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Abstract

In this study we show how size-resolved measurements of aerosol particles and cloud
condensation nuclei (CCN) can be used to characterize the supersaturation of water
vapor in a cloud. The method was developed and applied for the investigation of a cloud
event during the ACRIDICON-Zugspitze campaign (17 September to 4 October 2012)5

at the high-alpine research station Schneefernerhaus (German Alps, 2650 m a.s.l.).
Number size distributions of total and interstitial aerosol particles were measured with
a scanning mobility particle sizer (SMPS), and size-resolved CCN efficiency spectra
were recorded with a CCN counter system operated at different supersaturation levels.

During the evolution of a cloud, aerosol particles are exposed to different super-10

saturation levels. We outline and compare different estimates for the lower and upper
bounds (Slow, Shigh) and the average value (Savg) of peak supersaturation encountered
by the particles in the cloud. For the investigated cloud event, we derived Slow ≈ 0.19–
0.25 %, Shigh ≈ 0.90–1.64 % and Savg ≈ 0.38–0.84 %. Estimates of Slow, Shigh and Savg
based on aerosol size distribution data require specific knowledge or assumptions of15

aerosol hygroscopicity, which are not required for the derivation of Slow and Savg from
the size-resolved CCN efficiency spectra.

1 Introduction

Atmospheric aerosols consist of particles spanning a wide range of size and chemical
composition from various natural and anthropogenic sources (Pöschl, 2005). They can20

act as cloud condensation nuclei (CCN) and affect climate by influencing the proper-
ties of clouds and precipitation (Lohmann and Feichter, 2005; Solomon et al., 2007;
Rosenfeld et al., 2008). The water vapor supersaturation at which aerosol particles are
activated as CCN depends on particle size, composition and mixing state (e.g., Köhler,
1936; Dusek et al., 2006; McFiggans et al., 2006; Andreae and Rosenfeld, 2008; Su25

et al., 2010).
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As a result of long-term efforts and recent advances in atmospheric research, the
CCN activity of atmospheric aerosol particles can be fairly well constrained by mea-
surements and models (e.g., Petters and Kreidenweis, 2007, 2008; Gunthe et al., 2009;
Kinne, 2009; Moore and Nenes, 2009; Pöschl et al., 2009; Jurányi et al., 2010; Pringle
et al., 2010; Rose et al., 2010, 2011; Wex et al., 2010, 2011; Gunthe et al., 2011; Kim5

et al., 2011; Kulmala et al., 2011; Spracklen et al., 2011; Anttila et al., 2012; Chris-
tensen and Petters, 2012; Engelhart et al., 2012; Padró et al., 2012; Jurányi et al.,
2013; Lance et al., 2013; Mikhailov et al., 2013; Petters and Kreidenweis, 2013). To
fully describe the process of CCN activation and cloud droplet growth in the atmo-
sphere, however, also the supersaturation of water vapor in the cloud needs to be10

known (e.g., Reutter et al., 2009; Pruppacher and Klett, 2010; Rosenfeld et al., 2012;
Renno et al., 2013).

Upon cloud formation, the decrease of temperature in an ascending air parcel arising
from the expansion of air with decreasing pressure (adiabatic cooling) or the decrease
of temperature in an air parcel moving horizontally over a colder surface or air mass15

(isobaric cooling) induces water vapor supersaturation (Pruppacher and Klett, 2010).
At the point where the increase of supersaturation by cooling is compensated by the
condensational sink of water vapor, the supersaturation reaches a maximum or peak
value. Following Hammer et al. (2013) we use the expression “peak” rather than “max-
imum” supersaturation. Particles with a critical supersaturation equal to or lower than20

the peak supersaturation are activated and grow into cloud droplets. The peak super-
saturation is a major determinant for the cloud droplet number and the regime of CCN
activation (aerosol- vs. updraft-limited; Reutter et al., 2009; Rosenfeld et al., 2012).
Due to inhomogeneities of the atmospheric aerosol load and air flow pattern (turbu-
lence, entrainment), the peak supersaturations of different air parcels in a cloud can be25

temporally and spatially heterogeneous.
Techniques for the direct measurement of cloud supersaturation are not available.

Thus, indirect methods have been developed to estimate the value of water vapor
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supersaturation in a cloud, which determines the fraction of particles that are activated
and form cloud droplets.

An early approach to deduce the cloud supersaturation was presented by Hop-
pel et al. (1996). They commonly observed a double-peaked structure of the aerosol
size distribution in the marine boundary layer, which is a result of processing aerosol5

through non-precipitating cloud cycles. The authors suggest that the mode that peaks
at 20 to 80 nm consists of particles that are too small to be activated during the cloud
processing, and the mode that peaks at 160 to 400 nm represents the residue of evap-
orated cloud droplets that have been enlarged mainly as a result of liquid phase con-
version of soluble trace gases to non-volatile compounds. Therefore, they could relate10

the diameter at which the minimum occurs (the so-called Hoppel minimum) to the su-
persaturation of the cloud assuming a mixture of ammonium sulfate and sulfuric acid.

