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Abstract. Cloud condensation nuclei (CCN) size distributions and numbers were measured for the first time at Puyde-Dôme high altitude (1465 m a.s.l) site in Central France.
Majority of the measurements were done at constant supersaturation (SS) of 0.24 %, which was also deduced to be representative of the typical in-cloud SS at the site. CCN numbers 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 concentrations were measured in continental, in contrast to marine,
air masses. Aerosol CCN activity was described with a single hygroscopicity parameter κ. Range of this parameter was
0.29 ± 0.13 in summer and 0.43 ± 0.19 in winter. When calculated using SS of 0.51 % during summer, κ of 0.22 ± 0.07
was obtained. The decrease with increasing SS is likely explained by the particle size dependent chemistry with smaller
particles containing higher amounts of freshly emitted organic species. Higher κ values during winter were for the
most part explained by the observed aged organics (analysed
from organic m/z 44 ratio) rather than from aerosol organic
to inorganic volume fraction. The obtained κ values also fit
well within the range of previously proposed global continental κ of 0.27 ± 0.21. During winter, the smallest κ values
and the highest organic fractions were measured in marine air
masses. CCN closure using bulk AMS chemistry led to positive 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 accumulation mode particle number, while the real in-cloud SS correspondingly decreased. These results provide evidence on
the effects of aerosol particles on maximum cloud supersaturations. 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 predictions.
The ability of an aerosol particle to act as a cloud condensation nuclei (CCN) depends largely on its size and chemical composition (or water solubility). While in certain environments, 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 Köhler model (Köhler, 1936), called
“kappa-Köhler”, which relies on a single hygroscopicity parameter κ as presented by Petters 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 atmospheric κ-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 (Allan 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 aerosol κ of 0.72 ± 0.24. The
variations in continental aerosol CCN activation properties
are largely explained by the major fraction of aerosols being of organic origin (Saxena and Hildemann, 1996; Roberts
et al., 2002; Zhang et al., 2007). While the activation properties of inorganic aerosols are relatively well quantified, those
of the organics are yet largely uncertain. The aerosol organics affect aerosol cloud activation depending on their hygroscopic properties, further related with their origin and atmospheric lifetime (Ng et al., 2010; Raatikainen et al., 2010).
Not only the gradual transformation towards more water soluble 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 organic films (Gill et al., 1983; Lance et al., 2004; McFiggans
et al., 2006) can cause significant variations to aerosol activation 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. Medina 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 completely insoluble organic fraction. A vast number of studies have however found that a soluble fraction of organics
with κ-parameter values between 0.1 to 0.3 is needed in order to explain the measured CCN concentrations with measured 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 properties, 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 concentration is shown by several studies (Henning et al., 2002; Ramanathan et al., 2001; Twohy, 2005; Lihavainen et al., 2008).
It should be still kept in mind that the typically measured poAtmos. Chem. Phys., 12, 11589–11607, 2012
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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 supersaturation 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 condensable 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 obtained 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 questions: (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 particle in-cloud activation and cloud droplet number concentrations? Within these themes, our specific goals are to obtain 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
2.1

Measurements and methods
Measurement site and campaigns

Measurements were done at puy-de-Dôme (pdD) station
(45◦ 460 N; 2◦ 570 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 surrounding area is largely characterized by forests and agricultural fields. More detailed description can be found in Venzac
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 distributions measured using a SMPS, and various meteorological
and gas phase measurements. Air mass back trajectories were
calculated using Hysplit air transport model. During campaigns, variable conditions were observed with periods of
www.atmos-chem-phys.net/12/11589/2012/
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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 concentration 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 streamwise 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 continuously wetted and the obtained supersaturation is determined 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 determine 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. Atomised solutions of sodium chloride and ammonium sulphate
www.atmos-chem-phys.net/12/11589/2012/
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were used as calibration aerosols. In summer campaign, measurements were done using two temperature differences: 6
and 12 ◦ C. The calibration curves were corrected for doublycharged 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 diameter and the obtained activation diameters (Dp50 ) were used
to calculate the CCNc supersaturations. The obtained Dp50
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 diameters were corrected for shape using factors 1.08 and 1.02
for sodium chloride and ammonium sulphate, respectively.
Then, the corresponding CCNc supersaturation was calculated based on the Köhler theory (Köhler, 1936) as presented
in Seinfeld and Pandis (1998)
s

 

