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Abstract. Cloud condensation nuclei (CCN) size distribu- number concentrations were shown to increase with accumu-
tions and numbers were measured for the first time at Puylation mode particle number, while the real in-cloud SS cor-
de-DOme high altitude (1465 m a.s.l) site in Central France.respondingly decreased. These results provide evidence on
Majority of the measurements were done at constant supetthe effects of aerosol particles on maximum cloud supersatu-
saturation (SS) of 0.24 %, which was also deduced to be reprations. Further work with detailed characterisation of cloud
resentative of the typical in-cloud SS at the site. CCN num-properties is proposed in order to provide more quantitative
bers during summer ranged from about 200 up to 2000%m estimates on aerosol effects on clouds.

and during winter from 50 up to 3000 crh 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 marinel Introduction

air masses. Aerosol CCN activity was described with a sin- i . ) )
gle hygroscopicity parametet Range of this parameter was The global climate system is currently undergoing major
0.29+ 0.13 in summer and 0.480.19 in winter. When cal-  changes due to the impacts of human actidREC, 2007).
culated using SS of 0.51 % during summenf 0.22+ 0.07 The role of anth_ropogenic aerosol_s in thi_s climate system
was obtained. The decrease with increasing SS is likely exiS known to be important, though it remains inadequately
plained by the particle size dependent chemistry with smalledefined. The aerosol interactions with clouds inflict several
particles containing higher amounts of freshly emitted or- complex climatic modifications. Better understand!ng of the
ganic species. Higher values during winter were for the aerosol effects on clouds gnd of the aerosol—clqud mteract'lon
most part explained by the observed aged organics (analysgef0c€sses would largely improve the future climate predic-
from organicm/z 44 ratio) rather than from aerosol organic tons. _

to inorganic volume fraction. The obtainedvalues also fit The ability of an aerosol particle to act as a cloud conden-
well within the range of previously proposed global conti- Sation nuclei (CCN) depends largely on its size and chem-
nentalk of 0.2740.21. During winter, the smallestvalues i@l composition (or water solubility). While in certain en-
and the highest organic fractions were measured in marine aifironments, the effect of size seems to largely surpass that
masses. CCN closure using bulk AMS chemistry led to posi-Of the particle chemistryHrvens et al.2003 Dusek et al.

tive bias of 5% and 2 % in winter and summer, respectively. 2008 Koehler 2006, several studies equally conclude on
This is suspected to stem from size dependent aerosol organiBeVitable effects of particle composition and/or mixing state
fraction, which is underestimated by using AMS bulk mass©n their in-cloud activationRoberts et a).2002 Sellegri
composition. Finally, the results were combined with size &t &l, 2003k Ervens et al.2003 Hudson 2007 Cubison
distributions measured from interstitial and whole air inlets €t @l, 2008 Quinn et al. 2008 Kammermann et 812010

to obtain activated droplet size distributions. Cloud dropletOvadnevaite et al20113. One of the ways to describe the
size independent ability of aerosols to interact with water
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vapour is a simplified Khler model Kohler, 1936, called  tential CCN numbers might not be directly proportional to
“kappa-Kohler”, which relies on a single hygroscopicity pa- the number of real activated cloud droplets (i.e. cloud droplet
rameterx as presented bipetters and Kreidenwe{2007). number concentration, CDNC). Next to the particle size and
For insoluble aerosok becomes zero while for inorganic chemistry, which determine their CCN properties, CDNC is
ammonium sulphate it is around 0.6 and for sodium chloride,also dependent on external factors. The cloud supersatura-
around 1.2 Petters and Kreidenwgi2007). tion profile, which moreover depends on the updraft velocity,

Typical atmospherie-parameter values are around 0.1 to eventually determines the particle activation and further, the
0.4 for continental aerosoAfdreae and Rosenfel@008 cloud climatic propertiesRogers 1975. Constraints for the

Gunthe et a|.2009 2011, Chang et al.201Q Pringle et al, obtained supersaturation are formed by the amount of con-
201Q Roberts et a.201Q Fors et al. 2011 Kammermann densable water available, which the aerosols can also affect.
et al, 201Q Bougiatioti et al, 2011, Cerully et al, 201%, In more precise terms, a higher initial aerosol concentration

