For Dd ∼ 200 nm, an S of 0.37 % becomes so
high that even aerosol particles in the less hygroscopic mode
will be activated. This leads to an overestimate of activation
fraction of the more hygroscopic mode and an underestimation of the corresponding κ.
The size dependence of S suggests that a single S from
DMT-CCNC will serve the separation purpose for a limited
size range. To maintain the separation function, we need to
adjust S according to the value of Dd . Figure S4 shows sizedependent S for κ of 0.05. In practice, such scanning can be
achieved by using Scanning Flow CCN Analysis (SFCA) for
DMT-CCNC.

Figure 6b and c show the Fact –Saerosol relation and Fact –κ
relation determined from a size-resolved nano-CCNC measurement. The solid line represents the calibration curve (using tungsten oxides particles as calibration aerosol; Wang et
al. 2015). It confirms the monotonic dependence of Fact on
Saerosol . Then, by measuring Fact of monodisperse aerosols,
we can determine Saerosol as well as κ (Eq. 2). As shown in
Fig. 6, a larger Fact corresponds to a smaller Saerosol and a
higher κ (more hygroscopic). Note that κ in this size range is
different from previous CCN measurements due to the concentration and size dependence of κ and relevant thermodynamic parameters (Wang et al., 2015; Cheng et al., 2015).

3.3

4

Evaluation of the BS2 approach

Figure 6a shows the experimental setup for evaluating the
BS2 analysis. The setup is similar to normal size-resolved
CCN measurements except that a nano-CCN counter (Wang
et al., 2015) is used instead of a DMT-CCN counter. The
nano-CCN counter was developed for measuring aerosol activation in the size range of 2 to 10 nm. In this size range,
aerosol particles are of high diffusivity and go beyond the
initial flow constraint. Thus, aerosol particles are widely distributed in the activation unit of a nano-CCNC and BS2 analysis can be directly applied without modification of the system.

Atmos. Meas. Tech., 9, 5183–5192, 2016

Conclusions

As a new concept for the design of CCN counters, the broad
supersaturation scanning (BS2) approach reduces the time
required for scanning supersaturation and can produce κ of
high temporal and size resolution. The principle of BS2 analysis has been demonstrated by laboratory experiments with
a nano-CCNC. Model simulations show that the BS2 analysis is applicable for mixed particles with a single κ mode.
It may also be applied to aerosol particles with multiple κ
modes when complementary measurements are performed in
parallel.
The BS2 approach requires relatively simple modification
of existing thermal gradient CCN counters (such as DMTCCNC). The data process procedure of BS2 analysis is even
www.atmos-meas-tech.net/9/5183/2016/

H. Su et al.: Broad supersaturation scanning (BS2) CCN counter
easier than for the present size-resolved CCN measurements.
In addition, both temperature gradient and flow rate are kept
constant during the measurements, minimizing the technical
complexity and system stability. The fast response and stability of BS2 analysis may be well suited for aircraft and
long-term measurements. Because κ is closely related to
the fraction of organics/inorganics in aerosol particles, BS2
can also serve as a complementary sensor for fast detection/estimation of aerosol chemical compositions.

www.atmos-meas-tech.net/9/5183/2016/
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Data availability

All the data presented in this study are available
from the authors upon request (h.su@mpic.de or
yafang.cheng@mpic.de).
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Appendix A: Notation (frequently used symbols and
acronyms)
Symbol
BS2
CCN
CCNC
CN
Dd
Fact

Unit

m

HTDMA
h(κ)
Mw
R
r

kg mol−1
J K−1 mol−1
mm

S
Saerosol

%
%

Smax

%

Smin

%

Stube

%

T
v(r)
vm

K
m s−1
m s−1

WOx
κ
σκ
σsol
ρw

J m−2
kg m−3

Quantity
Broad supersaturation scanning
Cloud condensation nuclei
Cloud condensation nuclei counter
Condensation nuclei
Dry particle diameter
Number fraction of activated aerosol
particles in the CCN counter
Hygroscopic tandem differential
mobility analyzer
Hygroscopicity (κ) distribution function
Molar mass of water
Universal gas constant
Radial distance to the centerline of the
activation unit
Water vapor supersaturation
Critical activation supersaturation of
aerosol particles
Maximum water vapor supersaturation at
the centerline of a CCN counter
Maximum water vapor supersaturation at
the edge of the aerosol flow in the
activation unit
Maximum water vapor supersaturation in
the axial direction for a given r
Temperature
Flow velocity in the CCN activation unit
Maximum velocity at the centerline of the
CCN activation unit
Tungsten oxides
Effective hygroscopicity parameter
Geometric standard deviation in a
log-normal κ distribution
Surface tension of water
Density of pure water
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The Supplement related to this article is available online
at doi:10.5194/amt-9-5183-2016-supplement.
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