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Abstract. Cloud condensation nuclei (CCN) size distribu-
tions and numbers were measured for the first time at Puy-
de-Dôme high altitude (1465 m a.s.l) site in Central France.
Majority of the measurements were done at constant super-
saturation (SS) of 0.24 %, which was also deduced to be rep-
resentative of the typical in-cloud SS at the site. CCN num-
bers during summer ranged from about 200 up to 2000 cm−3

and during winter from 50 up to 3000 cm−3. Variability
of CCN number was explained by both particle chemistry
and size distribution variability. The higher CCN concentra-
tions were measured in continental, in contrast to marine,
air masses. Aerosol CCN activity was described with a sin-
gle hygroscopicity parameterκ. Range of this parameter was
0.29± 0.13 in summer and 0.43± 0.19 in winter. When cal-
culated using SS of 0.51 % during summer,κ of 0.22± 0.07
was obtained. The decrease with increasing SS is likely ex-
plained by the particle size dependent chemistry with smaller
particles containing higher amounts of freshly emitted or-
ganic species. Higherκ values during winter were for the
most part explained by the observed aged organics (analysed
from organicm/z44 ratio) rather than from aerosol organic
to inorganic volume fraction. The obtainedκ values also fit
well within the range of previously proposed global conti-
nentalκ of 0.27± 0.21. During winter, the smallestκ values
and the highest organic fractions were measured in marine air
masses. CCN closure using bulk AMS chemistry led to posi-
tive bias of 5 % and 2 % in winter and summer, respectively.
This is suspected to stem from size dependent aerosol organic
fraction, which is underestimated by using AMS bulk mass
composition. Finally, the results were combined with size
distributions measured from interstitial and whole air inlets
to obtain activated droplet size distributions. Cloud droplet

number concentrations were shown to increase with accumu-
lation mode particle number, while the real in-cloud SS cor-
respondingly decreased. These results provide evidence on
the effects of aerosol particles on maximum cloud supersatu-
rations. Further work with detailed characterisation of cloud
properties is proposed in order to provide more quantitative
estimates on aerosol effects on clouds.

1 Introduction

The global climate system is currently undergoing major
changes due to the impacts of human actions (IPCC, 2007).
The role of anthropogenic aerosols in this climate system
is known to be important, though it remains inadequately
defined. The aerosol interactions with clouds inflict several
complex climatic modifications. Better understanding of the
aerosol effects on clouds and of the aerosol–cloud interaction
processes would largely improve the future climate predic-
tions.

The ability of an aerosol particle to act as a cloud conden-
sation nuclei (CCN) depends largely on its size and chem-
ical composition (or water solubility). While in certain en-
vironments, the effect of size seems to largely surpass that
of the particle chemistry (Ervens et al., 2005; Dusek et al.,
2006; Koehler, 2006), several studies equally conclude on
inevitable effects of particle composition and/or mixing state
on their in-cloud activation (Roberts et al., 2002; Sellegri
et al., 2003b; Ervens et al., 2005; Hudson, 2007; Cubison
et al., 2008; Quinn et al., 2008; Kammermann et al., 2010;
Ovadnevaite et al., 2011a). One of the ways to describe the
size independent ability of aerosols to interact with water
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vapour is a simplified K̈ohler model (Köhler, 1936), called
“kappa-Köhler”, which relies on a single hygroscopicity pa-
rameterκ as presented byPetters and Kreidenweis(2007).
For insoluble aerosol,κ becomes zero while for inorganic
ammonium sulphate it is around 0.6 and for sodium chloride,
around 1.2 (Petters and Kreidenweis, 2007).

Typical atmosphericκ-parameter values are around 0.1 to
0.4 for continental aerosol (Andreae and Rosenfeld, 2008;
Gunthe et al., 2009, 2011; Chang et al., 2010; Pringle et al.,
2010; Roberts et al., 2010; Fors et al., 2011; Kammermann
et al., 2010; Bougiatioti et al., 2011; Cerully et al., 2011;
Sihto et al., 2011) and 0.6 to 0.9 for marine aerosol (Al-
lan et al., 2008; Hudson, 2007; Pringle et al., 2010). Pringle
et al.(2010) recently suggested a range of continental aerosol
κ of 0.27± 0.21 and marine aerosolκ of 0.72± 0.24. The
variations in continental aerosol CCN activation properties
are largely explained by the major fraction of aerosols be-
ing of organic origin (Saxena and Hildemann, 1996; Roberts
et al., 2002; Zhang et al., 2007). While the activation proper-
ties of inorganic aerosols are relatively well quantified, those
of the organics are yet largely uncertain. The aerosol organ-
ics affect aerosol cloud activation depending on their hygro-
scopic properties, further related with their origin and atmo-
spheric lifetime (Ng et al., 2010; Raatikainen et al., 2010).
Not only the gradual transformation towards more water sol-
uble forms as subject to aging of the organics (Zhang et al.,
2007; Jimenez et al., 2009; Raatikainen et al., 2010), but
also the debated effects of organic surfactants or surface or-
ganic films (Gill et al., 1983; Lance et al., 2004; McFiggans
et al., 2006) can cause significant variations to aerosol activa-
tion ability. Consequently, the efforts made in modelling the
CCN based on chemical composition give variable results.
Lance et al.(2009) obtained an overprediction of 3 to 36 % of
CCN from calculations of bulk chemical composition.Med-
ina et al.(2007) could reduce a bias of 36 % to about 17 %
by introducing a size-averaged chemical composition, and
suggested the remaining discrepancy to be explained by the
aerosol mixing state. Both of these studies assumed com-
pletely insoluble organic fraction. A vast number of stud-
ies have however found that a soluble fraction of organics
with κ-parameter values between 0.1 to 0.3 is needed in or-
der to explain the measured CCN concentrations with mea-
sured chemical composition (Bougiatioti et al., 2009; Chang
et al., 2010; Roberts et al., 2010; Asa-Awuku et al., 2011;
Bougiatioti et al., 2011; Cerully et al., 2011; Martin et al.,
2011).

The number of cloud droplets further affects cloud prop-
erties, such as the cloud radiative forcing (Twomey, 1977)
or cloud lifetime and precipitation patterns (Albrecht, 1989;
Ramanathan et al., 2001; Rosenfeld et al., 2008). The aerosol
impact is shown to be significant, and an increase of cloud
droplet effective radius with decreasing aerosol concentra-
tion is shown by several studies (Henning et al., 2002; Ra-
manathan et al., 2001; Twohy, 2005; Lihavainen et al., 2008).
It should be still kept in mind that the typically measured po-

tential CCN numbers might not be directly proportional to
the number of real activated cloud droplets (i.e. cloud droplet
number concentration, CDNC). Next to the particle size and
chemistry, which determine their CCN properties, CDNC is
also dependent on external factors. The cloud supersatura-
tion profile, which moreover depends on the updraft velocity,
eventually determines the particle activation and further, the
cloud climatic properties (Rogers, 1975). Constraints for the
obtained supersaturation are formed by the amount of con-
densable water available, which the aerosols can also affect.
In more precise terms, a higher initial aerosol concentration
can decrease the water vapour mixing ratio and the release
of latent heat with a consequence of smaller updraft and ob-
tained cloud supersaturation (Planche et al., 2010). Thereby,
this effect can, to some extent, counterbalance the effect of
increasing aerosol concentration on cloud brightness (first
indirect effect), and even more if the aerosol particles are
highly water soluble. However, to our knowledge, this has
not been verified by direct experimental evidence.

Within the current work, we examine three principal ques-
tions: (1) what is the range of measured CCN numbers during
summer and winter seasons, (2) how do the particle cloud
activation properties change with changing air masses, air
chemistry, and environmental conditions, and finally, (3) are
the CCN numbers measured representative for observed par-
ticle in-cloud activation and cloud droplet number concen-
trations? Within these themes, our specific goals are to ob-
tain a closure between measured particle chemistry and CCN
numbers as well as to indirectly determine the representative
cloud supersaturations in each of the cloud events.