Another method to derive the supersaturation of a cloud was used by e.g., Hammer
et al. (2013), Ditas et al. (2012), Asmi et al. (2012), and Anttila et al. (2009). In these
studies the fraction of activated particles in a cloud was deduced from the comparison15

of the number size distribution of interstitial particles (i.e., particles not taken up into
cloud droplets) and total aerosol particles (i.e., cloud residuals plus interstitial parti-
cles). Through Köhler theory and with the assumption of an average particle hygro-
scopicity the diameter at which 50 % of all particles activated was related to the parti-
cles’ critical supersaturation, which was then regarded as the supersaturation at which20

ambient clouds are formed.
In a recent study, Russell et al. (2013) measured the CCN activation of cloud resid-

uals, which were sampled behind a counterflow virtual impactor (CVI) and compared
it to the measured cloud droplet number concentration (CDNC). The supersaturation
at which the CDNC was equal to the CCN concentration of the cloud residuals was25

assumed to be the cloud supersaturation.
Most likely the particles of a cloud are processed through a number of non-

precipitating cloud cycles (typically of the order of 10 or more; Hoppel et al., 1996).
Thus, different particles may have been exposed to different peak supersaturations, at
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which they were activated into cloud droplets. For that reason the activation of aerosol
particles in the cloud cannot be described or reproduced with the activation at one
single supersaturation level.

In this study we derive and compare different estimates for an effective average
value (Savg) and the lower and upper bounds (Slow, Shigh) of the peak supersaturation5

encountered by the particles in the cloud. Estimates of Savg (Sects. 3.2.1 and 3.2.2),
Slow (Sect. 3.2.3) and Shigh (Sect. 3.2.4) based on aerosol size distribution data re-
quire specific assumptions or measurements of aerosol hygroscopicity, which are not
required for the derivation of Slow (Sect. 3.1.1) and Savg (Sect. 3.1.2) from size-resolved
CCN efficiency spectra.10

2 Experimental methods and data analysis

2.1 Measurement site

Measurements were performed during the ACRIDICON-Zugspitze campaign (17
September to 4 October 2012) at the research station Schneefernerhaus, a mountain
site in the German Alps (47.42◦ N, 10.97◦ E, 2650 m a.s.l.; www.schneefernerhaus.de).15

The aim of this campaign was the investigation of liquid water clouds. For the analysis
in this paper we chose one exemplary cloud event, which occurred on 19 Septem-
ber 2012. In the following, the time when a cloud was present at the inlet is referred
to as “in-cloud” conditions and the time directly after the cloud event, when there was
clearly no cloud present at the inlet, is referred to as “out-of-cloud” conditions. During20

in-cloud conditions the liquid water content (LWC) as measured by a particle volume
monitor (Gerber, 1991) was> 0.024 gm−3 for 85 % of the time (arithmetic mean value
of 0.073 gm−3). This is in accordance to Henning et al. (2002) who defined a cloud
event when the LWC was> 0.02 gm−3 for 85 % of the time.
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2.2 Inlet system

We used an inlet segregating hydrometeors by a cyclone with a 2.5 µm cut-off (PM2.5).
During out-of-cloud conditions the inlet samples all aerosol particles with diame-
ter< 2.5 µm (total aerosol). During in-cloud conditions particles that have been acti-
vated to cloud droplets are pre-segregated because they are larger than the inlet cut-5

off diameter (Mertes et al., 2005). Therefore the sampled aerosol can be regarded as
interstitial.

2.3 Size-resolved CCN measurements

The number concentration of CCN was measured using a continuous-flow stream-
wise thermal gradient CCN counter (CCNC), commercially available from Droplet Mea-10

surement Technologies, Inc. (DMT, CCN-100). The operation principle of the CCNC is
based on the fact that diffusion of heat in air is slower than diffusion of water vapor.
This allows the generation of a supersaturated area inside a flow tube by combining
a temperature gradient with water vapor from a continuously wetted porous inner sur-
face (Roberts and Nenes, 2005). The inlet flow rate of the CCNC was 0.5 Lmin−1 with15

a sheath-to-aerosol flow ratio of 10. The water pump was operated at a drip rate of
4 mLh−1 corresponding to the CCNC setting of “low” liquid flow. By changing the tem-
perature gradient, the supersaturation of the CCNC was set to different values between
0.06 % and 0.60 %. Particles with a critical supersaturation equal to or smaller than the
prescribed supersaturation (Spresc) were activated and formed water droplets. An opti-20

cal particle counter (OPC) at the exit of the flow tube determined the concentration of
droplets larger 1 µm, which were considered to be activated CCN.

Combining the CCNC described above with a differential mobility analyzer (DMA)
and a condensation particle counter (CPC), size-resolved CCN efficiency spectra at
a given Spresc were measured as follows (Frank et al., 2006): first, aerosol particles25

were brought to charge equilibrium with an x-ray source (TSI 3087). Then the DMA
selected monodisperse particles of 10 different diameters in the size range of 23 to
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321 nm, which were passed on to the CCNC and the CPC (TSI 3762) measuring
in parallel. At each diameter D, the CPC measured the number concentration of all
aerosol particles (NCN), and the CCNC measured the number concentration of CCN
(NCCN) for the given supersaturation. The CCN efficiency spectrum is the size-resolved
fraction of all activated particles as a function of Spresc. The recording of a CCN effi-5

ciency spectrum at a given Spresc took ∼ 23 min, including ∼ 90 s integration time for
each measurement data point, ∼ 30 s adjustment time for each new particle size, and
∼ 4 min for adjustment to the next supersaturation level. The completion of a full mea-
surement cycle comprising CCN efficiency spectra at 5 different supersaturation levels
took ∼ 2 h (including additional 5 min of adjustment time between the highest and the10

lowest Spresc level).
The measurement data of the CCN efficiency spectra were corrected for differences

in the CCNC and CPC counting efficiencies as described in Rose et al. (2010), using
a constant correction factor of 1.03. Moreover a correction for multiple charged particles
was performed according to Frank et al. (2006).15