256Mw σw ρw 3 ρs is −1 −3
Sc = exp
Dp 50
(1)
27RT ρw Mw
Ms
where Mw and Ms are the molecular weights of water (0.018 kg mol−1 ) and solute (0.058 kg mol−1 for NaCl;
0.1321 kg mol−1 for (NH4 )2 SO4 ), ρw and ρs are the densities of water (997 kg m−3 ) and solute (2165 kg m−3 for
NaCl; 1770 kg m−3 for (NH4 )2 SO4 ), 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 and is 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 )2 SO4 , following the literature recommendations (e.g. Rose et al., 2008). In summer, the temperature
difference of 6 ◦ C was deduced to correspond to a supersaturation (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). Additionally, 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 errors caused by systematic biases, such as the estimates of
van’t Hoff factors, and errors caused by temperature deviations or simplifications in correcting for the multiply charged
particles, should equally kept in mind. We made sensitivity studies using van’t Hoff factor of ± 0.2 around the preset 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
Atmos. Chem. Phys., 12, 11589–11607, 2012
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of doubly changed particles at higher supersaturations (as
a result of the shape of atomised distributions) we estimated an additional 0.01 % deviation at dT 12 ◦ C following 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; Canagaratna et al., 2007) was used to measure the chemical composition and mass concentration of the non-refractory submicron particulate matter (NR-PM1). Using the standard fragmentation table described by Allan et al. (2004), chemically
resolved mass concentrations of individual species were extracted from the raw cToF-AMS data. Adjustments to the
fragmentation table were made based on particle free measurement 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 efficiency (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 particle beam. Similarly particles can sometimes bounce away
from the heated filament of the cToF-AMS. In order to correct 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 measurements. The CE normally varies between 0.5 and 1 (Middlebrook et al., 2012). Middlebrook et al. (2012) demonstrated that particles containing high ammonium nitrate concentrations are more efficiently sampled by the AMS than
other inorganic and organic species. Similar to Freney 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 using a MAAP) was compared with that sampled by a SMPS.
The AMS volume was calculated by dividing the mass concentrations of organic and inorganic species by their respective densities. A CE of 0.5 was used for both the summer
and winter experiments. Comparison of the SMPS and cToFAMS volume concentration resulted in a slope of 0.76 and
0.64, and a R 2 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 interstitial inlet (INT, 50 % cut-off size of 5 µm) during the experiment and then passed through a 72-cm-long diffusion
Atmos. Chem. Phys., 12, 11589–11607, 2012

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 calibrations were performed using NH4 NO3 particles. NH4 NO3
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. Ionization 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 composition and number size distribution, as well as numerous meteorological parameters. Most of the instruments were operated 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 inlet, 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 independent systems compared well. Details of the SMPS system
used can be found in Venzac 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). Meteorological parameters (including wind direction, wind speed, relatively humidity RH, pressure, and temperature) were also
measured at the site continuously.
2.2
2.2.1

Analysis
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, Dp 50 , and to
which extent the atmospheric particles are an external mixture with varying amount of particles having different properties of activation. Since doubly-charged particles can falsely
broaden the activation D-curve (activated fraction as a function of particle size), we used the size distribution data, measured in parallel, in order to correct for this broadening. The
procedure was as follows:
www.atmos-chem-phys.net/12/11589/2012/
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11593

1. Inverted CCNc-DMPS size distributions were normalized by channel widths to get 1N/1Dp distributions.
By this normalization, the obtained 1N/1Dp values,
thereafter called Ni , in channels i, 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 assumption as given by Wiedensohler (1989). Nj 2e values,
i.e. the normalized number concentrations of doublycharged particles at sizes Dp j could then be determined
as fj · Nj , where the values of Nj were obtained from
Ni by interpolation.
3. Fraction of doubly-charged particles measured at each
Dp i was further calculated as fi = Nj 2e /(Nj 2e + Ni1e ).
Ni1e here is the singly-charged normalized concentration in selected channel i calculated according to
Wiedensohler (1989). This way, the number of doublycharged particles was compared to the total number of
charged particles measured in channel i, which is then
the sum of singly-charged and doubly-charged particles.
4. Activated fraction, Afi , was calculated for each measured diameter (channel) as CCNi /CNi , and again interpolated to size vector of doubly-charged particles.
5. Beginning from the largest diameters, new activated
fractions accounting only for the singly-charged particles were calculated. The doubly-charged particles
were subtracted from CN numbers to get singly-charged
number concentrations as CNi1e = CNi −fi ·CNi . Similarly, however taking into account also the activated
fraction in the doubly-charged sizes (Afj ), the doublycharged particles were subtracted from CCN numbers
as CCNi1e = CCNi −fi ·CNi ·Afj . New Afj was calculated 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+