2 Measurements and methods

2.1 Measurement site and campaigns

Measurements were done at puy-de-Dôme (pdD) station
(45◦46′ N; 2◦57′ E) in Central France (part of networks
EMEP/GAW/ACTRIS). The station is on top of a mountain
rising notably above the surrounding area with an altitude of
1465 m a.s.l. (Fig.1). The nearest town, Clermont-Ferrand,
is located 16 km east of the station at 396 m a.s.l. The sur-
rounding area is largely characterized by forests and agricul-
tural fields. More detailed description can be found inVenzac
et al.(2009); Freney et al.(2011).

Size-segregated CCN measurements were done during
three week campaigns both in summer and winter. Summer
campaign took place between 24 June and 15 July 2011 and
winter campaign between 24 January and 14 February 2012.
Supporting in-situ measurements included aerosol chemistry
derived with an AMS, total and interstitial aerosol size distri-
butions measured using a SMPS, and various meteorological
and gas phase measurements. Air mass back trajectories were
calculated using Hysplit air transport model. During cam-
paigns, variable conditions were observed with periods of
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Fig. 1.Measurement site puy-de-Dôme.

continental and marine air masses, overall temperature range
from −20 to+20◦C, and the range of total number concen-
tration extending between 100 and 10 000 cm−3.

2.1.1 CCNc measurements and calibrations

Particle CCN activation properties as a function of size
were measured using a miniature continuous-flow stream-
wise thermal-gradient CCN chamber (CCNc) (Roberts and
Nenes, 2005; Rose et al., 2008). The aerosol is introduced
in the centreline of the growth column, and surrounded by
filtered humidified sheath flow. Growth tube walls are con-
tinuously wetted and the obtained supersaturation is deter-
mined by the defined column temperature gradient (dT) and
the flow rate. A total flow rate of 200 sccm was used, with
a sheath-to-aerosol flow ratio of 6. The CCN numbers are
detected with an optical detector in the end of the growth
tube. During summer campaign, two temperature differences
were used in CCNc: 6◦C and 12◦C, which were measured
in turns. During winter, to improve the time resolution, the
CCNc was continuously run with dT 6◦C. Calibrations with
ammonium sulphate and sodium chloride were used to deter-
mine the corresponding supersaturations (see below).

Before the CCNc, a TSI type DMA (length 44 cm) was
used to select the particle sizes. By stepping the voltage, sizes
between 10 and 400 nm were measured within 15 min time
period. A TSI CPC model 3010 was used after the DMA in
parallel to CCNc for counting the total number of particles
per size. Flow rate of 6.8 lpm was used as a DMA sheath
flow while a flow rate of 1.35 lpm was used as a sample flow
rate, comprising of the CPC flow (1 lpm) and the CCNc flow
(0.35 lpm). The assembly of the system is thereafter called
CCNc-DMPS. The aerosol was not dried before the DMA,
but the inlet temperature and RH were continuously recorded
to assure that the sample RH remained below 40 %.

Calibrations for the CCN counter were done every two
weeks during both the summer and winter campaigns. Atom-
ised solutions of sodium chloride and ammonium sulphate

were used as calibration aerosols. In summer campaign, mea-
surements were done using two temperature differences: 6
and 12◦C. The calibration curves were corrected for doubly-
charged particles by removing a fraction determined with the
height of the plateau in calibration curves (Rose et al., 2008).
After this, sigmoidal fits were done separately for each of the
curves of activated fraction as a function of particle diame-
ter and the obtained activation diameters (Dp50

) were used
to calculate the CCNc supersaturations. The obtainedDp50

values for ammonium sulphate and sodium chloride were
73.0±1.6 nm and 59.1±0.9 nm, respectively, in winter at dT
6◦C. In summer, they were 75.4±0.1 nm and 60.1±0.6 nm
at dT 6◦C while at dT 12◦C values of 45.3± 1.5 nm and
35.4± 0.2 nm were measured. First, the activation diame-
ters were corrected for shape using factors 1.08 and 1.02
for sodium chloride and ammonium sulphate, respectively.
Then, the corresponding CCNc supersaturation was calcu-
lated based on the K̈ohler theory (Köhler, 1936) as presented
in Seinfeld and Pandis(1998)

Sc = exp

√
256Mwσw

27RTρw

(
ρw

Mw

)3(
ρsis

Ms

)−1

Dp
−3
50 (1)

where Mw and Ms are the molecular weights of wa-
ter (0.018 kg mol−1) and solute (0.058 kg mol−1 for NaCl;
0.1321 kg mol−1 for (NH4)2SO4), ρw and ρs are the den-
sities of water (997 kg m−3) and solute (2165 kg m−3 for
NaCl; 1770 kg m−3 for (NH4)2SO4), R is the gas constant
(8.314 J mol−1 K−1), T is the temperature (298 K),σw is the
surface tension of water (0.072 J m−2), Dp50

is the activation
diameter andis is the van’t Hoff factor (Young and Warren,
1992). The van’t Hoff factor was estimated to be 2 for NaCl
and 2.5 for (NH4)2SO4, following the literature recommen-
dations (e.g.Rose et al., 2008). In summer, the temperature
difference of 6◦C was deduced to correspond to a super-
saturation (SS) of 0.234± 0.001 % (min 0.233; max 0.234)
when using sodium chloride and 0.231±0.004 % (min 0.228;
max 0.236) when using ammonium sulphate. In winter, the
corresponding values were 0.246±0.008 % (min 0.235; max
0.255) and 0.237± 0.005 % (min 0.232; max 0.244). Ad-
ditionally, the temperature difference of 12◦C in summer
corresponded to a SS of 0.504± 0.026 % (min 0.486; max
0.544) when using ammonium sulphate and 0.512±0.005 %
(min 0.507; max 0.517) when sodium chloride. Based on
these, the CCNc supersaturations used could be estimated to
be 0.24± 0.01 % (dT 6◦C) and 0.51± 0.01 % (dT 12◦C).
While the errors defined this way remain rather low, the er-
rors caused by systematic biases, such as the estimates of
van’t Hoff factors, and errors caused by temperature devia-
tions or simplifications in correcting for the multiply charged
particles, should equally kept in mind. We made sensitiv-
ity studies using van’t Hoff factor of± 0.2 around the pre-
set values and± 5◦C deviation of temperature which led
to standard deviation of supersaturation of roughly 0.02 %
and 0.01 %, respectively. In addition, due to higher quantity
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of doubly changed particles at higher supersaturations (as
a result of the shape of atomised distributions) we esti-
mated an additional 0.01 % deviation at dT 12◦C follow-
ing this. Therefore, we can more confidently use estimates of
0.24± 0.02 % (at dT 6◦C) and 0.51± 0.03 % (at dT 12◦C)
as our effective CCNc supersaturations.

2.1.2 Aerosol chemistry measurements

An aerodyne cToF-AMS (Drewnick et al., 2005; Cana-
garatna et al., 2007) was used to measure the chemical com-
position and mass concentration of the non-refractory submi-
cron particulate matter (NR-PM1). Using the standard frag-
mentation table described byAllan et al.(2004), chemically
resolved mass concentrations of individual species were ex-
tracted from the raw cToF-AMS data. Adjustments to the
fragmentation table were made based on particle free mea-
surement periods. The resolved mass concentrations include
ammonium, sulphate, nitrate, organic, and chloride species.