The supersaturation in the CCNC was calibrated using ammonium sulfate particles
before, during and after the campaign. We used the calibration method described in
Rose et al. (2008), applying the activity parameterization Köhler model AP3 to derive
the corresponding critical supersaturation from the critical dry diameter of CCN activa-
tion of the ammonium sulfate particles.20

To relate the activation of aerosol particles in the CCNC to the activation at ambient
conditions, the supersaturation levels prescribed in the CCNC at a sample temperature
of approximately 298 K (Spresc) were scaled to an equivalent supersaturation at an av-
erage ambient air temperature during the cloud event of ∼ 273 K (SCCNC) as described
in Appendix C.25

2.4 Error analysis

During a cloud event the number concentration measured for large monodisperse in-
terstitial aerosol particles is generally very low. Therefore the possible sources of errors
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are particularly important. One potential source for systematical errors are false counts
of the instruments. However, during frequently performed zero filter tests our instru-
ments showed no false counts, so that the systematic error initiated from false counts
could be neglected. The random error of the particle concentration measured by the
CCNC (∆NCCN) and by the CPC (∆NCN), as well as the random error of the activated5

fraction (∆(NCCN/NCN)) were derived through Gaussian error propagation.
Hence, the error of the activated fraction is given by:

∆
(
NCCN

NCN

)
=

√√√√(∆NCCN

NCN

)2

+

(
NCCN ·∆NCN

N2
CN

)2

(1)

in which NCCN and NCN are the concentrations per size bin measured during the in-
tegration interval by the CCNC and the CPC, respectively. The number concentration10

of particles is the number of measured particles (c) divided by the sample volume:
N = c/(Q · t), where Q is the volumetric flow rate and t is the integration time. From
this, the errors of the particle concentrations (∆NCCN and ∆NCN) are given by:

∆N =

√(
∆c
Q · t

)2

+
(
c ·∆Q
Q2 · t

)2

+
(
c ·∆t
Q · t2

)2

(2)

Note that for the volumetric flow rate in the CCNC we had to insert the value for the15

measured actual aerosol flow (∼ 0.045 Lmin−1) through the flow tube. This is only 1/11
of the CCNC inlet flow since the inlet flow is split into a filtered sheath and an aerosol
flow with a ratio of 10. For the measurement time t we inserted the integration time for
NCCN and NCN at a given D and SCCNC (∼ 90 s). The error of the flow rate (∆Q) was the
standard deviation of the mean aerosol flow rate (of the CCNC or CPC) during time t,20

and the error of the time (∆t) we assumed to be 1 s.
The error of the measured particle number (c) we assumed to be the standard count-

ing error of c plus one because one particle is the smallest countable value of the
10028
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CCNC and the CPC:

∆c =
√
c+1 (3)

The analysis showed that the error of the interstitial CCN to CN ratio (NCCN/NCN) mea-
sured during a cloud event was rather large. The reason was the very small aerosol flow
through the CCNC (∼ 0.045 Lmin−1), which required relatively long integration times.5

During out-of-cloud conditions we have not encountered problems with counting
statistics since the particle concentrations per size bin were at least one order of mag-
nitude higher than during in-cloud conditions. We conclude that in future studies mea-
suring the size-resolved CCN fraction of interstitial particles in a cloud it is necessary
to increase the actual measured number of particles either by measuring over a longer10

time interval or by increasing the aerosol flow through the CCNC.

2.5 Calculation of CCN size distribution and integral CCN efficiency

Parallel to the CCN measurements a scanning mobility particle sizer (SMPS, TSI 3080,
using a DMA 3081, a CPC 3025A, and a neutralizer 3087; operating with standard TSI
software) was operated to measure the aerosol particle number (CN) size distribution15

over the size range of 16 to 600 nm (26 logarithmically equidistant size bins). Integral
CN concentrations, NCN, int, were calculated by integrating the CN size distributions.

CCN size distributions were calculated by multiplying the best-fit cumulative Gaus-
sian distribution function (cf. Rose et al., 2008) of CCN efficiency spectra with the
relevant total aerosol size distributions, which were interpolated on a grid of 250 size20

steps (Rose et al., 2010). Integral CCN concentrations, NCCN, int, were calculated by
integrating the CCN size distributions. Integral CCN efficiencies (NCCN, int/NCN, int) were
calculated as the ratio of integral CCN concentration at a certain SCCNC to integral CN
concentration.

A list of frequently used symbols is given in Table A1 at the end of the manuscript.25
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3 Results and discussion

3.1 Derivation of cloud supersaturation from CCN measurements
(CCNC method)

3.1.1 Lower bound of peak supersaturation based on CCN efficiency spectra,
Slow(CCNC)5

Figure 1 shows the size-resolved CCN efficiency spectra measured at five different
supersaturation levels (SCCNC) for interstitial aerosol particles in-cloud (red data points)
and for total aerosol particles out-of-cloud (grey lines).

Out-of-cloud the measured CCN efficiencies (NCCN/NCN) exhibited the expected S-
shaped increase from zero for small particles to about one for large particles. The10

midpoint activation diameter (Da; at NCCN/NCN = 0.5) can be regarded as the average
critical diameter of CCN activation at the given supersaturation. As expected, Da ex-
hibited a gradual decrease with increasing SCCNC, i.e., the threshold diameter for the
CCN activation of aerosol particles got lower for higher supersaturation.