Sihto et al, 2011) and 0.6 to 0.9 for marine aerosoAl{ can decrease the water vapour mixing ratio and the release
lan et al, 2008 Hudson 2007 Pringle et al, 2010. Pringle  of latent heat with a consequence of smaller updraft and ob-
etal.(2010 recently suggested a range of continental aerosotained cloud supersaturatioRl@nche et al2010. Thereby,
x of 0.27+0.21 and marine aerosel of 0.72+0.24. The  this effect can, to some extent, counterbalance the effect of
variations in continental aerosol CCN activation propertiesincreasing aerosol concentration on cloud brightness (first
are largely explained by the major fraction of aerosols be-indirect effect), and even more if the aerosol particles are
ing of organic origin Saxena and Hildemanth996 Roberts  highly water soluble. However, to our knowledge, this has
et al, 2002 Zhang et al.2007). While the activation proper- not been verified by direct experimental evidence.
ties of inorganic aerosols are relatively well quantified, those  Within the current work, we examine three principal ques-
of the organics are yet largely uncertain. The aerosol organtions: (1) what is the range of measured CCN numbers during
ics affect aerosol cloud activation depending on their hygro-summer and winter seasons, (2) how do the particle cloud
scopic properties, further related with their origin and atmo-activation properties change with changing air masses, air
spheric lifetime Ng et al, 2010 Raatikainen et a/.2010. chemistry, and environmental conditions, and finally, (3) are
Not only the gradual transformation towards more water sol-the CCN numbers measured representative for observed par-
uble forms as subject to aging of the organighgng et al. ticle in-cloud activation and cloud droplet number concen-
2007 Jimenez et al.2009 Raatikainen et al.2010, but  trations? Within these themes, our specific goals are to ob-
also the debated effects of organic surfactants or surface otain a closure between measured particle chemistry and CCN
ganic films Gill et al., 1983 Lance et al.2004 McFiggans  numbers as well as to indirectly determine the representative
et al, 2006 can cause significant variations to aerosol activa-cloud supersaturations in each of the cloud events.
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 3to 36 % of 2 Measurements and methods
CCN from calculations of bulk chemical compositidvied-
ina et al.(2007) could reduce a bias of 36 % to about 17% 2.1 Measurement site and campaigns
by introducing a size-averaged chemical composition, and
suggested the remaining discrepancy to be explained by th¥easurements were done at puy-dérie (pdD) station
aerosol mixing state. Both of these studies assumed com#45°46 N; 2°57 E) in Central France (part of networks
pletely insoluble organic fraction. A vast number of stud- EMEP/GAW/ACTRIS). The station is on top of a mountain
ies have however found that a soluble fraction of organicsrising notably above the surrounding area with an altitude of
with «-parameter values between 0.1 to 0.3 is needed in or1465m a.s.l. (Figl). The nearest town, Clermont-Ferrand,
der to explain the measured CCN concentrations with meais located 16 km east of the station at 396 m a.s.l. The sur-
sured chemical compositioBugiatioti et al, 2009 Chang  rounding area is largely characterized by forests and agricul-
et al, 201Q Roberts et a).2010 Asa-Awuku et al. 2011, tural fields. More detailed description can be foun¥fémzac
Bougiatioti et al, 2011, Cerully et al, 2011 Martin et al, et al.(2009; Freney et al(2011).
2011). Size-segregated CCN measurements were done during
The number of cloud droplets further affects cloud prop- three week campaigns both in summer and winter. Summer
erties, such as the cloud radiative forcingvomey, 1977 campaign took place between 24 June and 15 July 2011 and
or cloud lifetime and precipitation patternalbrecht 1989 winter campaign between 24 January and 14 February 2012.
Ramanathan et aR001L Rosenfeld et al2008. The aerosol  Supporting in-situ measurements included aerosol chemistry
impact is shown to be significant, and an increase of cloudderived with an AMS, total and interstitial aerosol size distri-
droplet effective radius with decreasing aerosol concentrabutions measured using a SMPS, and various meteorological
tion is shown by several studieklénning et al.2002 Ra- and gas phase measurements. Air mass back trajectories were
manathan et 12001 Twohy, 2005 Lihavainen et al.2008. calculated using Hysplit air transport model. During cam-
It should be still kept in mind that the typically measured po- paigns, variable conditions were observed with periods of
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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 curvddqse et a].2009.
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 diameter¥,() were used
to calculate the CCNc supersaturations. The obtaibgg
values for ammonium sulphate and sodium chloride were
73.0+£1.6 nm and 594+0.9 nm, respectively, in winter at dT
6°C. In summer, they were 7+ 0.1 nm and 6L+ 0.6 nm
at dT 6°C while at dT 12C values of 483+ 1.5nm and
3544+0.2nm were measured. First, the activation diame-
Fig. 1. Measurement site puy-deéine. 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-
continental and marine air masses, overall temperature rangated based on thedbler theory Kohler, 1936 as presented
from —20 to+20°C, and the range of total number concen- in Seinfeld and Pandigd999
tration extending between 100 and 10 000¢m

S = 256Myow [ pw 3 Psis _1D -3 1
2.1.1 CCNc measurements and calibrations c=E€xp 27RT pw M_w ﬁs P50 (1)

Particle CCN activation properties as a function of sizewhere My, and Mg are the molecular weights of wa-
were measured using a miniature continuous-flow streamter (0.018 kgmot!) and solute (0.058 kg mot for NaCl;
wise thermal-gradient CCN chamber (CCNBoperts and  0.1321 kgmot?! for (NH4)2SOs), pw and ps are the den-
Nenes 2005 Rose et al.2008. The aerosol is introduced sities of water (997 kgm?) and solute (2165kgmn? for
in the centreline of the growth column, and surrounded byNaCl; 1770 kg nt2 for (NH4)»SOs), R is the gas constant
filtered humidified sheath flow. Growth tube walls are con- (8.314 Jmot1 K1), T is the temperature (298 Kjy, is the
tinuously wetted and the obtained supersaturation is detersurface tension of water (0.072 JR), Dy, is the activation
mined by the defined column temperature gradient (dT) andliameter ands is the van't Hoff factor Young and Warren
the flow rate. A total flow rate of 200 sccm was used, with 1992. The van't Hoff factor was estimated to be 2 for NaCl
a sheath-to-aerosol flow ratio of 6. The CCN numbers areand 2.5 for (NH)2SOy, following the literature recommen-
detected with an optical detector in the end of the growthdations (e.gRose et al.2008. In summer, the temperature
tube. During summer campaign, two temperature differenceslifference of C was deduced to correspond to a super-
were used in CCNc: 8C and 12C, which were measured saturation (SS) of 234+ 0.001 % (min 0.233; max 0.234)
in turns. During winter, to improve the time resolution, the when using sodium chloride andX314+0.004 % (min 0.228;
CCNc was continuously run with dT°€. Calibrations with max 0.236) when using ammonium sulphate. In winter, the
ammonium sulphate and sodium chloride were used to detercorresponding values were2d64-0.008 % (min 0.235; max
mine the corresponding supersaturations (see below). 0.255) and ®37+0.005% (min 0.232; max 0.244). Ad-
Before the CCNc, a TSI type DMA (length 44 cm) was ditionally, the temperature difference of 42 in summer
used to select the particle sizes. By stepping the voltage, sizesorresponded to a SS ofSD4+ 0.026 % (min 0.486; max
between 10 and 400 nm were measured within 15 min time0.544) when using ammonium sulphate ariil@-+ 0.005 %
period. A TSI CPC model 3010 was used after the DMA in (min 0.507; max 0.517) when sodium chloride. Based on
parallel to CCNc for counting the total number of particles these, the CCNc supersaturations used could be estimated to
per size. Flow rate of 6.8lpm was used as a DMA sheathbe 024+ 0.01% (dT 6°C) and 051+ 0.01% (dT 12°C).
flow while a flow rate of 1.35 Ipm was used as a sample flowWhile the errors defined this way remain rather low, the er-
rate, comprising of the CPC flow (1 lpm) and the CCNc flow rors caused by systematic biases, such as the estimates of
(0.351pm). The assembly of the system is thereafter calledran’t Hoff factors, and errors caused by temperature devia-
CCNc-DMPS. The aerosol was not dried before the DMA, tions or simplifications in correcting for the multiply charged
but the inlet temperature and RH were continuously recordegarticles, should equally kept in mind. We made sensitiv-
to assure that the sample RH remained below 40 %. ity studies using van't Hoff factor ot 0.2 around the pre-
Calibrations for the CCN counter were done every two set values angt 5°C deviation of temperature which led
weeks during both the summer and winter campaigns. Atom+io standard deviation of supersaturation of roughly 0.02 %
ised solutions of sodium chloride and ammonium sulphateand 0.01 %, respectively. In addition, due to higher quantity
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of doubly changed particles at higher supersaturations (adryer. Filter measurements were performed at least once
a result of the shape of atomised distributions) we esti-daily. The cToF-AMS was calibrated for size distribution
mated an additional 0.01 % deviation at dT°Q2follow- measurements using polystyrene latex spheres with sizes
ing this. Therefore, we can more confidently use estimates ofanging from 80 nm up to 400 nm. lonisation efficiency cali-
0.24+0.02% (at dT 6C) and 0514+ 0.03% (at dT 12C) brations were performed using NNOj3 particles. NHNO3

as our effective CCNc supersaturations. particles were atomised through a dryer and a range of sizes
_ were selected using a differential mobility analyser (200 nm
2.1.2  Aerosol chemistry measurements to 400 nm) prior to being measured by the cToF-AMS. lon-