In order to calculate quantitative mass concentrations from
the cToF-AMS it is necessary to calculate the collection ef-
ficiency (CE) of the cToF-AMS. The cToF-AMS does not
sample all particles with the same efficiency, and for example
non-spherical particles are not always focused into the par-
ticle beam. Similarly particles can sometimes bounce away
from the heated filament of the cToF-AMS. In order to cor-
rect for these sampling artifacts, a collection efficiency factor
is applied to the raw cToF-AMS data. Optimisation of this
CE is achieved through comparison with other aerosol mea-
surements. The CE normally varies between 0.5 and 1 (Mid-
dlebrook et al., 2012). Middlebrook et al.(2012) demon-
strated that particles containing high ammonium nitrate con-
centrations are more efficiently sampled by the AMS than
other inorganic and organic species. Similar toFreney et al.
(2011), a composition dependent CE is applied to the data:

CEDRY = max(0.5,0.264+ 0.943 ANMF) (2)

where a constant CE of 0.5 is used for ANMF≤ 0.25 and
a linear CE increase up to 1 for ANMF> 0.25 (Freney
et al., 2011). The accuracy of the chosen CE was confirmed
through comparison with a scanning mobility particle sizer
(SMPS), where the total volume of aerosol particles sampled
by the AMS (together with black carbon, BC, measured us-
ing a MAAP) was compared with that sampled by a SMPS.
The AMS volume was calculated by dividing the mass con-
centrations of organic and inorganic species by their respec-
tive densities. A CE of 0.5 was used for both the summer
and winter experiments. Comparison of the SMPS and cToF-
AMS volume concentration resulted in a slope of 0.76 and
0.64, and aR2 of 77 % and 83 % for the summer and winter
experiments, respectively.

Aerosol particles were sampled through either a whole
air inlet (WAI, 50 % cut-off size of 30 µm) or an intersti-
tial inlet (INT, 50 % cut-off size of 5 µm) during the ex-
periment and then passed through a 72-cm-long diffusion

dryer. Filter measurements were performed at least once
daily. The cToF-AMS was calibrated for size distribution
measurements using polystyrene latex spheres with sizes
ranging from 80 nm up to 400 nm. Ionisation efficiency cali-
brations were performed using NH4NO3 particles. NH4NO3
particles were atomised through a dryer and a range of sizes
were selected using a differential mobility analyser (200 nm
to 400 nm) prior to being measured by the cToF-AMS. Ion-
ization efficiencies ranged from 6.08× 10−8 (June 2011) to
1.955× 10−7 (January 2012).

2.1.3 Inlet system and auxiliary measurements

The auxiliary measurements, which were used to explain the
observed CCN features, included particle chemical composi-
tion and number size distribution, as well as numerous me-
teorological parameters. Most of the instruments were oper-
ated behind the WAI, but the number size distribution was
measured in turns using both the WAI and INT. The total
flow rates of the inlets were kept constant so that the 50 %
cut-off size of the WAI inlet was 30 µm while that of the INT
was 5 µm. However, at high wind speeds it is possible that the
largest droplets are not efficiently collected on top of the in-
let, and the provided in-cloud number concentrations should
therefore be considered as lower estimates.

The aerosol size distribution was measured using a SMPS
operated in a size range from 10 to 500 nm. Correct sizing
of both CCNc-DMPS and SMPS systems was verified with
100 nm atomised latex particles, and with regular checks of
flow rates and DMA voltages. The results of the two inde-
pendent systems compared well. Details of the SMPS system
used can be found inVenzac et al.(2009). The SMPS system
collected particles from both WAI and INT, and the inlet line
was switched by an automated valve system every 15 min.
Line length was 1.5 m in both WAI and INT.

The BC mass concentration was measured using a Multi
Angle Absorption Photometer (MAAP 5012). Meteorolog-
ical parameters (including wind direction, wind speed, rel-
atively humidity RH, pressure, and temperature) were also
measured at the site continuously.

2.2 Analysis

2.2.1 Correction for doubly-charged particles

One of the goals by using size-resolved CCN measurements
is to understand to what extent the particle activation can be
characterized by a single activation diameter,Dp50, and to
which extent the atmospheric particles are an external mix-
ture with varying amount of particles having different proper-
ties of activation. Since doubly-charged particles can falsely
broaden the activation D-curve (activated fraction as a func-
tion of particle size), we used the size distribution data, mea-
sured in parallel, in order to correct for this broadening. The
procedure was as follows:
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E. Asmi et al.: CCN at puy-de-Dôme 11593

1. Inverted CCNc-DMPS size distributions were normal-
ized by channel widths to get1N/1Dp distributions.
By this normalization, the obtained1N/1Dp values,
thereafter called Ni , in channelsi, could be directly
inter-compared.

2. For each particle size,Dpi
, a corresponding size of

doubly-charged particles,Dpj
, was calculated and a

fraction of doubly-charged particles,fj , at this new size
vector was determined using bipolar steady-state as-
sumption as given byWiedensohler(1989). Nj2evalues,
i.e. the normalized number concentrations of doubly-
charged particles at sizesDpj

could then be determined
asfj · Nj , where the values of Nj were obtained from
Ni by interpolation.

3. Fraction of doubly-charged particles measured at each
Dpi

was further calculated asfi = Nj2e/(Nj2e+ Ni1e).
Ni1e here is the singly-charged normalized concen-
tration in selected channeli calculated according to
Wiedensohler(1989). This way, the number of doubly-
charged particles was compared to the total number of
charged particles measured in channeli, which is then
the sum of singly-charged and doubly-charged particles.

4. Activated fraction, Afi , was calculated for each mea-
sured diameter (channel) as CCNi/CNi , and again in-
terpolated to size vector of doubly-charged particles.

5. Beginning from the largest diameters, new activated
fractions accounting only for the singly-charged par-
ticles were calculated. The doubly-charged particles
were subtracted from CN numbers to get singly-charged
number concentrations as CNi1e = CNi −fi ·CNi . Sim-
ilarly, however taking into account also the activated
fraction in the doubly-charged sizes (Afj ), the doubly-
charged particles were subtracted from CCN numbers
as CCNi1e = CCNi −fi ·CNi ·Af j . New Afj was calcu-
lated by interpolating from CCNi1e/CNi1e, which could
be used again to resolve the corrected activated fractions
in smaller sizes.

2.2.2 Sigmoidal fitting and parameters characterizing
CCN activation

After the corrections, a sigmoidal function

NCCN

NCN
=

E

1+

(
Dp50
Dp

)c∗ (3)

was fitted to activated fraction as a function of particle diam-
eter,Dp. The fitting parameters represent the critical activa-
tion diameter,Dp50, the height of the activation curve,E, and
its steepness,c∗. The value ofc∗ can now be used as a mea-
sure of homogeneity of the aerosol mixture, i.e. the higher
the value ofc∗, the more internally mixed the particles are

(the activation D-curve is steeper). However, as the mobil-
ity channels in DMA are not equal in width, a correction for
transfer function broadening is needed to make the values of
c∗ independent of activation size. This was done using the
method proposed byRose et al.(2008). The aerosol distri-
bution function was obtained by linear interpolation of the
measured aerosol size distribution (1N /1Dp) and normal-
ized to one. Transfer function was assumed to have an ideal
triangular shape and a full-width determined by the aerosol-
to-sheath flow ratio 1/5. Measured size was corrected by in-
tegrating the aerosol distribution function over the transfer
function range until a measured activated fraction was ob-
tained.

2.2.3 Kappa-Köhler model

The CCN activity of aerosol particles can be described using
“kappa-Köhler” model (Petters and Kreidenweis, 2007). The
saturation ratio,S, over the droplet surface

S(Dp) =
D3

p − Dp
3
50

D3
p − Dp

3
50(1− κ)

exp

(
4σwMw

RTρwDp

)
(4)

can be used to find the kappaκ, corresponding to measured
critical activation diameterDp50. Kappa values were deter-
mined by numerical iteration varyingκ until the maximum
of the saturation curve was equal to the saturation used in-
side the CCNc. Surface tensionρw was approximated us-
ing the surface tension of water. The value ofκ represents
the hygroscopicity of an ideally mixed aerosol, to which
the Zdanovskii, Stokes, and Robinson (ZSR) mixing rule
(Stokes and Robinson, 1966) applies. Using this equation to
our calibration aerosol leads to kappa values of 1.2± 0.1 and
0.6± 0.1 for sodium chloride and ammonium sulphate, re-
spectively, considering the observed variations in activation
diameter and those in supersaturation estimation.