In-cloud the CCN efficiency spectra observed at medium to high supersaturations15

were similar to those observed out-of-cloud (SCCNC ≥ 0.25 %, Fig. 1c–e). At low su-
persaturations, however, they looked very different, and the CCN efficiency of the in-
terstitial aerosol particles remained close to zero throughout the investigated diameter
range (SCCNC = 0.07 % and 0.13 %, Fig. 1a and b).

From this difference we derive a lower bound for the peak supersaturation at which20

particles have been activated to cloud droplets (Slow). We take Slow(CCNC) to be
the mean value between the highest SCCNC level at which no significant activation of
interstitial particles is observed ((NCCN/NCN − standard error) ≤ 0) and lowest SCCNC
level at which significant activation of interstitial particles is observed ((NCCN/NCN −
standard error) > 0). For the investigated cloud, we thus obtained Slow(CCNC) =25

0.19%±0.04% (arithmetic mean ± standard error). Particles exhibiting critical su-
persaturations smaller than or equal to Slow(CCNC) had formed cloud droplets and
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were therefore not sampled by the interstitial inlet. Hence, we did not measure acti-
vated particles in the CCNC as long as SCCNC ≤ Slow(CCNC). Only if SCCNC exceeded
Slow(CCNC), interstitial particles could be activated in the CCNC.

Figure 2 displays integral CCN efficiencies (NCCN, int/NCN, int; Sect. 2.5) plotted
against water vapor supersaturation. It shows that Slow(CCNC) can be derived not only5

from size-resolved measurement data but also from integral measurements of CCN
and CN concentrations using a combination of CCNC and CPC without DMA. In fact,
even a standalone CCNC instrument and plot of NCCN, int vs. SCCNC would suffice for the
determination of Slow, provided that counting statistics are properly taken into account.

3.1.2 Average peak supersaturation based on CCN size distributions,10

Savg(CCNC)

An effective average peak supersaturation (Savg) at which most particles have been
activated and grown into cloud droplets can be derived by comparison of CCN size
distributions measured for total aerosol at different supersaturation levels with the size
distribution of aerosol particles actually activated in the cloud. The number size dis-15

tribution of activated particles in a cloud is given by the difference between the size
distributions of total and interstitial aerosol. In principle, the particle fraction activated
at a given supersaturation in the cloud should also be activated at an equivalent super-
saturation level in the CCNC instrument, taking into account the influence of different
ambient conditions (in particular the influence of temperature on the Kelvin effect as20

described in Appendix C). Consequently, the number size distribution of activated par-
ticles in a cloud should be approximately equal to the CCN size distribution measured
with the CCNC for total aerosol at a supersaturation level equivalent to the effective
average peak supersaturation in the cloud.

In this study we had no opportunity to measure total aerosol properties under in-25

cloud conditions. For the investigated cloud event, however, the in-cloud and out-
of-cloud measurement periods immediately followed each other without apparent
changes in the regional atmospheric conditions. Thus, we assumed the total aerosol
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properties measured out-of-cloud to be approximately representative for the total
aerosol properties in-cloud.

Figure 3 shows aerosol particle size distributions measured by SMPS during the
investigated cloud event on 19 September 2012. For the total aerosol out-of-cloud,
we observed a bimodal distribution with a minimum at ∼ 65 nm. The Aitken and accu-5

mulation mode peaked at ∼ 35 nm with a maximum of ∼ 1700 cm−3 (dN/dlogD) and
at ∼ 130 nm with a maximum of ∼ 1300 cm−3 (dN/dlogD), respectively. For the inter-
stitial aerosol in-cloud, the Aitken mode was only slightly shifted with a maximum of
∼ 1800 cm−3 (dN/dlogD) at ∼ 25 nm, whereas the accumulation mode almost disap-
peared because most of the larger particles had been activated into cloud droplets and10

could therefore not be sampled by the interstitial inlet. Figure 4 shows the size distribu-
tion of aerosol particles activated in the cloud in comparison to CCN size distributions at
SCCNC = 0.25 %, 0.51 % and 0.68 %. The size distribution of aerosol particles activated
in the cloud was calculated by subtraction of the interstitial aerosol size distribution
measured in-cloud from the total aerosol size distribution measured out-of-cloud. The15

number size distribution of activated particles exhibited a large peak at ∼ 120 nm with
a maximum of ∼ 1200 cm−3 (dN/dlogD) and a shoulder at ∼ 40 nm and ∼ 500 cm−3

(dN/dlogD). The shoulder resulted from a slight shift of the CN size distribution be-
tween in-cloud and out-of-cloud conditions, which is likely due to aging processes such
as condensational growth or coagulation, which are usually more pronounced for the20

Aitken mode than for the accumulation mode. Thus, we neglect the shoulder and ex-
clude it from the following analysis by focusing on particles lager than 70 nm.

As shown in Fig. 4, the right-hand side of the size distribution of activated particles
(D > 120 nm) is in good agreement with each of the displayed CCN size distributions.
In the diameter range of 70–120 nm, however, the CCN size distribution at SCCNC =25

0.25 % is much lower with an average relative deviation of about −47 %. The CCN size
distribution at SCCNC = 0.51 % provides a fairly good match (average relative deviation
+3 %) and the curve at SCCNC = 0.68 % is only slightly higher (average relative deviation
+11 %). Thus, we take the mean value and standard error of the three neighboring
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supersaturation levels, Savg(CCNC) ≈ 0.48%±0.10 %, as an estimate for the effective
average peak supersaturation around which most particles had been activated and
most cloud droplets had been formed.

