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Abstract

As part of the CLACE-6 campaign we performed size-resolved CCN measurements for
a supersaturation range of S = 0.079 % to 0.66 % at the high-alpine research station
Jungfraujoch, Switzerland, in March 2007. The derived effective hygroscopicity param-
eter k describing the influence of particle composition on CCN activity was on aver-
age 0.23-0.30 for Aitken (50—100 nm) and 0.32—0.43 for accumulation mode particles
(100200 nm). The campaign average value of k = 0.3 is similar to the average value
of k for other continental locations. When air masses came from southeasterly direc-
tions crossing the Po Valley in Italy, particles were much more hygroscopic (« ~ 0.42)
due to large sulfate mass fractions. The « values obtained at S = 0.079 % exhibited
a good negative correlation with the organic mass fractions derived from PM, aerosol
mass spectrometer (AMS) measurements. Applying a simple mixing rule the organic
and inorganic mass fractions observed by the AMS could be used to reproduce the
temporal fluctuations of the hygroscopicity of accumulation mode particles quite well.

We show how during a cloud event the aerosol particles were activated as cloud
droplets and then removed from the air by precipitation leaving behind only a small
amount of accumulation mode particles consisting mainly of weakly CCN-active parti-
cles, most likely externally mixed unprocessed soot particles.

During the campaign we had the opportunity to directly compare two DMT CCN
counters for a certain time. The total CCN concentration (Ngcp 101) Obtained by the two
instruments at equal supersaturations agreed well for both possible operating modes:
detecting Ngcn 1ot directly by sampling the polydisperse aerosol with the CCNC, or
indirectly by combining size-resolved measurements of the activated fraction with par-
allel measurements of the particle size distribution (e.g., by SMPS). However, some
supersaturation setpoints differed between the two CCNCs by as much as 20 % after
applying the instrument calibrations, which resulted in differences of the correspond-
ing Ncentot Of up to 50 %. This emphasizes that it is extremely important to carefully
calibrate the supersaturation of the instrument, especially at low S.
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1 Introduction

Atmospheric aerosol particles that enable the condensation of water vapor and thus
form cloud droplets are called cloud condensation nuclei (CCN). They indirectly influ-
ence the Earth’s climate by determining cloud microphysics, the formation of precipita-
tion and cloud radiative properties (cloud albedo) (e.g., Lohmann and Feichter, 2005).
The response of cloud characteristics and precipitation processes to increasing an-
thropogenic aerosol concentrations represents one of the largest uncertainties in the
current understanding of climate change (IPCC, 2007). Therefore it is crucial to un-
derstand the factors that influence the properties and abundance of CCN. Since the
temporal and spatial distribution of CCN is highly variable it is necessary to perform
measurements at various seasons and locations to improve the incorporation of CCN
in meteorological cloud and climate models.

Numerous papers have reported CCN measurements from various regions around
the world, including marine, remote continental, and highly polluted environments. In
most of these studies, the total CCN concentration is directly measured by a CCN
counter at different supersaturation levels. Only recently, the numbers of studies in-
creased, in which the CCN activation of ambient aerosol was examined with size res-
olution (e.g., Dusek et al., 2006; Kuwata et al., 2007, 2008, 2009; Kuwata and Kondo,
2008; Gunthe et al., 2009; Dusek et al., 2010; Rose et al., 2010; Bougiatioti et al., 2011;
Bukowiecki et al., 2011; Cerully et al., 2011; Deng et al., 2011; Gunthe et al., 2011; Ir-
win et al., 2011; Kim et al., 2011; Rose et al., 2011; Padro et al., 2012; Zhang et al.,
2012; Deng et al., 2013; Hong et al., 2013; Juranyi et al., 2013; Lance et al., 2013; Wu
et al., 2013). The size-resolved CCN measurements, however, reveal additional infor-
mation about the mixing state with regard to particle hygroscopicity/CCN activity, which
is an important factor for predicting CCN concentrations with high precision (e.g., Rose
et al., 2011; Padré et al., 2012).

The high-alpine research station Jungfraujoch in Switzerland provides the opportu-
nity to measure continental background aerosols since most of the time the station is
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located in the free troposphere but sometimes it is also influenced by injections from
the planetary boundary layer (Collaud Coen et al., 2011). The hygroscopicity and CCN
activity of aerosol particles as well as their activation behavior in ambient clouds have
been investigated at the Jungfraujoch for several years (e.g., Henning et al., 2002;
Nessler et al., 2003; Cozic et al., 2007; Sjogren et al., 2008; Kammermann et al.,
2010; Juranyi et al., 2010, 2011; Hammer et al., 2013). These studies found that there
is only little seasonal trend in the hygroscopicity and CCN activity. On the other hand
the number fraction of particles that can be activated under a certain water vapor super-
saturation exhibits a significant seasonal cycle due to strong seasonal variations of the
number fraction of larger particles. During influence from the planetary boundary layer,
the hygroscopicity and CCN activity are slightly reduced. Measurements on the mix-
ing state of particles have been investigated only under sub-saturated conditions yet.
Overall, it has been found that the observed chemical composition, the hygroscopic
growth, and the CCN activity are generally consistent.