2.2.4 Air mass back trajectory calculations

Air mass backward trajectories for the arrival pressure level
of 850 hPa were calculated using Hysplit model (Draxler
and Hess, 1998). Trajectories were calculated every three
hours, the first starting at 00:00 UTC time (−1 h local win-
ter time). Air masses were followed 72 h backwards in one-
hour time steps. Based on determined back trajectories, the
air masses were divided into continental, mediterranean, ma-
rine and marine modified types (sectors: 10–130◦, 130–260◦,
260–315◦ and 315–10◦, respectively), according to the max-
imum of time spent per sector. The classification is identical
to that previously used byFreney et al.(2011). In addition to
these sectors, air masses circulating mainly above continen-
tal France were classified as local.

www.atmos-chem-phys.net/12/11589/2012/ Atmos. Chem. Phys., 12, 11589–11607, 2012
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3 Results

3.1 CCN number concentration in summer and winter

General overviews of summer and winter campaign meteo-
rological conditions along with the measured CN and CCN
concentrations are presented in Figs.2 and3. Temperature in
summer varied between 10 and 30◦C, and relative humidity
(RH) between 45 and 100 %. Marine and modified marine
air masses were prevailing during the summer campaign, but
also all other air mass types were detected. The total num-
ber concentration ranged from some hundreds up to 10 000
particles cm−3 while the measured CCN concentrations were
typically between 200 and 2000 cm−3. Three major periods
of in-cloud measurements were captured.

The mass concentrations of sulphate and nitrate aerosol
composition in summer were low with similar trends and
variability (Fig.2). Organic aerosol particles contributed be-

tween 50 % and 80 % to the aerosol volume fraction with
highest concentrations measured at the start of the campaign
and were dependent on air mass origin and meteorological
situation. With increasing temperature, the organic aerosol
composition increased gradually with time, as can be ob-
served during the first part of the experiment. The arrival of
clouds and rainfall events resulted in a sudden decrease in the
organic particle mass concentration.

During the winter campaign, continental air masses pre-
vailed for most of the time after a short period of marine air
in the beginning. Very cold temperatures in the range from
−20◦C up to around 0◦C were detected. During the first
half of the campaign, many in-cloud periods were captured.
The first half was characterised with high RH conditions, and
clean air with only some tens or hundreds of particles and
CCNs. After this, a dryer continental period with increased
CN and CCN concentrations prevailed for the rest of the
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0 2000 4000 6000 8000 10000
0

500

1000

1500

2000

2500

3000

3500

CN [cm−3]

C
C

N
 [

cm
−

3 ]

winter

 

 

0 2000 4000 6000 8000 10000
0

500

1000

1500

2000

2500

3000

3500

CN [cm−3]

C
C

N
 [

cm
−

3 ]

summer

 

 

0.2 0.3 0.4 0.5 0.60.2 0.3 0.4 0.5 0.6

CCN = 0.7*CN CCN = 0.7*CN

CCN = 0.2*CN − 200

CCN = 0.2*CN − 200

κ κ

Fig. 4. CCN0.24 concentration as a function of the total particle number concentration (CN) separately for summer (left) and winter (right).
Colour shows the hygroscopicity parameterκ value with scale ranging from 0.2 to 0.6. Dashed linear lines show the visually defined
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Fig. 5.Selected cumulative number size distribution measured during summer (left) and winter (right) when the total aerosolκ value ranged
from 0.2 to 0.3 (blue dashed line), from 0.3 to 0.4 (light blue dashed line), from 0.4 to 0.5 (grey dashed line) and from 0.5 to 0.6 (black
dashed line). The horizontal lines depicted mark the corresponding CCN activation diameter forκ values of 0.2, 0.4 and 0.6 (assuming SS
of 0.24 %).

campaign. CCN concentrations increased up to 3000 cm−3

and total number up to 10 000 cm−3.
During the winter campaign aerosol composition was vari-

able with inorganic species contributing high volume frac-
tions (65%± 17%) to the submicron aerosols mass (Fig.3).
The fraction of the organic aerosol varied between 20 % and
77 %, with an average contribution of 36 %± 7 %. The AMS
mass spectra indicated strong influences from biomass burn-
ing events from 5 February to 15 February with increases in
NO3 mass fractions up to 70 %. A more detailed discussion
on the submicron aerosol mass concentration sampled by the
cToF-AMS during these winter and summer measurements
is provided inFreney et al.(2012).

The connection between total particle number and
CCN0.24 number (measured at SS 0.24 %) is shown in Fig.4.
Part of the variability in CCN to total CN ratio can be ex-

plained by the variations in aerosol modal characteristics
(Fig. 5). During winter, periods of long-range transported
polluted continental aerosol were common, with characteris-
tics of strong accumulation mode. The most elevatedκ values
were also measured in polluted air masses. Correspondingly,
higher CCN to CN fractions, as well as higherκ values were
measured in winter. An increase ofκ values could indicate
a higher fraction of long-range transported aged organics, as
shown byRaatikainen et al.(2010), or simply a lower frac-
tion of organics in comparison to aerosol inorganic, and typ-
ically more hygroscopic, fraction. Additionally, during win-
ter the measurement site is occasionally above the boundary
layer air mixing height, when more aged free tropospheric
aerosol can be measured (e.g.Venzac et al., 2009). In con-
trast, during summer, a major fraction of the total particle
number consisted of particles of sizes below 100 nm (Fig.5)
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and correspondingly, the CCN to CN fraction occasionally
decreased. In contrast to the winter season, no clear coupling
betweenκ and particle number concentration was seen in
summer (Fig.5). This suggests that changes in aerosol chem-
istry and therefore inκ were important for the observed vari-
ability in CCN to CN fraction. During both summer and win-
ter, the maximum CCN0.24 concentration was about 70 % of
the total aerosol concentration (Fig.4). This high fraction of
CCNs was detected when the aerosol hygroscopicity param-
eterκ reached its most elevated values of> 0.5. CCN to CN
fraction showed more scatter during summer than winter, and
especially when theκ was small. A linear fit to CCN versus
CN resulted expectedly in better correlation during winter: a
slope of 0.47 was obtained (R2

= 0.80) in contrast to sum-
mer, when the slope was 0.13 (R2

= 0.15).

3.2 Hygroscopicity parameterκ

To further examine the aerosol CCN activation properties,
sigmoidal fittings were done for the size-segregated activated
fractions (Eq.3). The activation diameters (Dp50) for sum-
mer and winter were obtained using Eq. (3). This led to val-
ues of 95±12 nm and 86±13 nm for summer and winter, re-
spectively, at SS 0.24 %. In addition, during summer the mea-
surements in SS 0.51 % gave an activation diameter value of
65± 7 nm.

By using theκ-Köhler model (Eq.4), aerosolκ values
were determined. The overall averageκ (calculated at SS
0.24 %) during summer was 0.29±0.13 (median 0.26). This
fits well to the suggested global average aerosolκ of around
0.3 measured in continental sites (Andreae and Rosenfeld,
2008; Pringle et al., 2010). The κ calculated at SS 0.51 %
was however lower, being 0.22±0.07 (median 0.20). In con-
trast, during winter theκ value of 0.43± 0.19 (median 0.42)
was obtained, despite the fact that the aerosol was mainly
of continental origin with a significant fraction of organics
included (see the next subsection). While aκ value of 0.43
fits within the suggested range of 0.27± 0.21 (Pringle et al.,
2010), in previous studiesκ on the same order have mainly
been observed for sulphate enriched aerosol of moderate or-
ganic fraction (Kuwata et al., 2008; Mochida et al., 2010),
unlike here.