3.2 Derivation of cloud supersaturation from SMPS measurements
(SMPS method)5

3.2.1 Average peak supersaturation based on 50 % activation, Savg(D50,κ)

A common approach to derive an effective average peak supersaturation at which am-
bient clouds are formed is to compare the particle number or CN size distributions of
total and interstitial aerosol (e.g., Anttila et al., 2009; Asmi et al., 2012; Ditas et al.,
2012; Hammer et al., 2013; cf. Sect. 1). We also use this method, which will be re-10

ferred to as the “SMPS method”, to calculate Savg from our aerosol size distribution
measurement results.

In our study it was not possible to measure the particle size distribution of both inter-
stitial and total aerosol inside the investigated cloud. As outlined above, however, we
have good reasons to assume that the total aerosol size distribution measured out-of-15

cloud was approximately representative for the total aerosol in-cloud. A crucial point
of the SMPS method is that it builds on Köhler theory calculations and requires an
assumption on the hygroscopicity of the activated particles, which depends on their
chemical composition. Appendix B describes how the hygroscopicity parameter κ re-
lates the dry activation diameter of an aerosol particle to its critical supersaturation,20

which is the minimum supersaturation required to form a stable cloud droplet.
Figure 3 shows the CN size distribution of interstitial aerosol (red, in-cloud) and to-

tal aerosol (grey, out-of-cloud). The activated fraction (blue) was calculated by divid-
ing the number size distribution of activated particles (out-of-cloud minus in-cloud) by
the CN size distribution of the total aerosol. The diameter at which the activated frac-25

tion reached a value of 50 %, D50 = 58 nm, can be regarded as an effective critical
dry diameter of particle activation in the cloud. By Köhler theory this diameter can be
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converted into a critical supersaturation, which in turn can be regarded as an effective
average peak supersaturation of the cloud (Hammer et al., 2013).

As mentioned above, the Köhler theory calculations require specific knowledge or
assumptions about the hygroscopicity of the aerosol particles. Thus, we tested a range
of relevant hygroscopicity parameters (κ) as specified in Appendices A and B and5

Table 1: (1) κa as determined from the measured CCN efficiency spectra during out-
of-cloud conditions (κa = 0.17); (2) κcut as determined from the observed total CCN
concentration and the CN size distribution during out-of-cloud conditions (κcut = 0.13);
(3) a global average κ value for continental aerosol of κmean = 0.3 (Pringle et al., 2010);
and (4) κAMS as derived from the aerosol chemical composition (κAMS = 0.45). The10

large difference between κAMS and κa or κcut can be attributed to a size-dependence of
particle hygroscopicity with an enhanced organic mass fraction for sub-100 nm parti-
cles as observed in earlier studies (e.g., Gunthe et al., 2009; Gunthe et al., 2011; Rose
et al., 2011). The parameter κAMS reflects the mass weighted average hygroscopicity
of the total aerosol, which is dominated by large accumulation mode particles with an15

enhanced inorganic fraction (typically around 300 nm). Depending on the prescribed
κ value, the effective average peak supersaturation derived from the SMPS-based ac-
tivation curve, Savg(D50,κ), was calculated to be in the range of 0.46 % to 0.84 % (arith-
metic mean ± standard error: 0.65%±0.08%; Table 2). This range is consistent with
the estimate derived above from the CCN measurement data without any assumption20

on particle hygroscopicity: Savg(CCNC) ≈ 0.48%±0.10% (Sect. 3.1.2).

3.2.2 Average peak supersaturation based on the Hoppel minimum, Savg(DH,κ)

An earlier approach by Hoppel et al. (1996) derived the average cloud peak supersatu-
ration from the shape of the aerosol size distributions typically observed in remote ma-
rine boundary layer air. The authors proposed that the double-peaked structure of the25

aerosol size distribution is the result of particle processing through non-precipitating
cloud cycles. Thus, the diameter at which the minimum in a double-peaked particle
number size distribution of total aerosol occurs (“Hoppel minimum”) can be regarded
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as an average critical diameter of particle activation related to the average cloud peak
supersaturation.

As shown in Fig. 3, total aerosol size distribution observed out-of-cloud exhibited
a very pronounced double-peak structure with a minimum at DH = 65 nm. As described
above (Sect. 3.2.1) and in Appendix B, we performed Köhler theory calculations to5

convert also DH into a critical supersaturation that can be regarded as an effective av-
erage cloud peak supersaturation, assuming relevant hygroscopicity parameter values
(Table 1).

Depending on the prescribed κ value, the effective average peak supersaturation
derived from the Hoppel minimum diameter, Savg(DH,κ), was calculated to be in the10

range of 0.38 % to 0.70 % (arithmetic mean ± standard error: 0.54%±0.06 %; Table 2).
This range is again consistent with the estimate derived from the CCN measurement
data (Savg(CCNC) ≈ 0.48%±0.10 %; Sect. 3.1.2).