∗
Dp 50 c
Dp

(3)

was fitted to activated fraction as a function of particle diameter, Dp . The fitting parameters represent the critical activation diameter, Dp 50 , the height of the activation curve, E, and
its steepness, c∗ . The value of c∗ can now be used as a measure of homogeneity of the aerosol mixture, i.e. the higher
the value of c∗ , the more internally mixed the particles are
www.atmos-chem-phys.net/12/11589/2012/

(the activation D-curve is steeper). However, as the mobility 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 by Rose et al. (2008). The aerosol distribution function was obtained by linear interpolation of the
measured aerosol size distribution (1N/1Dp ) and normalized to one. Transfer function was assumed to have an ideal
triangular shape and a full-width determined by the aerosolto-sheath flow ratio 1/5. Measured size was corrected by integrating the aerosol distribution function over the transfer
function range until a measured activated fraction was obtained.
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 ) =

Dp3 − Dp 350
Dp3 − Dp 350 (1 − κ)


exp

4σw Mw
RT ρw Dp


(4)

can be used to find the kappa κ, corresponding to measured
critical activation diameter Dp 50 . Kappa values were determined by numerical iteration varying κ until the maximum
of the saturation curve was equal to the saturation used inside the CCNc. Surface tension ρw was approximated using the surface tension of water. The value of κ 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, respectively, 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 winter time). Air masses were followed 72 h backwards in onehour time steps. Based on determined back trajectories, the
air masses were divided into continental, mediterranean, marine and marine modified types (sectors: 10–130◦ , 130–260◦ ,
260–315◦ and 315–10◦ , respectively), according to the maximum of time spent per sector. The classification is identical
to that previously used by Freney et al. (2011). In addition to
these sectors, air masses circulating mainly above continental France were classified as local.

Atmos. Chem. Phys., 12, 11589–11607, 2012
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Fig. 2. Overview of conditions during the summer campaign. On panels, from top to down, are shown: air mass type, station inside cloud
periods, temperature, relative humidity, total number concentration, CCN number concentration (at 0.24 and 0.51 % supersaturations) and
AMS volume fractions.
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3
3.1

Results
CCN number concentration in summer and winter

General overviews of summer and winter campaign meteorological conditions along with the measured CN and CCN
concentrations are presented in Figs. 2 and 3. 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 number 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 beAtmos. Chem. Phys., 12, 11589–11607, 2012

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 observed 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 prevailed 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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Colour shows the hygroscopicity parameter κ value with scale ranging from 0.2 to 0.6. Dashed linear lines show the visually defined
boundaries in within most of the data are centered.

Fig. 5. Selected cumulative number size distribution measured during summer (left) and winter (right) when the total aerosol κ 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 for κ 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 variable with inorganic species contributing high volume fractions (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 burning 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 in Freney 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 exwww.atmos-chem-phys.net/12/11589/2012/

plained by the variations in aerosol modal characteristics
(Fig. 5). During winter, periods of long-range transported
polluted continental aerosol were common, with characteristics of strong accumulation mode. The most elevated κ values
were also measured in polluted air masses. Correspondingly,
higher CCN to CN fractions, as well as higher κ values were
measured in winter. An increase of κ values could indicate
a higher fraction of long-range transported aged organics, as
shown by Raatikainen et al. (2010), or simply a lower fraction of organics in comparison to aerosol inorganic, and typically more hygroscopic, fraction. Additionally, during winter 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 contrast, during summer, a major fraction of the total particle
number consisted of particles of sizes below 100 nm (Fig. 5)
Atmos. Chem. Phys., 12, 11589–11607, 2012
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and correspondingly, the CCN to CN fraction occasionally
decreased. In contrast to the winter season, no clear coupling
between κ and particle number concentration was seen in
summer (Fig. 5). This suggests that changes in aerosol chemistry and therefore in κ were important for the observed variability in CCN to CN fraction. During both summer and winter, 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 parameter κ reached its most elevated values of > 0.5. CCN to CN
fraction showed more scatter during summer than winter, and
especially when the κ was small. A linear fit to CCN versus
CN resulted expectedly in better correlation during winter: a
slope of 0.47 was obtained (R 2 = 0.80) in contrast to summer, when the slope was 0.13 (R 2 = 0.15).
3.2