, ization efficiencies ranged from 6.6810~8 (June 2011) to
An aerodyne cToF-AMS Orewnick et al, 2005 Cana- 1.955x 107 (January 2012).

garatna et a]2007) was used to measure the chemical com-
position and mass concentration of the non-refractory submiz 1.3
cron particulate matter (NR-PM1). Using the standard frag-

mentation table described Byllan et al. (2009, chemically g 5 xiliary measurements, which were used to explain the

resolved mass concentrations of individual_ species were ®Xspserved CCN features, included particle chemical composi-
tracted from the raw cToF-AMS data. Adjustments 0 the 4, and number size distribution, as well as numerous me-
fragmentation table were made based on particle free megg g4 6gical parameters. Most of the instruments were oper-
surement periods. The resolved mass concentrations mclud&ed behind the WAI. but the number size distribution was
ammonium, sulphate, nitrate, organic, and chloride SpeCieS'measured in turns using both the WAI and INT. The total
In order to calculate quantitative mass concentrations fromﬂoW rates of the inlets were kept constant so that the 50 %

the cTOF-AMS it is necessary to calculate the collection ef'cut-off size of the WAI inlet was 30 um while that of the INT
ficiency (CE) of the cToF-AMS. The CTOF-AMS does not a5 51:mHowever, at high wind speeds it is possible that the

sample all particles with the same efficiency, and for examplqargest droplets are not efficiently collected on top of the in-

non-spherical particles are not always focused into the parje; “anq the provided in-cloud number concentrations should
ticle beam. Similarly particles can sometimes bounce awayp - refore be considered as lower estimates

fromfthehheated file}_ment c_)ff the CTOF"'AMS' Inff_or_der tc} CO" " The aerosol size distribution was measured using a SMPS
rect for these sampling artifacts, a collection efficiency factor , e rated in a size range from 10 to 500 nm. Correct sizing

is applied.to the raw cToF-AMS data.. Optimisation of this ¢ b ot cCNe-DMPS and SMPS systems was verified with
CE is achieved through comparison with other aeros_ol Me3300 nm atomised latex particles, and with regular checks of
surements. The CE normally varies between 0.5 adid-( 1 rates and DMA voltages. The results of the two inde-
dlebrook et al. 2019). Middiebrook et al.(2019 demon-  nonqent systems compared well. Details of the SMPS system
strated that particles containing high ammonium nitrate CON{,sed can be found ivienzac et al(2009. The SMPS system
centrations are more efficiently sampled by the AMS th":mcollected particles from both WAI and INT, and the inlet line

other inorganic a,n,d organic species. _SimiIaFreney etal. was switched by an automated valve system every 15 min.

(2011), a composition dependent CE is applied to the data: Line length was 1.5 m in both WAI and INT.

CEpry = max(0.5, 0.264+ 0.943 ANMPF) ) The BC mass concentration was measured using a Multi

Angle Absorption Photometer (MAAP 5012). Meteorolog-

where a constant CE of 0.5 is used for ANMF0.25 and ical parameters (including wind direction, wind speed, rel-

a linear CE increase up to 1 for ANMBE 0.25 (Freney  atively humidity RH, pressure, and temperature) were also

et al, 2011). The accuracy of the chosen CE was confirmedmeasured at the site continuously.

through comparison with a scanning mobility particle sizer

(SMPS), where the total volume of aerosol particles sampled.2  Analysis

by the AMS (together with black carbon, BC, measured us-

ing a MAAP) was compared with that sampled by a SMPS.2.2.1 Correction for doubly-charged particles

The AMS volume was calculated by dividing the mass con-

centrations of organic and inorganic species by their respecOne of the goals by using size-resolved CCN measurements

tive densities. A CE of 0.5 was used for both the summeris to understand to what extent the particle activation can be

and winter experiments. Comparison of the SMPS and cToFeharacterized by a single activation diametpg,, and to

AMS volume concentration resulted in a slope of 0.76 andwhich extent the atmospheric particles are an external mix-

0.64, and ak?2 of 77 % and 83 % for the summer and winter ture with varying amount of particles having different proper-

experiments, respectively. ties of activation. Since doubly-charged particles can falsely
Aerosol particles were sampled through either a wholebroaden the activation D-curve (activated fraction as a func-

air inlet (WAI, 50% cut-off size of 30 um) or an intersti- tion of particle size), we used the size distribution data, mea-

tial inlet (INT, 50% cut-off size of 5pum) during the ex- sured in parallel, in order to correct for this broadening. The

periment and then passed through a 72-cm-long diffusiorprocedure was as follows:

Inlet system and auxiliary measurements

Atmos. Chem. Phys., 12, 115894607 2012 www.atmos-chem-phys.net/12/11589/2012/
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1. Inverted CCNc-DMPS size distributions were normal-
ized by channel widths to gef N /A Dy, distributions.
By this normalization, the obtained N /A Dy, values,
thereafter called N in channelsi, could be directly
inter-compared.

. For each particle sizepp,, a corresponding size of
doubly-charged particlestj, was calculated and a
fraction of doubly-charged particleg;, at this new size

11593

(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
¢* independent of activation size. This was done using the
method proposed bRose et al(2008. The aerosol distri-
bution function was obtained by linear interpolation of the
measured aerosol size distribution /A Dp) and normal-
ized to one. Transfer function was assumed to have an ideal
triangular shape and a full-width determined by the aerosol-

vector was determined using bipolar steady-state asgg_sheath flow ratio 1/5. Measured size was corrected by in-

sumption as given bwiedensohle(1989. N e values,

i.e. the normalized number concentrations of doubly-
charged patrticles at size%j could then be determined
as f; -N;, where the values of Nwere obtained from
N; by interpolation.