3.2.3 Lower bound of peak supersaturation based on full activation, Slow(Df,κ)

To derive a lower bound of cloud peak supersaturation, Slow, from the activated particle15

fraction based on aerosol size distribution data, we determine an effective threshold
diameter of full activation (Df). For Df we take the mean value between the largest di-
ameter at which the activated fraction is significantly below unity ((activated fraction
+ standard error) < 1) and the smallest diameter at which practically full activation is
observed ((activated fraction + standard error) ≥ 1). From Fig. 3 (blue data points)20

we obtained Df = 100 nm. As described above and in Appendix B, we performed Köh-
ler theory calculations to convert also Df into a critical supersaturation, which can be
regarded as a lower bound of cloud peak supersaturation, assuming relevant hygro-
scopicity parameter values (Table 1). Depending on the prescribed κ values, Slow(Df,κ)
was calculated to be between 0.20 % and 0.25 % (arithmetic mean ± standard error:25

0.23%±0.01 %; Table 2). This range is consistent with the estimate derived from the
CCN measurement data (Slow(CCNC) = 0.19%±0.06 %).
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3.2.4 Upper bound of peak supersaturation based on zero activated fraction,
Shigh(D0,κ)

To derive an upper bound of cloud peak supersaturation, Shigh, from the activated parti-
cle fraction based on aerosol size distribution data, we determine an effective threshold
diameter of zero activation (D0). For D0 we take the mean value between the largest di-5

ameter at which no significant activation is observed ((activated fraction− standard er-
ror)≤ 0) and the smallest diameter at which the activated fraction is significantly above
zero ((activated fraction− standard error)> 0). From Fig. 3 (blue data points) we ob-
tained D0 = 37 nm. As described above and in Appendix B, we performed Köhler theory
calculations to convert also D0 into a critical supersaturation that can be regarded as an10

upper bound of cloud peak supersaturation, assuming relevant hygroscopicity parame-
ter values (Table 1). Depending on the prescribed κ values, Shigh(D0,κ) was calculated
to be between 0.9 % and 1.64 % (arithmetic mean ± standard error: 1.27%±0.15 %;
Table 2).

4 Conclusions and outlook15

In this study we showed how size-resolved measurements of aerosol particles and
CCN in-cloud and out-of-cloud can be used to derive effective average values as well
as lower and upper bounds of cloud peak supersaturation. For the investigated cloud
event, the different estimates obtained from CCNC and SMPS measurement data of
total and interstitial aerosol particles are largely consistent with each other (Table 2).20

The uncertainties of the presented estimates of cloud peak supersaturation are
mostly due to limitations in the time resolution and counting statistics of the applied
measurement devices (CCNC, CPC, SMPS). Estimates derived from SMPS data only
are also influenced by uncertainties in the determination or assumption of aerosol hy-
groscopicity parameters.25
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In future studies the uncertainties can and shall be reduced by optimizing the applied
instrumentation and measurement procedures. Specific options for improvement are:

1. Parallel operation of total and interstitial aerosol inlets and SMPS measurements
will make the determination of the fraction of aerosol particles activated in-cloud
more reliable.5

2. Parallel operation of multiple CCNC at different supersaturation levels and/or
faster scanning of supersaturation in the CCNC by varying the flow rate rather
than the temperature gradient (Moore and Nenes, 2009) will increase the num-
ber and reduce the intervals of monitored supersaturation levels and hence will
increase the precision of the derived cloud peak supersaturations.10

3. Increasing the aerosol-to-sheath flow ratio and/or the integration times of the
CCNC and SMPS will help to improve the counting statistics.

We suggest that comprehensive measurements of the temporal and spatial variability
of cloud peak supersaturation (average values as well as upper and lower bounds)
may provide deeper insights into the evolution of clouds, including the interaction of15

aerosol and cloud particles, water vapor and dynamical features like turbulence and
entrainment.

Appendix A

Calculation of κ from AMS measurements

During the ACRIDICON-Zugspitze campaign the chemical composition of submicron20

aerosol particles was measured with a C-ToF-AMS (Compact Time-of-Flight Aerosol
Mass Spectrometer; Drewnick et al., 2005; Canagaratna et al., 2007). The C-ToF-
AMS quantitatively determines the mass concentration of non-refractory species like
organics, sulfate, nitrate, ammonium, and chloride. For the analysis of the cloud event
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investigated in this study, the AMS mass concentrations were averaged over the time
period of out-of-cloud conditions (19 September 2013 19:56–20:43 UTC). The organic
(forg) and inorganic mass fractions (finorg) were calculated by dividing the organic and
inorganic (sum of sulfate, nitrate, ammonium, and chloride) mass concentrations by the
sum of the masses of all AMS measured components, respectively.5

To describe the influence of chemical composition on the CCN activity of aerosol
particles Petters and Kreidenweis (2007) proposed to use a so-called hygroscopicity
parameter κ. The hygroscopicity parameter (κAMS) was approximated from the AMS
obtained mass fraction by a simple mixing rule as follows:

κAMS = forg · κorg + finorg · κinorg (A1)10

in which κorg and κinorg are the hygroscopicity parameters for pure organic and inor-
ganic substances (κorg = 0.1 and κinorg = 0.6) (Gunthe et al., 2009; Dusek et al., 2010;
Rose et al., 2011) For the average AMS derived hygroscopicity parameter we obtained
κAMS = 0.45. It reflects the mass weighted average hygroscopicity of the total aerosol,
which is dominated by large accumulation mode particles with an enhanced inorganic15

fraction (typically around 300 nm).