Hygroscopicity parameter κ

To further examine the aerosol CCN activation properties,
sigmoidal fittings were done for the size-segregated activated
fractions (Eq. 3). The activation diameters (Dp 50 ) for summer and winter were obtained using Eq. (3). This led to values of 95±12 nm and 86±13 nm for summer and winter, respectively, at SS 0.24 %. In addition, during summer the measurements in SS 0.51 % gave an activation diameter value of
65 ± 7 nm.
By using the κ-Köhler model (Eq. 4), aerosol κ values
were determined. The overall average κ (calculated at SS
0.24 %) during summer was 0.29 ± 0.13 (median 0.26). This
fits well to the suggested global average aerosol κ 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 contrast, during winter the κ 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 a κ value of 0.43
fits within the suggested range of 0.27 ± 0.21 (Pringle et al.,
2010), in previous studies κ on the same order have mainly
been observed for sulphate enriched aerosol of moderate organic 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 starting 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
Atmos. Chem. Phys., 12, 11589–11607, 2012

Fig. 6. CCN0.24 concentrations 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.

per square. The impact of aerosol in each square on the measured 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 determined 3-days ago were weighted by 50 % and the weight
increased linearly with time up to 100 % at the closest trajectory 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 values, 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 winter, very high CCN concentrations (average > 1500 cm−3 )
were seen in air masses originating from Eastern Europe 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
www.atmos-chem-phys.net/12/11589/2012/
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Fig. 7. Hygroscopicity parameter κ 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. 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 seasons were typically well below 500 cm−3 , but average values of around or even above 500 cm−3 were occasionally detected.
The aerosol hygroscopicity parameter κ showed interesting variations with respect to the air mass origin (Fig. 7).
During summer, the κ value reached its minimum of < 0.2
in Southern European air masses, but low values of κ were
also seen in marine air masses. However, κ in marine air
masses seemed highly dispersed, with variation of values between 0.2 and 0.4. The Northern European air masses further showed the highest κ values of around 0.4. The overall
variation of κ during summer was less pronounced in comparison to winter. The κ in winter presented clear differences
between the air masses, with lowest values of around 0.2 detected in marine air masses, and highest of > 0.6 in Southern European air masses. This is slightly counterintuitive, because marine aerosols are generally seen to be highly hygroscopic and the polluted continental aerosols less hygroscopic
(e.g. Pringle et al., 2010).
The total CCN to CN ratio was generally higher in continental 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 to Roberts
et al. (2010), who measured average CCN to CN ratios of
www.atmos-chem-phys.net/12/11589/2012/
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Fig. 8. CCN0.24 to total CN ratios 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.

0.6, 0.26 and 0.09 for free tropospheric, marine and continental aerosol, respectively, the aerosol modal characteristics explain 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 concentrations remain moderate. In contrast, the fraction of 0.26±0.21
suggested by Roberts 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 between different sites and measurement conditions. For example, 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 aerosol κ 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 aerosol κ 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, especially in winter, this follows the variations in κ (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 by Sellegri et al. (2003a) at the pdD site. Unfortunately, the latest
results of aerosol chemical composition seasonal variation by
Atmos. Chem. Phys., 12, 11589–11607, 2012

11598

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 northern parts of Europe, further suppressing biogenic activities
and release of organics from vegetation sources. The relatively 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 particle surface tension could explain the observed high CCN
activity (McFiggans et al., 2006). During summer, the highest 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 aerosol κ parameter 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 our κ values fit to the global κ
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, decreasing the aerosol κ parameter in marine air masses during winter is intriguing. The presence of high quantities of organics
in marine aerosol has also been reported by previous studAtmos. Chem. Phys., 12, 11589–11607, 2012
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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 homogeneity. During summer this parameter did not show significant
variations with air masses, and values of c∗ of around 10
to 15 were constantly seen. For comparison, the value of
c∗ obtained for our calibration aerosols of ammonium sulphate and sodium chloride varied within 20 to 30. This indicates that the atmospheric aerosol during summer was not
purely of uniform composition but rather the external mixing 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 between the seasons. However, the results seem to indicate that
www.atmos-chem-phys.net/12/11589/2012/
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3.4