3.3 Aerosol CCN properties by air masses

As already implied by our coarse classification of air masses,
the aerosol CCN properties manifest significant variations
with air mass origin. We examined the effect of air mass
origin to our on-site measured aerosol CCN properties by
following the air mass route three days backwards, and start-
ing a new trajectory every three hours. The nearby region
was divided into equal sized squares (5◦

× 3◦ in summer
and 8◦ × 3◦ in winter). In summer the air masses came from
smaller geographical area which enabled us to use a better
resolution grid size with approximately the same statistics

Fig. 6.CCN0.24 concentrations with the air mass origin during sum-
mer (up) and winter (down). The star marks the location of the mea-
surement site. For details of the calculations, see Sect. 3.3: aerosol
CCN properties by air masses.

per square. The impact of aerosol in each square on the mea-
sured aerosol was weighted by the time the air mass spent
in the square as well as by the temporal distance to the end
trajectory point (measurement site). The trajectory points de-
termined 3-days ago were weighted by 50 % and the weight
increased linearly with time up to 100 % at the closest tra-
jectory point. This way, the measurements at pdD site were
thought to be the most representative to the squares (regions)
where air mass had passed lately and/or where the air mass
had spent most of its time. To calculate averages of different
measured quantities for each square, minimum of three val-
ues, each representing average of 3 h of measurements, was
required. In practise, if for example air masses had passed via
a specific region (square) five times all together during the
campaign but on different days, we assumed that the impact
of this region was reflected to our on-site measured aerosol
quantities (such as the CCN concentration or aerosol kappa).
Depending on the temporal distance between the region and
the measurement site, and the time the air mass spent on that
region, a weight was given for each of the five individual
measurements and average of them was calculated.

During both summer and winter, the continental air masses
resulted in highest CCN concentrations (Fig.6). During win-
ter, very high CCN concentrations (average> 1500 cm−3)
were seen in air masses originating from Eastern Eu-
rope and moderately elevated CCN concentrations (around
1000 cm−3) in air masses from Northern and Central Europe.
For the summer experiment, the highest CCN concentrations
(around 1000 cm−3) were detected in air masses originating
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Fig. 7. Hygroscopicity parameterκ value with the air mass ori-
gin during summer (up) and winter (down). The star marks the
location of the measurement site. For details of the calculations,
see Sect. 3.3: aerosol CCN properties by air masses. Note that the
colour scale is different for summer and winter.

from British Isles and Central Europe, while air masses from
Eastern Europe were not measured during the campaign. The
CCN concentrations in marine air masses during both sea-
sons were typically well below 500 cm−3, but average val-
ues of around or even above 500 cm−3 were occasionally de-
tected.

The aerosol hygroscopicity parameterκ showed interest-
ing variations with respect to the air mass origin (Fig.7).
During summer, theκ value reached its minimum of< 0.2
in Southern European air masses, but low values ofκ were
also seen in marine air masses. However,κ in marine air
masses seemed highly dispersed, with variation of values be-
tween 0.2 and 0.4. The Northern European air masses fur-
ther showed the highestκ values of around 0.4. The overall
variation ofκ during summer was less pronounced in com-
parison to winter. Theκ in winter presented clear differences
between the air masses, with lowest values of around 0.2 de-
tected in marine air masses, and highest of> 0.6 in South-
ern European air masses. This is slightly counterintuitive, be-
cause marine aerosols are generally seen to be highly hygro-
scopic and the polluted continental aerosols less hygroscopic
(e.g.Pringle et al., 2010).

The total CCN to CN ratio was generally higher in conti-
nental in comparison to marine air, and the lowest ratios of
around 0.2 are seen in marine air masses for both summer
and winter (Fig.8). While this is contradictory toRoberts
et al. (2010), who measured average CCN to CN ratios of

Fig. 8. CCN0.24 to total CN ratios with the air mass origin dur-
ing summer (up) and winter (down). The star marks the location of
the measurement site. For details of the calculations, see Sect. 3.3:
aerosol CCN properties by air masses.

0.6, 0.26 and 0.09 for free tropospheric, marine and continen-
tal aerosol, respectively, the aerosol modal characteristics ex-
plain part of the descrepancy (Fig.5). The continental aerosol
at our site seems much more aged, and in lack of near-by
pollution sources, the nucleation and Aitken mode concentra-
tions remain moderate. In contrast, the fraction of 0.26±0.21
suggested byRoberts et al.(2010) for marine aerosol, fits
well in our dataset as well. Overall, however, our results seem
to suggest that the CCN to CN ratio is highly variable be-
tween different sites and measurement conditions. For ex-
ample,Gunthe et al.(2009) found a ratio CCN to CN of
around 0.48 (at SS 0.28 %) as measured in tropical rainforest
when average aerosolκ was 0.15.Sihto et al.(2011) found
a CCN to CN value of around 0.2 (at SS 0.2 %) in boreal
forest, when the value of aerosolκ was 0.18 and the aerosol
chemical composition was controlled by organics. On other
side,Ovadnevaite et al.(2011a) measured CCN to CN ratios
of > 0.8 for marine aerosol enriched with primary organics,
while lower ratios of around 0.5 were obtained when aerosol
was enriched with sulphates. Interestingly, for each different
air mass, the CCN to CN ratios follow closely the variations
in total CCN number concentration (Fig.6). Furthermore, es-
pecially in winter, this follows the variations inκ (Fig. 7).

The organic mass fractions measured by the cToF-AMS
give further support to our CCN results (Fig.9). Indeed, it
seems the marine air masses contained a notable fraction of
organics during winter. This is also what was found bySel-
legri et al.(2003a) at the pdD site. Unfortunately, the latest
results of aerosol chemical composition seasonal variation by
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Fig. 9. Aerosol organic mass fraction from AMS with the air mass
origin during summer (up) and winter (down) for the periods of
simultanious CCN measurements. The star marks the location of
the measurement site. For details of the calculations, see Sect. 3.3:
aerosol CCN properties by air masses.

Freney et al.(2011) do not present marine air masses during
winter period. Organics were present in high mass fractions
also in Southern European air masses and this fraction shows
a decreasing tendency towards Northern Europe. This could
be explained by climatic conditions and snow cover in north-
ern parts of Europe, further suppressing biogenic activities
and release of organics from vegetation sources. The rela-
tively high organic mass fraction of around 0.4 in Southern
European air masses, coinciding with the highest observed
κ values, further indicates either very aged organic aerosol
or surface active organics, where depression of aerosol par-
ticle surface tension could explain the observed high CCN
activity (McFiggans et al., 2006). During summer, the high-
est fractions of organics are in contrast detected in Southern
European air masses and the lowest in marine air masses.

It seems that the observed variability of aerosolκ parame-
ter can be qualitatively explained by the variations in aerosol
organic mass fraction. However, another question is how well
we can predict the aerosol organic fraction and the properties
of these organics. Even if ourκ values fit to the globalκ
range, the results also highlight the importance of temporal
variability in particle chemistry which further affects aerosol
cloud activation.

The observed elevated concentrations of organics, decreas-
ing the aerosolκ parameter in marine air masses during win-
ter is intriguing. The presence of high quantities of organics
in marine aerosol has also been reported by previous stud-

Fig. 10.Aerosol homogeneity (internal/external mixture) parameter
c∗ value with the air mass origin during summer (up) and winter
(down). The star marks the location of the measurement site. For
details of the calculations, see Sect. 3.3: aerosol CCN properties by
air masses.

ies (O’Dowd et al., 2004; Chang et al., 2011; Ovadnevaite
et al., 2011a). However, the marine organic fraction seasonal
and/or spatial variability, and furthermore, the hygroscopic or
CCN properties of these organics, also subject to aging, are
not truly understood. Consequently, the reported results are
highly disperse (Allan et al., 2008; Asmi et al., 2010; Martin
et al., 2011; Ovadnevaite et al., 2011b).