Appendix B

Köhler theory and calculation of κ from CCN measurements

The Köhler theory relates the dry diameter of an aerosol particle to its critical water
vapor supersaturation, i.e., to the minimum supersaturation that is required to form20

a stable cloud droplet (Köhler, 1936). The following κ–Köhler equation (equivalent to
Eq. 6 of Petters and Kreidenweis, 2007) enables to calculate the critical supersaturation
(Scrit) for a given pair of dry particle diameter D and hygroscopicity parameter κ, or the
κ parameter for a given pair of critical supersaturation and activation diameter:
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S =

(
D3

wet −D3

D3
wet −D3 (1− κ)

exp
(

4σMw

RTρwDwet

)
−1

)
·100% (B1)

where Dwet is the diameter of the droplet, σ is the surface tension of the droplet
(approximated by that of water, σ = 0.072 Jm−2), Mw is the molar mass of water
(Mw = 0.018015 kgmol−1), R is the universal gas constant (R = 8.315 JK−1 mol−1), and5

ρw is the density of water (ρw = 997.1 kgm−3).
In this study, two approaches were tested to derive κ from the CCN measurement

results. Firstly, the hygroscopicity parameter κ was determined from Eq. (B1) by insert-
ing the activation diameter Da (Sect. 3.1.1) derived from the CCN efficiency spectra
measured out-of-cloud (Fig. 1) for D and varying both κ and the droplet diameter Dwet10

until S was at the same time equal to the prescribed supersaturation Spresc and to the
maximum of Eq. B1 (cf., Rose et al., 2010). The temperature T used in Eq. (B1) was
set to the value at which the particles were activated in the CCNC (∼ 298 K).

A range of κa values between 0.17 and 0.48 was obtained for the different combi-
nations of Spresc and Da (highest values for low Spresc, i.e., large Da). The parameter15

κa characterizes the average hygroscopicity of CCN-active particles in the size range
around Da. Thus, for the calculations performed in this study we assumed κa = 0.4 for
D ∼ 100 nm and κa = 0.17 for D ≤ 70 nm (Table 1).

Alternatively, the activation diameter and corresponding hygroscopicity parameter
were derived from the integral CCN concentration and the CN size distribution out-of-20

cloud (cf. Sect. 2.5). The apparent cut-off diameter of CCN activation (Dcut) is the diam-
eter above which the integral CN number concentration equals the observed integral
CCN concentration (NCCN, int). This is equivalent to the activation diameter obtained
typically from integral CCN measurements (without size-resolution), which was used
also e.g. by Hammer et al. (2013).25

The hygroscopicity parameter κcut was determined from Eq. (B1) by inserting the ac-
tivation diameter Dcut for D and varying both κ and the droplet diameter Dwet until S was
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at the same time equal to the prescribed supersaturation Spresc and to the maximum
of Eq. (B1). The temperature T used in Eq. (B1) was set to 298 K. For the example
measurement period of our study a range of κcut values between 0.13 and 0.52 was
obtained for the different combinations of Spresc and Dcut (highest values for low Spresc,
i.e., large Dcut). The parameter κcut characterizes the average hygroscopicity of CCN-5

active particles in the size range around Dcut. Differences between κa and κcut result
mainly from the shape of the particle number size distribution and from the heterogene-
ity of the particle composition, and have been discussed in detail by Rose et al. (2010).
For the calculations performed in this study we assumed κcut = 0.29 for D ∼ 100 nm
and κcut = 0.13 for D ≤ 70 nm (Table 1).10

In Sect. 3.2 of this paper, the critical supersaturation (Scrit) as calculated from dif-
ferent pairs of observed dry activation diameters and prescribed κ values was related
to the cloud supersaturation. It was determined from Eq. (B1) by inserting the above-
mentioned κ values (κa, κcut, κAMS, and κmean = 0.3) and varying both S and the droplet
diameter Dwet until D was at the same time equal to the observed activation diameter15

and to the maximum of Eq. (B1). The temperature T used in Eq. (B1) had to be set to
the value at which the cloud was formed in the atmospheric air. It was assumed to be
∼ 273 K, which was the average ambient air temperature during the cloud event.

Appendix C

Temperature scaling of supersaturation20

Due to the temperature dependence of the Kelvin effect, the critical supersaturation
(Scrit) for the CCN activation of an aerosol particle depends not only on its size and
composition, but also on the temperature at which the activation occurs. Thus, the su-
persaturation level at which a particle is activated at ambient temperature in a cloud is
not necessarily the same as the supersaturation level at which the particle is activated25

at instrument temperature in a CCNC.
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To compensate for this effect, the supersaturation levels prescribed in the CCNC
at a sample temperature of approximately 298 K (Spresc) were scaled to an equivalent
supersaturation at an average ambient air temperature during the cloud event of ∼
273 K (SCCNC).

For this purpose we performed Köhler theory calculations of Scrit as a function of5

dry particle diameter for different hygroscopicity parameter values and temperatures
(Fig. C1). For a given particle diameter, the relative difference of Scrit at 273 K vs. 298 K
was +14 % independent of the other variables (S = 0.06–0.7 %; D = 50–200 nm, κ =
0.1–0.6). Thus, we multiplied the supersaturation levels prescribed in the CCNC at
∼ 298 K (Spresc = 0.06 %, 0.11 %, 0.22 %, 0.45 %, 0.60 %) by a factor of 1.14 to obtain10

the equivalent supersaturation levels for CCN activation in a cloud at ∼ 273 K (SCCNC =
0.07 %, 0.13 %, 0.25 %, 0.51 %, and 0.68 %), which were used for the derivation of the
cloud peak supersaturation as specified in Sect. 3.1.
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Table 1. Different combinations of hygroscopicity parameters (κa, κcut, κmean, κAMS) and activa-
tion threshold diameters (Df, D50, DH, D0) used to determine the cloud peak supersaturations
reported in Table 2 by Köhler theory calculations as detailed in Appendices A and B.