Organic aerosol fraction

The properties of organic aerosol can be highly variable. This
variation can explain a part of the κ variation observed, and
therefore we had a closer look at the aerosol organic fraction 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 with κ of
0.61 (based on CCNc calibrations with ammonium sulphate).
Using the simple ZSR mixing rule (Stokes and Robinson,
1966), the only unknown remains the κ 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 of κORG
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 characteristic peaks with highest contribution from m/z 44 (CO2+ ). The
SV-OOA component had high contributions from m/z 43 as
well as from m/z 55, 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 approximately 75 % to the measured organic mass concentrations
has similar mass spectra to an oxidised organic aerosol measured in previous campaigns (Ulbrich et al., 2009; Lanz et al.,
2010). The SV-OOA made up the remaining 25 % of the total 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 parwww.atmos-chem-phys.net/12/11589/2012/
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summer aerosol is better mixed, regardless of the aerosol organic fraction, than aerosol during winter. A plausible explanation for this is different origins of the organics affecting 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 before arriving at the site. During winter, the high elevation of
the site should additionally be kept in mind, because this enables mixing of lower tropospheric air with more aged free
tropospheric aerosol.

Ng et al., 2010

0.15
0.1
0.05
0
0

0.02

0.04

0.06

0.08

0.1
f43

0.12

0.14

0.16

0.18

0.2

Fig. 11. Organic aerosol m/z 44 ratio to total organics (f44) as a
function of m/z 43 ratio to total organics (f43). Tringle (dashed
lines) are taken from Ng 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 aerosol κ, 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 of m/z 44 fraction of organics (f 44) to
m/z 43 fraction of organics (f43) is depicted, most of the atmospheric measurements have been seen to fit within a triangle, defined by Ng et al. (2010), such as Kulmala et al.
(2011). We plotted this triangle on top of our measurement
points and coloured our data with estimated κORG (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 leftright axis indicates more biogenic sources during summer
with respect to possibly biomass burning sources dominating during winter. An interesting period during winter is the
beginning of campaign, when marine air masses with small
values of κ and high mass fractions of organics were observed. In the triangle, this period is represented by the points
scattered on the left side of the triangle, showing the smallest κORG values detected. It is clearly separate from rest of
the winter data, where high κORG values from long-distance
sources seem to dominate. It is also noteworthy that during
summer the approach used for calculating κORG 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 calculating κORG . One
evident uncertainty for example comes from the fixed value
of inorganic κ. Testing the sensitivity of average κORG for
Atmos. Chem. Phys., 12, 11589–11607, 2012
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30 % variability in κINORG , led to roungly ± 0.2 variability in
absolute value of κORG . κORG was also seen to have a positive
correlation with organic mass fraction (p-value 0.007).

0.2
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CCN AMS [cm−3]

While the aerosol organic volume fraction varies within the
limits of about 0.3 to 0.7, we can study the change of total
aerosol κ (at SS 0.24%) as a function of this fraction. Further, extrapolating up to an organic fraction of 1.0, gives an
average approximation of the κ of organic aerosol fraction.
For summer this results in κORG of 0.11, while in winter this
results in a higher κORG of 0.26. Considering the f44 ratio
(Fig. 11), together with measured total aerosol κ, it is clear
that the organic aerosol during winter is more aged than during summer and, consequently, the approximated κORG values of 0.11 and 0.26 for summer and winter, respectively,
seem reasonably well justified. Using similar method, Gunthe et al. (2009) found κORG of 0.1 in tropical rainforest.
However, comparing these results with average κORG 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 highest organic fractions.
The estimated κORG values of 0.11 and 0.26 were used to
obtain a closure between chemistry based CCN0.24 and measured CCN0.24 concentrations. CCN concentrations based
on AMS bulk chemistry were calculated based on κ-Köhler
(Eq. 4). Thus, aerosol chemistry derived κ was first derived
based on an estimated value of κORG , and using Eq. (5) to
calculate aerosol κ. Then, these values were converted to activation 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 activation 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 summer, respectively, was obtained and the data measured during winter (R 2 = 0.99) were less scattered than that in summer (R 2 = 0.88). A likely reason for the slight overprediction is that aerosol organic fraction in bulk chemistry is underestimated 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 % remained lower than those calculated for SS 0.24 % (Fig. 13).
In particular, when the AMS measured the lowest organic
volume fractions, the κ0.51 remained well below κ0.24 , indicating 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 average κ0.51 of 0.22 and κ0.24
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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Fig. 12. Aerosol CCN0.24 number concentration estimated based
on aerosol chemistry from AMS (y-axis) as a function of that measured with the CCN counter (x-axis) during winter (squared points)
and summer (round points). Aerosol organic fraction κORG was assumed 0.26 during winter and 0.11 during summer. Linear fittings
for winter (blue line) and for summer (red line) are also presented
along with 1/1 line (black). The R 2 values of fittings were 0.99 and
0.88, respectively for winter and summer.
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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 summer period.