Dp, was further calculated a% = N j2¢/ (N j2e + Ni1e)-
N;1e here is the singly-charged normalized concen-
tration in selected channél calculated according to
Wiedensohlef1989. This way, the number of doubly-

charged particles was compared to the total number off (Dp) =

charged particles measured in channethich is then
the sum of singly-charged and doubly-charged particles

. Activated fraction, Af, was calculated for each mea-
sured diameter (channel) as CQ@RBN;, and again in-
terpolated to size vector of doubly-charged particles.

fractions accounting only for the singly-charged par-

tegrating the aerosol distribution function over the transfer
function range until a measured activated fraction was ob-
tained.

2.2.3 Kappa-Kohler model

. Fraction of doubly-charged particles measured at eachrhe CCN activity of aerosol particles can be described using

“kappa-Kohler” model Petters and Kreidenwgi007). The
saturation ratioS, over the droplet surface

ol )

can be used to find the kappacorresponding to measured
critical activation diameteDy,. Kappa values were deter-
mined by numerical iteration varying until the maximum

of the saturation curve was equal to the saturation used in-
side the CCNc. Surface tensigr, was approximated us-

40‘wa
RTpwDp

3 3
Dp — Dpsg
3
DS_ Dpgo(1—x)

4

. Beginning from the |argest diameterS, new activateding the surface tension of water. The ValUEKOfepresentS

the hygroscopicity of an ideally mixed aerosol, to which

ticles were calculated. The doubly-charged particlesthe Zdanovskii, Stokes, and Robinson (ZSR) mixing rule
were subtracted from CN numbers to get singly-charged(Stokes and Robinsoa966 applies. Using this equation to

number concentrations as @i= CN; — f; -CN;. Sim-
ilarly, however taking into account also the activated
fraction in the doubly-charged sizes (Afthe doubly-

our calibration aerosol leads to kappa values otl®1 and
0.6+ 0.1 for sodium chloride and ammonium sulphate, re-
spectively, considering the observed variations in activation

charged particles were subtracted from CCN numbergdiameter and those in supersaturation estimation.

as CCNje= CCN; — f; -CN; -Af ;. New Af; was calcu-
lated by interpolating from CCNe/CN;1e, which could

be used again to resolve the corrected activated fraction

in smaller sizes.

2.2.2 Sigmoidal fitting and parameters characterizing
CCN activation

After the corrections, a sigmoidal function
Ncen E

was fitted to activated fraction as a function of particle diam-
eter, Dp. The fitting parameters represent the critical activa-
tion diameterDy, the height of the activation curve, and

its steepness;*. The value ot* can now be used as a mea-

©)

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-°13@0-260,
260-315 and 315-19, respectively), according to the max-
imum of time spent per sector. The classification is identical
to that previously used biyreney et al(2011). In addition to
these sectors, air masses circulating mainly above continen-
tal France were classified as local.

sure of homogeneity of the aerosol mixture, i.e. the higher

the value ofc*, the more internally mixed the particles are

www.atmos-chem-phys.net/12/11589/2012/
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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) anc
AMS volume fractions.

marine marine modified mediterranean local continental
e ———— ]

Clouds
Temperature

Fig. 3. Overview of conditions during the winter 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 % supersaturation) and AMS volume
fractions.

3 Results tween 50 % and 80 % to the aerosol volume fraction with
highest concentrations measured at the start of the campaign
3.1 CCN number concentration in summer and winter and were dependent on air mass origin and meteorological
situation. With increasing temperature, the organic aerosol
General overviews of summer and winter campaign meteocomposition increased gradually with time, as can be ob-
rological conditions along with the measured CN and CCN served during the first part of the experiment. The arrival of
concentrations are presented in Figand3. Temperature in ~ clouds and rainfall events resulted in a sudden decrease in the
summer varied between 10 and*q) and relative humidity ~ organic particle mass concentration.
(RH) between 45 and 100 %. Marine and modified marine During the winter campaign, continental air masses pre-
air masses were prevailing during the summer campaign, butailed for most of the time after a short period of marine air
also all other air mass types were detected. The total numin the beginning. Very cold temperatures in the range from
ber concentration ranged from some hundreds up to 10 006-20°C up to around OC were detected. During the first
particles cnm3 while the measured CCN concentrations were half of the campaign, many in-cloud periods were captured.
typically between 200 and 2000 cth Three major periods The first half was characterised with high RH conditions, and
of in-cloud measurements were captured. clean air with only some tens or hundreds of particles and
The mass concentrations of sulphate and nitrate aerosdFCNSs. After this, a dryer continental period with increased
composition in summer were low with similar trends and CN and CCN concentrations prevailed for the rest of the
variability (Fig. 2). Organic aerosol particles contributed be-

Atmos. Chem. Phys., 12, 115894607 2012 www.atmos-chem-phys.net/12/11589/2012/
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Fig. 4. CCNp 24 concentration as a function of the total particle number concentration (CN) separately for summer (left) and winter (right).
Colour shows the hygroscopicity parametervalue 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.

w
o
o
o

2000

1000

Cumulative concentration [cm™3]

0

summer

1

3
w
o
o
o

2000

1000

Cumulative concentration [cm™]

winter

10 10 10

Diameter [nm]

Diameter [nm]
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dashed line). The horizontal lines depicted mark the corresponding CCN activation diameteafoes of 0.2, 0.4 and 0.6 (assuming SS
of 0.24 %).

campaign. CCN concentrations increased up to 300(cm plained by the variations in aerosol modal characteristics
and total number up to 10 000 crh (Fig. 5). During winter, periods of long-range transported
During the winter campaign aerosol composition was vari-polluted continental aerosol were common, with characteris-
able with inorganic species contributing high volume frac- tics of strong accumulation mode. The most elevatediues
tions (65%+ 17 %) to the submicron aerosols mass (B)g.  were also measured in polluted air masses. Correspondingly,
The fraction of the organic aerosol varied between 20 % anchigher CCN to CN fractions, as well as highevalues were
77 %, with an average contribution of 36:%7 %. The AMS  measured in winter. An increase ofvalues could indicate
mass spectra indicated strong influences from biomass burra higher fraction of long-range transported aged organics, as
ing events from 5 February to 15 February with increases inshown byRaatikainen et al2010, or simply a lower frac-
NOs mass fractions up to 70 %. A more detailed discussiontion of organics in comparison to aerosol inorganic, and typ-
on the submicron aerosol mass concentration sampled by thieally more hygroscopic, fraction. Additionally, during win-
cToF-AMS during these winter and summer measurementser the measurement site is occasionally above the boundary
is provided inFreney et al(2012. layer air mixing height, when more aged free tropospheric
The connection between total particle number andaerosol can be measured (evgnzac et al.2009. In con-
CCNp.24 number (measured at SS 0.24 %) is shown in &ig. trast, during summer, a major fraction of the total particle
Part of the variability in CCN to total CN ratio can be ex- number consisted of particles of sizes below 100 nm (Big.
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and correspondingly, the CCN to CN fraction occasionally summer
decreased. In contrast to the winter season, no clear coupling
betweenk and particle number concentration was seen in
summer (Fig5). This suggests that changes in aerosol chem-
istry and therefore in were important for the observed vari-
ability in CCN to CN fraction. During both summer and win-
ter, the maximum CCRh4 concentration was about 70 % of
the total aerosol concentration (F#). This high fraction of