Finally, the aerosol mixing state within the measured air
masses was studied by using the steepness of the fitting slope
(c∗, Eq. 3) as an indication of aerosol mixture homogene-
ity. During summer this parameter did not show significant
variations with air masses, and values ofc∗ of around 10
to 15 were constantly seen. For comparison, the value of
c∗ obtained for our calibration aerosols of ammonium sul-
phate and sodium chloride varied within 20 to 30. This in-
dicates that the atmospheric aerosol during summer was not
purely of uniform composition but rather the external mix-
ing state remain relatively constant. During winter,c∗ varied
from about 5 up to about 15, showing the lowest values (i.e.
more external mixture) in marine and Southern European air
masses, where the fraction of the organics was the highest.
The mainly inorganic Northern European aerosol was instead
closer to an internal mixture. With only the limited amount
of data available, it seems unfair to draw too far-reaching
conclusions on the differences in aerosol mixing state be-
tween the seasons. However, the results seem to indicate that

Atmos. Chem. Phys., 12, 11589–11607, 2012 www.atmos-chem-phys.net/12/11589/2012/



E. Asmi et al.: CCN at puy-de-Dôme 11599

summer aerosol is better mixed, regardless of the aerosol or-
ganic fraction, than aerosol during winter. A plausible ex-
planation for this is different origins of the organics affect-
ing their mixing and aging time-scales.Cubison et al.(2008)
suggested a time scale on the order of 1 to 2 days for the
aerosol near pollution sources to become internally mixed.
It is possible that the winter continental aerosol is exposed
to several anthropogenic sources on the way leading to more
external state observed at our site. For marine aerosol, the
externally mixed nature might be caused by aerosol transport
over the continent, mixing continental air to marine air be-
fore arriving at the site. During winter, the high elevation of
the site should additionally be kept in mind, because this en-
ables mixing of lower tropospheric air with more aged free
tropospheric aerosol.

3.4 Organic aerosol fraction

The properties of organic aerosol can be highly variable. This
variation can explain a part of theκ variation observed, and
therefore we had a closer look at the aerosol organic frac-
tion measured with the AMS. The AMS measured aerosol
mass fractions were converted to aerosol volume fractions
using densities 1.3, 1.77 and 1.8 for organic, inorganic and
black carbon (BC) fractions of aerosols. BC was assumed
insoluble (κ = 0) and inorganic fraction soluble withκ of
0.61 (based on CCNc calibrations with ammonium sulphate).
Using the simple ZSR mixing rule (Stokes and Robinson,
1966), the only unknown remains theκ of aerosol organic
fraction,κORG, which is then

κORG =
κ − 0.61· VINORG− 0.0 · VBC

VORG
(5)

where VORG is the volume fraction of organics, VINORG that
of inorganics, and VBC that of black carbon.

This approach, leading to an average value ofκORG
of 0.03± 0.20 in summer and 0.28± 0.23 in winter, was
tested with AMS results. Positive matrix factorisation (PMF)
was used to separate the organic mass spectra into groups
of less volatile oxygenated organic aerosol (LV-OOA) and
semivolatile oxygenated organic aerosol (SV-OOA). During
summer campaign, the LV-OOA species had its characteris-
tic peaks with highest contribution fromm/z44 (CO2+). The
SV-OOA component had high contributions fromm/z43 as
well as fromm/z55, 57, and 91, characteristic of less aged
organic aerosol. The temporal evolution of the SV-OOA and
LV-OOA were similar as is characteristic of the pdD site
(Freney et al., 2011). The LV-OOA, contributing approxi-
mately 75 % to the measured organic mass concentrations
has similar mass spectra to an oxidised organic aerosol mea-
sured in previous campaigns (Ulbrich et al., 2009; Lanz et al.,
2010). The SV-OOA made up the remaining 25 % of the to-
tal organic aerosol and has similar mass spectral profiles to
SV-OOA measured at other research sites (Ng et al., 2010).
During winter the PMF analysis of the organic aerosol par-
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Fig. 11. Organic aerosolm/z 44 ratio to total organics (f44) as a
function of m/z 43 ratio to total organics (f43). Tringle (dashed
lines) are taken fromNg et al.(2010). Round symbols are used for
summer and squared for winter. Data are averaged by 120-min for
each point. The colour shows the calculated organic aerosolκ, based
on AMS and CCNc measurements.

ticles resolved two oxygenated organics but no primary or
hydrocarbon organic aerosol. This is in agreement with other
measurements made at the pdD site illustrating that the pdD
site is not often advected by fresh emissions.

When the ratio ofm/z 44 fraction of organics (f 44) to
m/z43 fraction of organics (f43) is depicted, most of the at-
mospheric measurements have been seen to fit within a tri-
angle, defined byNg et al. (2010), such asKulmala et al.
(2011). We plotted this triangle on top of our measurement
points and coloured our data with estimatedκORG (Fig.11). It
seems that the points measured during summer fall to a lower
level of the triangle, as an indication of higher fractions of
SV-OOA, while the points measured during winter gather on
the upper left side of the triangle, thereby indicating mainly
LV-OOA. Raatikainen et al.(2010) showed that SV-OOA are
rather connected to local emissions and LV-OOA fraction to
long-range transported organics. Further the division in left-
right axis indicates more biogenic sources during summer
with respect to possibly biomass burning sources dominat-
ing during winter. An interesting period during winter is the
beginning of campaign, when marine air masses with small
values ofκ and high mass fractions of organics were ob-
served. In the triangle, this period is represented by the points
scattered on the left side of the triangle, showing the small-
estκORG values detected. It is clearly separate from rest of
the winter data, where highκORG values from long-distance
sources seem to dominate. It is also noteworthy that during
summer the approach used for calculatingκORG leads often
to negative values. This can be seen as an indication of fresh
organics actually inhibiting the particle CCN activation due
to their surface effects, but can as well be solely the variation
within uncertainties of the method for calculatingκORG. One
evident uncertainty for example comes from the fixed value
of inorganicκ. Testing the sensitivity of averageκORG for
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30 % variability inκINORG, led to roungly± 0.2 variability in
absolute value ofκORG. κORG was also seen to have a positive
correlation with organic mass fraction (p-value 0.007).

3.5 CCN closure

While the aerosol organic volume fraction varies within the
limits of about 0.3 to 0.7, we can study the change of total
aerosolκ (at SS 0.24%) as a function of this fraction. Fur-
ther, extrapolating up to an organic fraction of 1.0, gives an
average approximation of theκ of organic aerosol fraction.
For summer this results inκORG of 0.11, while in winter this
results in a higherκORG of 0.26. Considering the f44 ratio
(Fig. 11), together with measured total aerosolκ, it is clear
that the organic aerosol during winter is more aged than dur-
ing summer and, consequently, the approximatedκORG val-
ues of 0.11 and 0.26 for summer and winter, respectively,
seem reasonably well justified. Using similar method,Gun-
the et al.(2009) found κORG of 0.1 in tropical rainforest.
However, comparing these results with averageκORG values
of 0.03 and 0.28 for summer and winter, respectively, we may
notice that this method tends to give more weight to the high-
est organic fractions.

The estimatedκORG values of 0.11 and 0.26 were used to
obtain a closure between chemistry based CCN0.24 and mea-
sured CCN0.24 concentrations. CCN concentrations based
on AMS bulk chemistry were calculated based onκ-Köhler
(Eq. 4). Thus, aerosol chemistry derivedκ was first derived
based on an estimated value ofκORG, and using Eq. (5) to
calculate aerosolκ. Then, these values were converted to ac-
tivation diameters (Eq.4) at SS 0.24 %. Finally, the DMPS
measured size distributions were integrated for the size range
of activation. In this approach, the aerosol is considered as
fully internally mixed, and a sole diameter represents the ac-
tivation size.