An increase of the value of aerosol κ-parameter with size
has also been seen by Gunthe 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 measurement site, and in some cases, also an increase of hygroscopicity with decreasing size has been reported (Bougiatioti et al., 2011). This size dependency has also previosly
been suggested to explain the differences observed in CCN
www.atmos-chem-phys.net/12/11589/2012/
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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 order to do this, the particle cloud activation diameters were
calculated using the switching-SMPS system, where the activated fraction Afi in each SMPS channel was obtained as

Afi =

NWAIi − NINTi
,
NWAIi

(6)

where NWAIi is the number of particles measured in channel i in whole air inlet (WAI), and NINTi the corresponding
particle number in interstitial inlet (INT). The concentrations
were measured in 15 min turns in WAI and in INT, and average 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 associated with the method. What can already be noticed based on
Fig. 14 is that the chosen principal supersaturation of 0.24 %
www.atmos-chem-phys.net/12/11589/2012/

corresponds in most cases well to the in-cloud supersaturation, 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 (> 100 nm)
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 dependence, 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 on κ parameter is not evident. We believe, however, that changes in cloud liquid water content (LWC) can,
in addition to aerosol κ, explain a major fraction of the scatter. Unfortunately, LWC measurements were not available
during campaigns. Figure 15 shows also the obvious resemblance between the accumulation mode number concentration (CN>100 nm ) and CCN0.24 concentration. The main result is however plotted as a function of CN>100 nm 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 the κ from CCN0.24 , are
combined in the κ-Köhler theory (Eq. 4). Our results indeed
suggest decrease in cloud supersaturation with increasing accumulation mode aerosol concentration (Fig. 16). With the
smallest CN>100 nm values of below 100 cm−3 , cloud SS values between 0.2 and 0.6 are obtained while when CN>100 nm
is over 200 cm−3 , SS remains in range 0.1 to 0.3. This correlation suggests the aerosol particles are important for cloud
supersaturation profiles and in particular in environments of
low initial particle numbers.
The study by Anttila et al. (2009) found cloud supersaturations on the order of 0.18 to 0.26 % for low-level clouds
in Northern Finland in conditions of total aerosol concentrations 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 supersaturation. Roberts et al. (2006) suggested an in-cloud supersaturation 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>100 nm , 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 activated aerosol fractions, include a more detailed characterisation of cloud properties and local meteorology in order to
offer more quantitative estimates of aerosol effects on different types of clouds.
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Fig. 15. Cloud droplet number concentration (y-axis) as a function of the aerosol accumulation mode number concentration (xaxis). Rounded symbols mark points measured during summer and
squered those during winter. Colour of the points shows CCNc measured 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.
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symbols mark points measured during summer and squered those during winter. Colour of the points shows CCNc measured aerosol κparameter. 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>100 nm represents well the aerosol CCN0.24 concentration at our measurement site.
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Fig. 15. Cloud droplet number concentration (y-axis) as a function of the aerosol accumulation mode number concentration (xaxis). Rounded symbols mark points measured during summer and
and 0.51
at a points
puy-de-Dôme
measurement
squered those during winter. Colour
of%the
shows
CCNcstation
mea-in Central
France. These were analysed with respect to air mass origin,
sured aerosol κ-parameter. Small
picture
on the aerosol
left upper
aerosol
in-situ chemistry,
numbercorner
size distributions
results were also
shows the CDNC as a function and
of local
the meteorology.
CCN0.24 Obtained
concentration,
andcompared
with real activated aerosol profiles, measured using two inlet
is shown here to note that typically
CN>100nm represents well the
systems.
show that the aerosol
aerosol CCN0.24 concentration atThe
ourresults
measurement
site. CCN activity at puy-de-