CCNs was detected when the aerosol hygroscopicity param- /% 20° - 729
eterx reached its most elevated values=00.5. CCN to CN W ) 0
fraction showed more scatter during summer than winter, and winter
especially when the was small. A linear fit to CCN versus 679 2000
CN resulted expectedly in better correlation during winter: a 1506@
slope of 0.47 was obtained&? = 0.80) in contrast to sum- S,
mer, when the slope was 0.184 = 0.15). 1000
Z
3.2 Hygroscopicity parameterk 500 8
To further examine the aerosol CCN activation properties, 20° 0
sigmoidal fittings were done for the size-segregated activatea w 0
fractions (Eq.3). The activation diametersiyg,) for sum- rig 6. CCNy 24 concentrations with the air mass origin during sum-
mer and winter were obtained using Eg).(This led to val-  mer (up) and winter (down). The star marks the location of the mea-

ues of 9512 nm and 8& 13 nm for summer and winter, re- surement site. For details of the calculations, see Sect. 3.3: aerosol
spectively, at SS 0.24 %. In addition, during summer the mea<CN properties by air masses.

surements in SS 0.51 % gave an activation diameter value of

65+ 7 nm.

By using thex-Kdhler model (Eq4), aerosolx values  per square. The impact of aerosol in each square on the mea-
were determined. The overall averagegcalculated at SS sured aerosol was weighted by the time the air mass spent
0.24 %) during summer wasZ®+ 0.13 (median 0.26). This in the square as well as by the temporal distance to the end
fits well to the suggested global average aeresof around  trajectory point (measurement site). The trajectory points de-
0.3 measured in continental siteSndreae and Rosenfeld termined 3-days ago were weighted by 50 % and the weight
2008 Pringle et al. 2010. The « calculated at SS 0.51% increased linearly with time up to 100 % at the closest tra-
was however lower, being 22+ 0.07 (median 0.20). In con- jectory point. This way, the measurements at pdD site were
trast, during winter the value of 043+ 0.19 (median 0.42) thought to be the most representative to the squares (regions)
was obtained, despite the fact that the aerosol was mainlyvhere air mass had passed lately and/or where the air mass
of continental origin with a significant fraction of organics had spent most of its time. To calculate averages of different
included (see the next subsection). While galue of 0.43  measured quantities for each square, minimum of three val-
fits within the suggested range aRPJ £ 0.21 (Pringle et al. ues, each representing average of 3 h of measurements, was
2010, in previous studies on the same order have mainly required. In practise, if for example air masses had passed via
been observed for sulphate enriched aerosol of moderate og& specific region (square) five times all together during the

ganic fraction Kuwata et al. 2008 Mochida et al, 2010, campaign but on different days, we assumed that the impact
unlike here. of this region was reflected to our on-site measured aerosol

guantities (such as the CCN concentration or aerosol kappa).
3.3 Aerosol CCN properties by air masses Depending on the temporal distance between the region and

the measurement site, and the time the air mass spent on that
As already implied by our coarse classification of air massesregion, a weight was given for each of the five individual
the aerosol CCN properties manifest significant variationsmeasurements and average of them was calculated.
with air mass origin. We examined the effect of air mass During both summer and winter, the continental air masses
origin to our on-site measured aerosol CCN properties byresulted in highest CCN concentrations (Fy.During win-
following the air mass route three days backwards, and startter, very high CCN concentrations (averagel500 cnt3)
ing a new trajectory every three hours. The nearby regionwere seen in air masses originating from Eastern Eu-
was divided into equal sized squares (53° in summer  rope and moderately elevated CCN concentrations (around
and 8 x 3° in winter). In summer the air masses came from 1000 cnT2) in air masses from Northern and Central Europe.
smaller geographical area which enabled us to use a bettdfor the summer experiment, the highest CCN concentrations
resolution grid size with approximately the same statistics(around 1000 cm3) were detected in air masses originating
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gin during summer (up) and winter (down). The star marks theth { site. For details of th lculati Sect. 3.3:
location of the measurement site. For details of the calculations, € measurement site. For details of the calculations, see sect. 5.5

see Sect. 3.3: aerosol CCN properties by air masses. Note that thaeerosol CCN properties by air masses.
colour scale is different for summer and winter.

0.6, 0.26 and 0.09 for free tropospheric, marine and continen-
tal aerosol, respectively, the aerosol modal characteristics ex-

from British Isles and Central Europe, while air masses fromplain part of the descrepancy (Fi). The continental aerosol
Eastern Europe were not measured during the campaign. Thet our site seems much more aged, and in lack of near-by
CCN concentrations in marine air masses during both seapollution sources, the nucleation and Aitken mode concentra-
sons were typically well below 500 cm, but average val- tions remain moderate. In contrast, the fraction.86a-0.21
ues of around or even above 500chwere occasionally de- suggested byRoberts et al(2010 for marine aerosol, fits
tected. wellin our dataset as well. Overall, however, our results seem

The aerosol hygroscopicity parameteshowed interest-  to suggest that the CCN to CN ratio is highly variable be-
ing variations with respect to the air mass origin (Fi§.  tween different sites and measurement conditions. For ex-
During summer, the value reached its minimum of 0.2 ample, Gunthe et al(2009 found a ratio CCN to CN of
in Southern European air masses, but low values were  around 0.48 (at SS 0.28 %) as measured in tropical rainforest
also seen in marine air masses. Howewein marine air  when average aeroselwas 0.15.Sihto et al.(2011) found
masses seemed highly dispersed, with variation of values bea CCN to CN value of around 0.2 (at SS 0.2 %) in boreal
tween 0.2 and 0.4. The Northern European air masses furforest, when the value of aerosowas 0.18 and the aerosol
ther showed the highestvalues of around 0.4. The overall chemical composition was controlled by organics. On other
variation ofx during summer was less pronounced in com- side,Ovadnevaite et a[2011g measured CCN to CN ratios
parison to winter. The in winter presented clear differences of > 0.8 for marine aerosol enriched with primary organics,
between the air masses, with lowest values of around 0.2 dewhile lower ratios of around 0.5 were obtained when aerosol
tected in marine air masses, and highest-di.6 in South-  was enriched with sulphates. Interestingly, for each different
ern European air masses. This is slightly counterintuitive, be-air mass, the CCN to CN ratios follow closely the variations
cause marine aerosols are generally seen to be highly hygran total CCN number concentration (Fig). Furthermore, es-
scopic and the polluted continental aerosols less hygroscopipecially in winter, this follows the variations in (Fig. 7).
(e.g.Pringle et al.2010. The organic mass fractions measured by the cToF-AMS