It appears that the AMS derived CCN concentrations are
in good agreement with those measured by CCNc (Fig.12).
Yet, a positive bias of 5 % and 2 % in winter and sum-
mer, respectively, was obtained and the data measured dur-
ing winter (R2

= 0.99) were less scattered than that in sum-
mer (R2

= 0.88). A likely reason for the slight overpredic-
tion is that aerosol organic fraction in bulk chemistry is un-
derestimated with respect to the organic fraction in aerosols
at sizes of CCN activation. This is supported with summer
measurements at two different supersaturations, where the
κ values calculated for higher supersaturation of 0.51 % re-
mained lower than those calculated for SS 0.24 % (Fig.13).
In particular, when the AMS measured the lowest organic
volume fractions, theκ0.51 remained well belowκ0.24, indi-
cating that in smaller sizes larger fractions of organics were
still present and/or they were less hygroscopic, for example,
due to shorter aging time. The averageκ0.51 of 0.22 andκ0.24
of 0.29 correspond to activation sizes of 63 nm and 95 nm,
thus representing in principle Aitken and accumulation mode
aerosol activation properties.
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scale) derived from the AMS total aerosol composition during sum-
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An increase of the value of aerosolκ-parameter with size
has also been seen byGunthe et al.(2009); Cerully et al.
(2011); Fors et al.(2011); Martin et al.(2011) and even in
Antarctica (Asmi et al., 2010). The size dependency of the
aerosol organic fraction depends however on the measure-
ment site, and in some cases, also an increase of hygro-
scopicity with decreasing size has been reported (Bougia-
tioti et al., 2011). This size dependency has also previosly
been suggested to explain the differences observed in CCN
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Fig. 14. Measured aerosol activation diameters during winter by
CCN counter at SS 0.24 % (blue squares) and by swithing between
WAI and interstitial inlet using the SMPS (red crosses).

closures with bulk chemical information included (Cerully
et al., 2011).

3.6 Cloud droplet number concentration and cloud
supersaturation

In the last part of the analysis, we wish to connect our CCN
measurements with actual particle in-cloud activation. In or-
der to do this, the particle cloud activation diameters were
calculated using the switching-SMPS system, where the ac-
tivated fraction Afi in each SMPS channel was obtained as

Af i =
NWAI i − NINT i

NWAI i

, (6)

where NWAI i is the number of particles measured in chan-
nel i in whole air inlet (WAI), and NINT i the corresponding
particle number in interstitial inlet (INT). The concentrations
were measured in 15 min turns in WAI and in INT, and av-
erage concentrations measured during these 15-min periods
were compared. After this, sigmoidal fits (Eq.3) were fitted
to activated fraction versus diameter, as in the case of CCNc
data.

In Fig. 14 an example of determined activation diameters
is shown. Due to the sensitivity of the method to changes
in size distribution during the 30-min measurement period,
and due to noise caused by the low number concentrations,
the scatter in data is evident. Part of the scatter might also
be explained by the scatter in supersaturations experienced
by the in-cloud particles. Nevertheless, the results should be
interpreted keeping in mind the large uncertainties associ-
ated with the method. What can already be noticed based on
Fig. 14 is that the chosen principal supersaturation of 0.24 %

corresponds in most cases well to the in-cloud supersatura-
tion, as the activation diameters measured in-cloud and by
the CCNc, are of the same order of magnitude.

The most straightforward comparison can be done simply
by comparing the measured accumulation mode (> 100nm)
number concentrations with the corresponding cloud droplet
number concentrations (CDNC), obtained by comparing the
INT and WAI number concentrations. Previous studies, made
mainly for marine aerosols, have found quadratic depen-
dence, such that with increasing number concentration the
fraction of CDNC gets smaller (Twohy, 2005; Lihavainen
et al., 2008). This is also indicated by our results (Fig.15). In
contrast, within the uncertainties included, the dependence
of CDNC onκ parameter is not evident. We believe, how-
ever, that changes in cloud liquid water content (LWC) can,
in addition to aerosolκ, explain a major fraction of the scat-
ter. Unfortunately, LWC measurements were not available
during campaigns. Figure15 shows also the obvious resem-
blance between the accumulation mode number concentra-
tion (CN>100nm) and CCN0.24 concentration. The main re-
sult is however plotted as a function of CN>100nm in order to
be able to compare with previous studies.

Finally, the in-cloud supersaturation can be determined
when the available information: the real activation diameter
of the in-cloud aerosol (Eq.6) and theκ from CCN0.24, are
combined in theκ-Köhler theory (Eq.4). Our results indeed
suggest decrease in cloud supersaturation with increasing ac-
cumulation mode aerosol concentration (Fig.16). With the
smallest CN>100nmvalues of below 100 cm−3, cloud SS val-
ues between 0.2 and 0.6 are obtained while when CN>100nm
is over 200 cm−3, SS remains in range 0.1 to 0.3. This corre-
lation suggests the aerosol particles are important for cloud
supersaturation profiles and in particular in environments of
low initial particle numbers.

The study byAnttila et al. (2009) found cloud supersat-
urations on the order of 0.18 to 0.26 % for low-level clouds
in Northern Finland in conditions of total aerosol concentra-
tions reaching from 200 to 2000 cm−3, which is in line with
our results. By contrast, their study did not find an effect of
changing aerosol concentration to resulting cloud supersatu-
ration.Roberts et al.(2006) suggested an in-cloud supersat-
uration on the order of 0.3 % over the Eastern Pacific Ocean
based on minima between Aitken and accumulation modes.
Hegg et al.(2009) obtained a SS range from 0.2 to 0.3 for
clouds over the Californian coast. One of the advantages in
our study was the vast range of CN>100nm, which allowed
for determining the effect of aerosols on in-cloud SS. To
further verify our results, more work, especially in regions
where aerosol number concentrations are low, is needed. This
should, in addition to CCN measurements and in-cloud acti-
vated aerosol fractions, include a more detailed characteri-
sation of cloud properties and local meteorology in order to
offer more quantitative estimates of aerosol effects on differ-
ent types of clouds.
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Fig. 13. Measured aerosol CCN κ at SS 0.24 % (y-axis) and at SS
0.51 % (x-axis), taken from the consecutive CCN measurements at
the two SS, as a function of the organic volume fraction (colour
scale) derived from the AMS total aerosol composition during sum-
mer period.

20 25 30 35 40 45 50
0

50

100

150

200

250

DOY

A
ct

iv
at

io
n 

di
am

et
er

 [
nm

]

 

 

CCNc (SS 0.24%)
SMPS int/wai

Fig. 14. Measured aerosol activation diameters during winter by
CCN counter at SS 0.24 % (blue squares) and by swithing between
WAI and interstitial inlet using the SMPS (red crosses).

Fig. 15. Cloud droplet number concentration (y-axis) as a func-
tion of the aerosol accumulation mode number concentration (x-
axis). Rounded symbols mark points measured during summer and
squered those during winter. Colour of the points shows CCNc mea-
sured aerosol κ-parameter. Small picture on the left upper corner
shows the CDNC as a function of the CCN0.24 concentration, and
is shown here to note that typically CN>100nm represents well the
aerosol CCN0.24 concentration at our measurement site.

Fig. 16. Cloud maximum supersaturation (y-axis) as a function
of the aerosol accumulation mode number concentration (x-axis).
Gray shaded area is presented to highlight the region where the
points fall into. Rounded symbols mark points measured during
summer and squered those during winter. Colour of the points
shows CCNc measured aerosol κ-parameter.

Fig. 15.Cloud droplet number concentration (y-axis) as a function of the aerosol accumulation mode number concentration (x-axis). Rounded
symbols mark points measured during summer and squered those during winter. Colour of the points shows CCNc measured aerosolκ-
parameter. Small picture on the left upper corner shows the CDNC as a function of the CCN0.24 concentration, and is shown here to note
that typically CN>100nmrepresents well the aerosol CCN0.24 concentration at our measurement site.
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0 0.1 0.2 0.3 0.4 0.5 0.6
0

0.1

0.2

0.3

0.4

0.5

κ
0.51

κ 0.
24

 

 

0.3 0.4 0.5 0.6
ORG

Vf

Fig. 13. Measured aerosol CCN κ at SS 0.24 % (y-axis) and at SS
0.51 % (x-axis), taken from the consecutive CCN measurements at
the two SS, as a function of the organic volume fraction (colour
scale) derived from the AMS total aerosol composition during sum-
mer period.

20 25 30 35 40 45 50
0

50

100

150

200

250

DOY

A
ct

iv
at

io
n 

di
am

et
er

 [
nm

]

 

 

CCNc (SS 0.24%)
SMPS int/wai

Fig. 14. Measured aerosol activation diameters during winter by
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WAI and interstitial inlet using the SMPS (red crosses).