Dôme fits into the prevailing picture of global aerosol activation properties. The obtained range of a hygroscopicity parameter κ was 0.29±0.13 in summer and 0.43±0.19 in winter, when calculated using SS of 0.24 %, thereby representing
an accumulation mode aerosol at our site. When κ was calculated using SS of 0.51 % in summer, which is more representative for Aitken mode aerosol, a lower value of 0.22 ± 0.07
was obtained. These values are within the previously sugFig. 16. Cloud maximum supersaturation (y-axis) as a function
gested global continental κ of 0.27 ± 0.21.
of the
mode number concentration
Fig.
16. aerosol
Cloudaccumulation
maximum supersaturation
(y-axis) as(x-axis).
a function The absolute CCN number concentration in summer
shaded area
is presented
to highlight
region where(x-axis).
the
ofGray
the aerosol
accumulation
mode
numberthe
concentration
ranged from about 200 up to 2000 cm−3 and during winter
points
fall
into.
Rounded
symbols
mark
points
measured
during
Gray shaded area is presented to highlight the region where the from 50 up to 3000 cm−3 . The variability in CCN number
summer and squered those during winter. Colour of the points
points fall into. Rounded symbols mark points measured during could be explained by both particle chemistry and size distrishows CCNc measured aerosol κ-parameter.
summer and squered those during winter. Colour of the points bution variability, and the highest CCN concentrations were
shows CCNc measured aerosol κ-parameter.
measured in continental air masses both during winter and
summer. The CCN to CN ratios were on average higher dur4 Conclusions
ing winter, stemming from aged aerosol properties with a
strong accumulation mode concentration. However, the highWe measured size-segregated cloud condensation nuclei
est CCN to CN ratios coincided with the highest observed κ
(CCN) concentrations at two supersaturations (SS) of 0.24 %
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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 lowest κ values. In winter, the lowest κ values were
surprisingly observed in marine air masses, again accompanied 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 explained 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 organics in winter had higher f44 ratio, suggesting more aged
organics. This seemed to be the principal reason also for the
higher overall aerosol κ 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 agreement. 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 predicting 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 contrast, when the initial accumulation mode concentration is
low, the clouds seem to obtain higher supersaturations. Incloud SS values up to 0.65 were determined based on experimental data. It is though emphasized that due to several experimental and modelling uncertainties, these are more qualitative than quantitative results. Nevertheless, they provide
evidence of the important effects of aerosols on obtained
cloud supersaturation profiles, which are likely to be important especially in environments of low initial aerosol concentrations.
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Dusek, U., Frank, G. P., and Krämer, M.: Clouds and aerosols in
Puerto Rico – a new evaluation, Atmos. Chem. Phys., 8, 1293–
1309, doi:10.5194/acp-8-1293-2008, 2008.
Andreae, M. O. and Rosenfeld, D.: Aerosol-cloud-precipitation
interactions. Part 1: The nature and sources of cloud-active
aerosols, Earth-Sci. Rev., 89, 13–41, 2008.
Asa-Awuku, A., Moore, R. H., Nenes, A., Bahreini, R., Holloway, J. S., Brock, C. A., Middlebrook, A. M., Ryerson, T.,
Jimenez, J., DeCarlo, P., Hecobian, A., Weber, R. Stickel, R.,
Tanner, D. J., and Huey, L. G: Airborne cloud condensation nuclei measurements during the 2006 Texas Air Quality Study, J.
Geophys. Res., 116, D11201, doi:10.1029/2010JD014874, 2011.
Asmi, E., Frey, A., Virkkula, A., Ehn, M., Manninen, H. E., Timonen, H., Tolonen-Kivimäki, O., Aurela, M., Hillamo, R.,