The total CCN to CN ratio was generally higher in conti- give further support to our CCN results (Fig). Indeed, it
nental in comparison to marine air, and the lowest ratios ofseems the marine air masses contained a notable fraction of
around 0.2 are seen in marine air masses for both summarganics during winter. This is also what was foundSs/-
and winter (Fig.8). While this is contradictory tdRoberts  legri et al.(20033 at the pdD site. Unfortunately, the latest
et al. (2010, who measured average CCN to CN ratios of results of aerosol chemical composition seasonal variation by

www.atmos-chem-phys.net/12/11589/2012/ Atmos. Chem. Phys., 12, 1138607 2012



11598 E. Asmi et al.: CCN at puy-de-Bme

summer summer
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origin during summer (up) and winter (down) for the periods of value with the air mass origin during summer (up) and winter

simultanious CCN measurements. The star marks the location o . .
. . . down). The star marks the location of the measurement site. For
the measurement site. For details of the calculations, see Sect. 3.3;

) . etails of the calculations, see Sect. 3.3: aerosol CCN properties by
aerosol CCN properties by air masses. aif masses

Freney et al(2011) do not present marine air masses during
winter period. Organics were present in high mass fractiondes (O’'Dowd et al, 2004 Chang et al.2011;, Ovadnevaite
also in Southern European air masses and this fraction showet al, 20113. However, the marine organic fraction seasonal
a decreasing tendency towards Northern Europe. This couldnd/or spatial variability, and furthermore, the hygroscopic or
be explained by climatic conditions and snow cover in north-CCN properties of these organics, also subject to aging, are
ern parts of Europe, further suppressing biogenic activitiesnot truly understood. Consequently, the reported results are
and release of organics from vegetation sources. The reldiighly disperseAllan et al, 2008 Asmi et al, 2010 Martin
tively high organic mass fraction of around 0.4 in Southernet al, 2011, Ovadnevaite et gl2011Hh.
European air masses, coinciding with the highest observed Finally, the aerosol mixing state within the measured air
« values, further indicates either very aged organic aerosomasses was studied by using the steepness of the fitting slope
or surface active organics, where depression of aerosol pafc*, EQ. 3) as an indication of aerosol mixture homogene-
ticle surface tension could explain the observed high CCNity. During summer this parameter did not show significant
activity (McFiggans et a).2006. During summer, the high- variations with air masses, and valuesctfof around 10
est fractions of organics are in contrast detected in Southerto 15 were constantly seen. For comparison, the value of
European air masses and the lowest in marine air masses. ¢* obtained for our calibration aerosols of ammonium sul-
It seems that the observed variability of aerosplarame-  phate and sodium chloride varied within 20 to 30. This in-
ter can be qualitatively explained by the variations in aerosoldicates that the atmospheric aerosol during summer was not
organic mass fraction. However, another question is how welbpurely of uniform composition but rather the external mix-
we can predict the aerosol organic fraction and the propertiegng state remain relatively constant. During winteryaried
of these organics. Even if our values fit to the globak from about 5 up to about 15, showing the lowest values (i.e.
range, the results also highlight the importance of temporaimore external mixture) in marine and Southern European air
variability in particle chemistry which further affects aerosol masses, where the fraction of the organics was the highest.
cloud activation. The mainly inorganic Northern European aerosol was instead
The observed elevated concentrations of organics, decreastoser to an internal mixture. With only the limited amount
ing the aerosat parameter in marine air masses during win- of data available, it seems unfair to draw too far-reaching
ter is intriguing. The presence of high quantities of organicsconclusions on the differences in aerosol mixing state be-
in marine aerosol has also been reported by previous studween the seasons. However, the results seem to indicate that
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summer aerosol is better mixed, regardless of the aerosol or  -03__-02__-0.1 0 01 02 03 04 05 06
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-scaleSubison et al(200§ 0.25r . o summer 1
suggested a time scale on the order of 1 to 2 days for the ' = winter
aerosol near pollution sources to become internally mixed. %[ P TN « -~ Ngetal, 2010 |
It is possible that the winter continental aerosol is exposedy gys| o 75 ap * s 1
to several anthropogenic sources on the way leading to more T ’fﬂpf;}

external state observed at our site. For marine aerosol, the 0.1 N e 1
externally mixed nature might be caused by aerosol transport ’

over the continent, mixing continental air to marine air be- 0.051 i
fore arriving at the site. During winter, the high elevation of 0 ' ‘ RN

. . . . . .02 .04 . . 1 .12 .14 i .1 .2
the site should additionally be kept in mind, because this en- 0 002 004 006 008 pa 012 014 016 018 0

ables mixing of lower tropospheric air with more aged free

tropospheric aerosol Fig. 11. Organic aerosoin/z 44 ratio to total organics (f44) as a

function of m/z 43 ratio to total organics (f43). Tringle (dashed
3.4 Organic aerosol fraction lines) are taken fromlg et al.(2010. Round symbols are used for
summer and squared for winter. Data are averaged by 120-min for
The properties of organic aerosol can be highly variable. ThiseaC:'\ﬁg'”t' Jgeccl\?'our shows the calculated organic aexosaised
variation can explain a part of thevariation observed, and on an ¢ measurements.
therefore we had a closer look at the aerosol organic frac-
tion measured with the AMS. The AMS measured aerosoljcies resolved two oxygenated organics but no primary or

mass fractions were converted to aerosol volume fractiong,y qrocarbon organic aerosol. This is in agreement with other
using densities 1.3, 1.77 and 1.8 for organic, inorganic andyneasyrements made at the pdD site illustrating that the pdD
black carbon (BC) fractions of aerosols. BC was assumedie is not often advected by fresh emissions.