Df = 100.3 nm D50 = 57.6 nm DH = 65.1 nm D0 = 36.6 nm

κa 0.4 0.17 0.17 0.17
κcut 0.29 0.13 0.13 0.13
κmean 0.3 0.3 0.3 0.3
κAMS 0.45 0.45 0.45 0.45
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Table 2. Lower bounds, average values and upper bounds of cloud peak supersaturation (Slow,
Savg, Shigh) obtained by Köhler theory calculations assuming different types of hygroscopicity
parameter (κa, κcut, κmean, κAMS) as reported in Table 1 (SMPS method; Sect. 3.2). The values
displayed in the second-last line represent the arithmetic mean ± standard error of the preced-
ing four lines (SMPS method average). The supersaturation values displayed in the last line
were obtained without assumptions about particle hygroscopicity (arithmetic mean ± standard
error; CCNC method; Sect. 3.1).

Slow(D = Df,κ) Savg(D = D50,κ) Savg(D = DH,κ) Shigh(D = D0,κ)
[%] [%] [%] [%]

S(D,κ = κa) 0.21 0.74 0.61 1.45
S(D,κ = κcut) 0.25 0.84 0.70 1.64
S(D,κ = κmean) 0.24 0.56 0.46 1.10
S(D,κ = κAMS) 0.20 0.46 0.38 0.90

S(SMPS) 0.23±0.01 0.65±0.08 0.54±0.06 1.27±0.15

S(CCNC) 0.19±0.04 0.48±0.10 0.48±0.10 –
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Table A1. Notation (frequently used symbols).

Symbol Quantity, Unit

NCCN monodisperse number concentration of CCN at certain S, cm−3

NCN monodisperse number concentration of CN, cm−3

NCCN/NCN CCN efficiency (size-resolved) at certain S
NCCN, int integral CCN concentration at certain S, cm−3

NCN, int integral CN concentration, cm−3

NCCN, int/NCCN, int integral CCN efficiency at certain S

S water vapor supersaturation, %

Spresc
supersaturation prescribed in the CCNC operated at room temperature
(∼ 298 K), %

SCCNC supersaturation in the CCNC scaled to cloud temperature (∼ 273 K), %
Slow lower bound of cloud peak supersaturation, %
Savg average value of cloud peak supersaturation, %
Shigh upper bound of cloud peak supersaturation, %

D dry particle diameter, nm
D0 diameter of zero activation observed in the cloud, nm
D50 diameter of 50 % activation observed in the cloud, nm
DH diameter of the Hoppel minimum, nm
Df diameter of full activation observed in the cloud, nm
Da midpoint activation diameter of CCN efficiency spectrum (at NCCN/NCN = 0.5), nm
Dcut cut-off diameter of CCN activation, nm

κ effective hygroscopicity parameter
κa hygroscopicity parameter derived from Da via Köhler theory
κcut hygroscopicity parameter derived from Dcut via Köhler theory
κmean mean hygroscopicity parameter for continental aerosol (κmean = 0.3)
κAMS hygroscopicity parameter derived from AMS data (κAMS = 0.45)
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Fig. 1. Size-resolved CCN efficiency spectra measured for different SCCNC. The red squares
represent one example measurement during the cloud event (19 September 2012 15:26–
17:17 UTC) and the error bars correspond to the individual standard errors calculated as de-
scribed in Sect. 2.4. The grey shaded area represents the arithmetic mean ± standard devi-
ation of CCN measurements performed during out-of-cloud conditions directly after the cloud
event (19 September 2012 17:26–19:17 UTC and 19 September 23:26 UTC–20 September
01:17 UTC).
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Fig. 2. Integral CCN efficiency measured for total aerosol during out-of-cloud conditions (grey
shaded area; arithmetic mean ± standard deviation) and for interstitial aerosol in one example
measurement during in-cloud conditions (red data points, error bars correspond to the individ-
ual standard errors) plotted as a function of SCCNC. The measurement times are the same as
in Fig. 1. The vertical green line and shaded area represent the arithmetic mean and standard
error range of Slow(CCNC).
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Fig. 3. Average number size distribution of total aerosol particles (grey crosses; out-of-cloud)
and of interstitial aerosol particles (red crosses; in-cloud). The error bars correspond to the
individual standard errors calculated as described in Sect. 2.4. The activated fraction (blue
line; grey minus red, divided by grey; shaded area is the range of the statistical error of the
data points) is plotted on the right axis. To assure comparability of the size distributions their
averaging times were chosen to be unambiguous with respect to LWC for in-cloud (mean
LWC= 0.131 gm−3) and out-of-cloud conditions (mean LWC= 0.016 gm−3) within a short time
interval (in-cloud: 19 September 2012 15:00–16:00 UTC; out-of-cloud: 19 September 2012
17:30–18:00 UTC). The vertical lines indicate the diameters of zero activation (D0), 50 % acti-
vation (D50), Hoppel minimum (DH), and full activation (Df).
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Fig. 4. Average number size distribution of activated particles in the cloud (green shaded
area; hatched shoulder excluded from analysis) and CCN size distributions at SCCNC = 0.25 %,
0.51 %, and 0.68 % (colored lines).
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Fig. C1. Critical supersaturation as a function of dry particle diameter calculated from Köh-
ler theory (Appendix B) using different hygroscopicity parameters and temperatures as input
parameters.
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