Fig. 15. Cloud droplet number concentration (y-axis) as a func-
tion of the aerosol accumulation mode number concentration (x-
axis). Rounded symbols mark points measured during summer and
squered those during winter. Colour of the points shows CCNc mea-
sured aerosol κ-parameter. Small picture on the left upper corner
shows the CDNC as a function of the CCN0.24 concentration, and
is shown here to note that typically CN>100nm represents well the
aerosol CCN0.24 concentration at our measurement site.

Fig. 16. Cloud maximum supersaturation (y-axis) as a function
of the aerosol accumulation mode number concentration (x-axis).
Gray shaded area is presented to highlight the region where the
points fall into. Rounded symbols mark points measured during
summer and squered those during winter. Colour of the points
shows CCNc measured aerosol κ-parameter.

Fig. 16. Cloud maximum supersaturation (y-axis) as a function
of the aerosol accumulation mode number concentration (x-axis).
Gray shaded area is presented to highlight the region where the
points fall into. Rounded symbols mark points measured during
summer and squered those during winter. Colour of the points
shows CCNc measured aerosolκ-parameter.

4 Conclusions

We measured size-segregated cloud condensation nuclei
(CCN) concentrations at two supersaturations (SS) of 0.24 %

and 0.51 % at a puy-de-D̂ome measurement station in Central
France. These were analysed with respect to air mass origin,
aerosol in-situ chemistry, aerosol number size distributions
and local meteorology. Obtained results were also compared
with real activated aerosol profiles, measured using two inlet
systems.

The results show that the aerosol CCN activity at puy-de-
Dôme fits into the prevailing picture of global aerosol activa-
tion properties. The obtained range of a hygroscopicity pa-
rameterκ was 0.29±0.13 in summer and 0.43±0.19 in win-
ter, when calculated using SS of 0.24 %, thereby representing
an accumulation mode aerosol at our site. Whenκ was calcu-
lated using SS of 0.51 % in summer, which is more represen-
tative for Aitken mode aerosol, a lower value of 0.22± 0.07
was obtained. These values are within the previously sug-
gested global continentalκ of 0.27± 0.21.

The absolute CCN number concentration in summer
ranged from about 200 up to 2000 cm−3 and during winter
from 50 up to 3000 cm−3. The variability in CCN number
could be explained by both particle chemistry and size distri-
bution variability, and the highest CCN concentrations were
measured in continental air masses both during winter and
summer. The CCN to CN ratios were on average higher dur-
ing winter, stemming from aged aerosol properties with a
strong accumulation mode concentration. However, the high-
est CCN to CN ratios coincided with the highest observedκ
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values, thereby highlighting the importance of chemistry in
aerosol activation.

In summer, the continental European aerosols contained
the highest fractions of organics, and consequently, showed
also the lowestκ values. In winter, the lowestκ values were
surprisingly observed in marine air masses, again accom-
panied by the highest organic mass fractions of up to 60 %
measured by the AMS. In contrast, the continental European
air masses contained less organics during winter, likely ex-
plained by suppression of biogenic activities. The properties
of aerosol organics, and likely also their sources, were also
different between summer and winter. During summer, less
aged organics possibly from biogenic sources were measured
during the whole period of the campaign. In contrast, the or-
ganics in winter had higher f44 ratio, suggesting more aged
organics. This seemed to be the principal reason also for the
higher overall aerosolκ value during winter, and provides
evidence of the important role of organics in understanding
aerosol CCN activation.

A closure study using AMS-derived bulk chemistry and
measured CCN number concentration showed a good agree-
ment. However, using solely chemical composition data a
modest overestimation with a bias of 5 % in winter and 2 % in
summer in CCN numbers was obtained. This overestimation
is likely explained by the size range dependent differences
in particle chemical composition as well as by the effects
of particle external mixing state, since only a bulk derived
AMS chemical composition and an assumption of internal
mixture was used for the closure. Nevertheless, in predict-
ing the CCN numbers an error made by these simplifying
assumptions seems to be small.

The use of the two inlet system allowed us to compare
our potential cloud active concentrations (CCN) with real
observed activated particles (CDNC) inside a cloud. It was
shown that the chosen supersaturation of 0.24 % represents
well the actual in-cloud supersaturation at our site when the
accumulation mode concentration is> 200 cm−3. In con-
trast, when the initial accumulation mode concentration is
low, the clouds seem to obtain higher supersaturations. In-
cloud SS values up to 0.65 were determined based on exper-
imental data. It is though emphasized that due to several ex-
perimental and modelling uncertainties, these are more qual-
itative than quantitative results. Nevertheless, they provide
evidence of the important effects of aerosols on obtained
cloud supersaturation profiles, which are likely to be impor-
tant especially in environments of low initial aerosol concen-
trations.
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Morales-Garćıa, F., Garćıa-Garćıa, F., Montero-Mart́ınez, G.,
Borrmann, S., Schneider, J., Mertes, S., Walter, S., Gysel, M.,
Dusek, U., Frank, G. P., and Krämer, M.: Clouds and aerosols in
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Pŕevôt, A. S. H., Zhang, Q., Kroll, J. H., DeCarlo, P. F.,
Allan, J. D., Coe, H., Ng, N. L., Aiken, A. C., Docherty, K. S.,
Ulbrich, I. M., Grieshop, A. P., Robinson, A. L., Duplissy, J.,
Smith, J. D., Wilson, K. R., Lanz, V. A., Hueglin, C., Sun, Y. L.,
Tian, J., Laaksonen, A., Raatikainen, T., Rautiainen, J., Vaatto-
vaara, P., Ehn, M., Kulmala, M., Tomlinson, J. M., Collins, D. R.,
Cubison, M. J., Dunlea, E. J., Huffman, J. A., Onasch, T. B.,
Alfarra, M. R., Williams, P. I., Bower, K., Kondo, Y., Schnei-
der, J., Drewnick, F., Borrmann, S., Weimer, S., Demerjian, K.,
Salcedo, D., Cottrell, L., Griffin, R., Takami, A., Miyoshi, T.,
Hatakeyama, S., Shimono, A., Sun, J. Y., Zhang, Y. M.,
Dzepina, K., Kimmel, J. R., Sueper, D., Jayne, J. T., Hern-
don, S. C., Trimborn, A. M., Williams, L. R., Wood, E. C.,
Middlebrook, A. M., Kolb, C. E., Baltensperger, U., and
Worsnop, D. R.: Evolution of organic aerosols in the atmo-
sphere, Science, 326, 1525–1529, doi:10.1126/science.1180353,
2009.

Kammermann, L., Gysel, M., Weingartner, E., Herich, H.,
Cziczo, D. J., Holst, T., Svenningsson, B., Arneth, A.,
and Baltensperger, U.: Subarctic atmospheric aerosol com-
position: 3. Measured and modeled properties of cloud
condensation nuclei, J. Geophys. Res., 115, D04202,

Atmos. Chem. Phys., 12, 11589–11607, 2012 www.atmos-chem-phys.net/12/11589/2012/

http://dx.doi.org/10.1002/mas.20115
http://dx.doi.org/10.5194/acp-11-12369-2011
http://dx.doi.org/10.5194/acp-10-5047-2010
http://dx.doi.org/10.5194/acp-11-10619-2011
http://dx.doi.org/10.5194/acp-8-5649-2008
http://dx.doi.org/10.5194/acp-8-5649-2008
http://dx.doi.org/10.1080/02786820500182040
http://dx.doi.org/10.1029/2004JD005634
http://dx.doi.org/10.5194/acp-11-8343-2011
http://dx.doi.org/10.5194/acp-11-13047-2011
http://dx.doi.org/10.5194/acp-9-7551-2009
http://dx.doi.org/10.5194/acp-9-7551-2009
http://dx.doi.org/10.5194/acp-11-11023-2011
http://dx.doi.org/10.5194/acp-11-11023-2011
http://dx.doi.org/10.1034/j.1600-0889.2002.00299.x
http://dx.doi.org/10.1029/2006GL028850
http://dx.doi.org/10.1126/science.1180353


E. Asmi et al.: CCN at puy-de-Dôme 11605
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