insoluble & = 0) and inorganic fraction soluble with of When the ratio ofm/z 44 fraction of organics (44) to
0.61 (based on CCNc calibrations with ammonium sulphate) 1,/> 43 fraction of organics (f43) is depicted, most of the at-

Using the simple ZSR mixing ruleStokes and Robinson  ospheric measurements have been seen to fit within a tri-
1966, the only unknown remains the of aerosol organic angle, defined bNg et al.(2010, such askulmala et al.

fraction, kore, which is then (2011). We plotted this triangle on top of our measurement
« —0.61-ViNnorG — 0.0 Ve points and coloured our data with estimatesc (Fig. 11). It
KORG = VoRra (5) seems that the points measured during summer fall to a lower
level of the triangle, as an indication of higher fractions of
where \bRrg is the volume fraction of organics,Norg that SV-O0A, while the points measured during winter gather on
of inorganics, and ¥ that of black carbon. the upper left side of the triangle, thereby indicating mainly
This approach, leading to an average valuexekc LV-OOA. Raatikainen et a[2010 showed that SV-OOA are
of 0.03+0.20 in summer and .28+ 0.23 in winter, was rather connected to local emissions and LV-OOA fraction to
tested with AMS results. Positive matrix factorisation (PMF) long-range transported organics. Further the division in left-
was used to separate the organic mass spectra into groupght axis indicates more biogenic sources during summer
of less volatile oxygenated organic aerosol (LV-OOA) and with respect to possibly biomass burning sources dominat-
semivolatile oxygenated organic aerosol (SV-OOA). During ing during winter. An interesting period during winter is the
summer campaign, the LV-OOA species had its characterisbeginning of campaign, when marine air masses with small
tic peaks with highest contribution from/z44 (CQ.). The  values ofxk and high mass fractions of organics were ob-
SV-O0A component had high contributions framiz43 as  served. In the triangle, this period is represented by the points
well as fromm/z55, 57, and 91, characteristic of less aged scattered on the left side of the triangle, showing the small-
organic aerosol. The temporal evolution of the SV-OOA andestxorg Values detected. It is clearly separate from rest of
LV-OOA were similar as is characteristic of the pdD site the winter data, where higlprg values from long-distance
(Freney et al.2011). The LV-OOA, contributing approxi- sources seem to dominate. It is also noteworthy that during
mately 75% to the measured organic mass concentrationsummer the approach used for calculatiggrc leads often
has similar mass spectra to an oxidised organic aerosol mede negative values. This can be seen as an indication of fresh
sured in previous campaignslprich et al, 2009 Lanz et al, organics actually inhibiting the particle CCN activation due
2010. The SV-OOA made up the remaining 25 % of the to- to their surface effects, but can as well be solely the variation
tal organic aerosol and has similar mass spectral profiles tavithin uncertainties of the method for calculatingrg. One
SV-OOA measured at other research sifdg et al, 2010. evident uncertainty for example comes from the fixed value
During winter the PMF analysis of the organic aerosol par-of inorganicx. Testing the sensitivity of averagerg for
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While the aerosol organic volume fraction varies within the £
limits of about 0.3 to 0.7, we can study the change of total = 5%
aerosole (at SS 0.24%) as a function of this fraction. Fur- S 1000
ther, extrapolating up to an organic fraction of 1.0, gives an
average approximation of the of organic aerosol fraction.
For summer this results ikprg of 0.11, while in winter this
results in a highekporg of 0.26. Considering the f44 ratio
(Fig. 11), together with measured total aerosolit is clear _ ) .

that the organic aerosol during winter is more aged than dur!: 'g. 12. Aerosol CCMo.24 number concentration e§t|mated based
. . on aerosol chemistry from AMS (y-axis) as a function of that mea-
ing summer and, consequently, the appro_XImac@dG vaI-_ sured with the CCN counter (x-axis) during winter (squared points)
ues of 0.11 and 0.26 for _S!Jmmer_and _W'.nter' I’esPecuveIy’and summer (round points). Aerosol organic fractigirg was as-
seem reasonably well justified. Using similar methGdn-  sumed 0.26 during winter and 0.11 during summer. Linear fittings
the et al.(2009 found xorg Of 0.1 in tropical rainforest.  for winter (blue line) and for summer (red line) are also presented
However, comparing these results with averaggc values  along with 1/1 line (black). Th&? values of fittings were 0.99 and
of 0.03 and 0.28 for summer and winter, respectively, we may0.88, respectively for winter and summer.

notice that this method tends to give more weight to the high-

est organic fractions.

500+

% 1500 2000 2500 3000

CCN measured [cm™]

500 1000 3500

The estimatedorg values of 0.11 and 0.26 were used to 03 0.4 o%g 0.6
obtain a closure between chemistry based g&Nnd mea- . oV .
sured CCN 24 concentrations. CCN concentrations based ‘ ‘ T
on AMS bulk chemistry were calculated based«eKohler I
(Eqg. 4). Thus, aerosol chemistry derivedwas first derived 051 L7
based on an estimated value @jrg, and using Eq.5) to L7

0.41 -

calculate aerosa. Then, these values were converted to ac-
tivation diameters (Ed) 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 (ol
fully internally mixed, and a sole diameter represents the ac-
tivation size. 0.1F

It appears that the AMS derived CCN concentrations are
in good agreement with those measured by CCNc (E2y. 0O 0‘4 0‘5 06

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- Fig. 13. Measured aerosol CCN at SS 0.24 % (y-axis) and at SS
mer (R2 =0.88). A likely reason for the slight overpredic- 0.51% (x-axis), taken from the consecutive CCN measurements at
tion is that aerosol organic fraction in bulk chemistry is un- the two SS, as a function of the organic volume fraction (colour
derestimated with respect to the organic fraction in aerosol$cale) derived from the AMS total aerosol composition during sum-
at sizes of CCN activation. This is supported with summer™er Period.

measurements at two different supersaturations, where the

k values calculated for higher supersaturation of 0.51 % re-

mained lower than those calculated for SS 0.24 % (E8). An increase of the value of aerosolparameter with size