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Petäjä, T., Ehn, M., Kulmala, M., Worsnop, D. R., Laaksonen, A.,
Smith, J. N., and Nenes, A.: Aerosol hygroscopicity and CCN
activation kinetics in a boreal forest environment during the 2007
EUCAARI campaign, Atmos. Chem. Phys., 11, 12369–12386,
doi:10.5194/acp-11-12369-2011, 2011.
Chang, R. Y.-W., Slowik, J. G., Shantz, N. C., Vlasenko, A., Liggio, J., Sjostedt, S. J., Leaitch, W. R., and Abbatt, J. P. D.: The hygroscopicity parameter (κ) of ambient organic aerosol at a field
site subject to biogenic and anthropogenic influences: relationship to degree of aerosol oxidation, Atmos. Chem. Phys., 10,
5047–5064, doi:10.5194/acp-10-5047-2010, 2010.
Chang, R. Y.-W., Leck, C., Graus, M., Müller, M., Paatero, J.,
Burkhart, J. F., Stohl, A., Orr, L. H., Hayden, K., Li, S.M., Hansel, A., Tjernström, M., Leaitch, W. R., and Abbatt, J. P. D.: Aerosol composition and sources in the central
Arctic Ocean during ASCOS, Atmos. Chem. Phys., 11, 10619–
10636, doi:10.5194/acp-11-10619-2011, 2011.
Cubison, M. J., Ervens, B., Feingold, G., Docherty, K. S.,
Ulbrich, I. M., Shields, L., Prather, K., Hering, S., and
Jimenez, J. L.: The influence of chemical composition and mixing state of Los Angeles urban aerosol on CCN number and cloud
properties, Atmos. Chem. Phys., 8, 5649–5667, doi:10.5194/acp8-5649-2008, 2008.
Drewnick, F., Hings, S., DeCarlo, P., Jayne, J., Gonin, M.,
Fuhrer, K., Weimer, S., Jimenez, J., Demerjian, K., Borrmann, S., and Worsnop, D.: A new time-of-flight aerosol
mass spectrometer (ToF-AMS) – Instrument description and
first field deployment, Aerosol Sci. Technol., 39, 637–658,
doi:10.1080/02786820500182040, 2005.
Draxler, R. R. and Hess, G. D.: An overview of the HYSPLIT 4
modeling system of trajectories, dispersion, and deposition,
Aust. Meteor. Mag., 47, 295–308, 1998.
Dusek, U., Frank, G. P., Hildebrandt, L., Curtius, J., Schneider, J.,
Walter, S., Chand, D., Drewnick, F., Hings, S., Jung, D., Borrmann, S., and Andreae, M. O.: Size matters more than chemistry for cloud-nucleating ability of aerosol particles, Science,
312, 1375–1376, 2006.
Ervens, B., Feingold, G., and Kreidenweis, S. M.:Influence
of water-soluble organic carbon on cloud drop number concentration, J. Geophys. Res., 110, D18211,
doi:10.1029/2004JD005634, 2005.
Fors, E. O., Swietlicki, E., Svenningsson, B., Kristensson, A.,
Frank, G. P., and Sporre, M.: Hygroscopic properties of the ambient aerosol in southern Sweden – a two year study, Atmos. Chem.
Phys., 11, 8343–8361, doi:10.5194/acp-11-8343-2011, 2011.
Freney, E. J., Sellegri, K., Canonaco, F., Boulon, J., Hervo, M.,
Weigel, R., Pichon, J. M., Colomb, A., Prévôt, A. S. H., and
Laj, P.: Seasonal variations in aerosol particle composition at the
puy-de-Dôme research station in France, Atmos. Chem. Phys.,
11, 13047–13059, doi:10.5194/acp-11-13047-2011, 2011.
Freney, E. J., Asmi, E., Hervo, M., Rose, C., Colomb, A., Picard, D.,
and Sellegri, K.: Particle chemical source apportionment and ver-

Atmos. Chem. Phys., 12, 11589–11607, 2012

E. Asmi et al.: CCN at puy-de-Dôme
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O’Dowd, C. D., Pöschl, U., Wiedensohler, A., Boers, R.,
Boucher, O., de Leeuw, G., Denier van der Gon, H. A. C., Feichter, J., Krejci, R., Laj, P., Lihavainen, H., Lohmann, U., McFiggans, G., Mentel, T., Pilinis, C., Riipinen, I., Schulz, M.,
Stohl, A., Swietlicki, E., Vignati, E., Alves, C., Amann, M., Ammann, M., Arabas, S., Artaxo, P., Baars, H., Beddows, D. C. S.,
Bergström, R., Beukes, J. P., Bilde, M., Burkhart, J. F.,
Canonaco, F., Clegg, S. L., Coe, H., Crumeyrolle, S., D’Anna, B.,
Decesari, S., Gilardoni, S., Fischer, M., Fjaeraa, A. M., Fountoukis, C., George, C., Gomes, L., Halloran, P., Hamburger, T.,
Harrison, R. M., Herrmann, H., Hoffmann, T., Hoose, C., Hu, M.,
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