In particular, when the AMS measured the lowest organichas also been seen I§unthe et al(2009; Cerully et al.
volume fractions, the&qs; remained well belovwg 24, indi- (201D); Fors et al.(2011); Martin et al. (2011 and even in
cating that in smaller sizes larger fractions of organics wereAntarctica @Asmi et al, 2010. The size dependency of the
still present and/or they were less hygroscopic, for exampleaerosol organic fraction depends however on the measure-
due to shorter aging time. The average, of 0.22 andcg 24 ment site, and in some cases, also an increase of hygro-
of 0.29 correspond to activation sizes of 63 nm and 95 nmscopicity with decreasing size has been repor@ougia-

thus representing in principle Aitken and accumulation modetioti et al., 2011). This size dependency has also previosly
aerosol activation properties. been suggested to explain the differences observed in CCN
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250 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.
2007 1 The most straightforward comparison can be done simply
by comparing the measured accumulation modd Q0 nm)
¥ number concentrations with the corresponding cloud droplet
1501 a i number concentrations (CDNC), obtained by comparing the
INT and WAI number concentrations. Previous studies, made
f " mainly for marine aerosols, have found quadratic depen-
dence, such that with increasing number concentration the
fraction of CDNC gets smallerT(vohy, 2005 Lihavainen
I i etal, 2008. This is also indicated by our results (Fig). In
contrast, within the uncertainties included, the dependence
of CDNC onx parameter is not evident. We believe, how-
%0 o 0 s n pE— ever, t_h_at changes in cloud I_iquid W_ater cor_utent (LWC) can,
DOY in addition to aerosat, explain a major fraction of the scat-
ter. Unfortunately, LWC measurements were not available
Fig. 14. Measured aerosol activation diameters during winter by during campaigns. Figurk5 shows also the obvious resem-
CCN counter at SS 0.24 % (blue squares) and by swithing betweep|ance between the accumulation mode number concentra-
WAI and interstitial inlet using the SMPS (red crosses). tion (CN-100nm) and CCN24 concentration. The main re-
sult is however plotted as a function of Cihonmin 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 (Ed) and thex from CCNy 24, are
combined in thec-Kohler theory (Eq4). Our results indeed
suggest decrease in cloud supersaturation with increasing ac-

Ncumulation mode aerosol concentration (Fi§). With the
smallest CN 100nmValues of below 100 cr?, cloud SS val-
ues between 0.2 and 0.6 are obtained while when {ghhm

—=— CCNCc (SS 0.24%)
—— SMPS int/wai

100

Activation diameter [nm]

a
o
T

closures with bulk chemical information include@drully
etal, 2011).

3.6 Cloud droplet number concentration and cloud
supersaturation

In the last part of the analysis, we wish to connect our CC
measurements with actual particle in-cloud activation. In or-
der to do this, the particle cloud activation diameters were, 3 o= *

calculated using the switching-SMPS system, where the act> V&' 200 crm®, SS remains in range 0.1 to 0.3. This corre-

tivated fraction Af in each SMPS channel was obtained as lation sugge;ts the z_ierosol p_artlcle_s are !mport_ant for cloud
supersaturation profiles and in particular in environments of

low initial particle numbers.
The study byAnttila et al. (2009 found cloud supersat-
Nwar, ’ 6) urations on the order of 0.18 to 0.26 % for low-level clouds
in Northern Finland in conditions of total aerosol concentra-
where Nyaj; is the number of particles measured in chan- tions reaching from 200 to 2000 ¢y, which is in line with
neli in whole air inlet (WAI), and Ny, the corresponding our results. By contrast, their study did not find an effect of
particle number in interstitial inlet (INT). The concentrations changing aerosol concentration to resulting cloud supersatu-
were measured in 15min turns in WAI and in INT, and av- ration.Roberts et al(2006§ suggested an in-cloud supersat-
erage concentrations measured during these 15-min periodgation on the order of 0.3 % over the Eastern Pacific Ocean
were compared. After this, sigmoidal fits (E3).were fitted  based on minima between Aitken and accumulation modes.
to activated fraction versus diameter, as in the case of CCN¢legg et al.(2009 obtained a SS range from 0.2 to 0.3 for
data. clouds over the Californian coast. One of the advantages in
In Fig. 14 an example of determined activation diameters our study was the vast range of Chonm Which allowed
is shown. Due to the sensitivity of the method to changesfor determining the effect of aerosols on in-cloud SS. To
in size distribution during the 30-min measurement period,further verify our results, more work, especially in regions
and due to noise caused by the low number concentrationsyhere aerosol number concentrations are low, is needed. This
the scatter in data is evident. Part of the scatter might alsshould, in addition to CCN measurements and in-cloud acti-
be explained by the scatter in supersaturations experiencedated aerosol fractions, include a more detailed characteri-
by the in-cloud particles. Nevertheless, the results should bsation of cloud properties and local meteorology in order to
interpreted keeping in mind the large uncertainties associoffer more quantitative estimates of aerosol effects on differ-
ated with the method. What can already be noticed based oant types of clouds.
Fig. 14is that the chosen principal supersaturation of 0.24 %
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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 measuked aerosol
parameter. Small picture on the left upper corner shows the CDNC as a function of thgog €dhcentration, and is shown here to note

that typically CN. 100nmrepresents well the aerosol Cgbly concentration at our measurement site.

and 0.51 % at a puy-deédne measurement station in Central
France. These were analysed with respect to air mass origin,
aerosol in-situ chemistry, aerosol humber size distributions
and local meteorology. Obtained results were also compared
8 with real activated aerosol profiles, measured using two inlet
0.6/ u® | systems.
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The results show that the aerosol CCN activity at puy-de-
Dodme fits into the prevailing picture of global aerosol activa-
tion properties. The obtained range of a hygroscopicity pa-
rameter was 029+0.13 in summer and.@3+0.19 in win-
ter, when calculated using SS of 0.24 %, thereby representing
an accumulation mode aerosol at our site. Whevas calcu-
lated using SS of 0.51 % in summer, which is more represen-
tative for Aitken mode aerosol, a lower value 022+ 0.07
was obtained. These values are within the previously sug-

Fig. 16. Cloud maximum supersaturation (y-axis) as a function gested global continentalof 0.27+0.21.

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 point

shows CCNc measured aeroseparameter.

4 Conclusions

S

The absolute CCN number concentration in summer
ranged from about 200 up to 2000 chand during winter

from 50 up to 3000 cme. 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

We measured size-segregated cloud condensation nucl&f"ong accumulation mode concentration. However, the high-
(CCN) concentrations at two supersaturations (SS) of 0.24 9&St CCN to CN ratios coincided with the highest obsewed

Atmos. Chem. Phys., 12, 115894607 2012
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values, thereby highlighting the importance of chemistry in
aerosol activation.

In summer, the continental European aerosols containe!
the highest fractions of organics, and consequently, showe:
also the lowesk values. In winter, the lowest values were
surprisingly observed in marine air masses, again accom-
panied by the highest organic mass fractions of up to 60 %rhe publication of this article is financed by CNRS-INSU.
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 propertiesReferences
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