In this study, we present size-resolved CCN measurements on the Jungfraujoch per-
formed during the CLACE-6 campaign in March 2007. We relate the CCN properties to
the meteorological conditions and compare them with measurements of the particles’
chemical composition.

2 Methods
2.1 Measurement location

Measurements were performed over the period of 3—13 March 2007 at the Global At-
mosphere Watch (GAW) laboratory of the high-alpine research station Jungfraujoch
(JFJ hereafter, 3580 ma.s.l., 46.548° N, 7.984° E, see Fig. 1) in Switzerland and were
part of the “CLoud and Aerosol Characterization Experiment” in 2007 (CLACE-6). Be-
cause of the station elevation the JFJ is considered to be prevalently in the free tropo-
sphere and therefore suited for the measurement of background aerosol (Nyeki et al.,
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1998). Nevertheless, convective anticyclonic and convective indifferent weather situa-
tions, which occur mostly from April to September, influence the JFJ through injections
of air parcels from the planetary boundary layer. Therefore aerosol concentrations ex-
hibit a seasonal cycle with a maximum in summer and a minimum in the winter (Col-
laud Coen et al., 2011). More detailed information about the JFJ site and long term
measurements of aerosols can be found in Baltensperger et al. (1997); Cozic et al.
(2008) and Collaud Coen et al. (2007, 2011).

2.2 Meteorological conditions

The average meteorological parameters (arithmetic mean * standard deviation)
recorded during the CCN measurement period near the aerosol inlet were: (262 + 3) K
ambient temperature, (65 + 33) % ambient relative humidity, and (653 + 5) hPa ambient
pressure. The time series of the basic meteorological parameters displayed in Fig. A1
do not indicate any diurnal cycle. Except during two periods with clear south easterly
winds (6—7 March and 11-13 March), the local wind direction fluctuated a lot. The
measurement site was in clouds on 60-65 % of the time during the campaign period.

Three-day backward trajectories were calculated from the HYSPLIT Trajectory Model
by NOAA ARL (http://ready.arl.noaa.gov/HYSPLIT.php) using the global GDAS mete-
orological data with a start height of 3500 ma.s.l., which were in accordance with the
Alpine Weather Statistic (AWS) synoptic weather classification system (Schiipp, 1979).
Figure 1 shows that the air masses came from several directions during the measure-
ment period. In the beginning (3—6 March) air masses came mainly from westerly direc-
tions predominantly crossing central and south France. From 8-11 March air masses
came mostly from northerly directions (over Germany and the Netherlands), and in the
end (11-13 March) air masses came from easterly directions crossing northern ltaly
(Po Valley) and the northern Balkan region.
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2.3 Instrumentation and data processing
2.3.1 Aerosol inlet

During the CLACE-6 campaign three different types of aerosol inlets were used sam-
pling ice nuclei (Ice-CVI, Mertes et al., 2007), interstitial particles (non-activated par-
ticles inside clouds < 2.5 um in diameter) and total particles (interstitial particles and
cloud residuals). In this study we used only data recorded by sampling through the total
aerosol inlet and interstitial inlet.

The total aerosol inlet consisted of a heated and insulated vertical stainless-steel
tube (length: 2 m, diameter: 6 cm) and a heated snow-hood (Weingartner et al., 1999).
The sampled air was heated to 25°C in order to evaporate any water from hydrome-
teors (cloud droplets and ice crystals), thereby releasing the residual particles. During
cloud events, the aerosol sampled at the total inlet thus consisted of both the resid-
ual particles from dried hydrometeors as well as the inactivated (interstitial) particles.
The interstitial inlet consisted of a cyclone with a 2.5 um cut-off (PM, 5) segregating all
hydrometeors with a diameter > 2.5 um and letting through only smaller, unactivated
particles. During cloud-free periods the aerosol sampled through the interstitial inlet
corresponded to the total aerosol.

Right below the inlet, the sampling line was split into separate lines. One led to the
CCN measurement setup (~8m length of sampling line), and to the aerosol mass
spectrometer setup (~ 5m length of sampling line). Another one was used for aerosol
particle size distribution measurements (SMPS, ~ 1 m length of sampling line).

2.3.2 Cloud condensation nuclei (CCN)

Two continuous flow CCN counters (DMT CCNC, Roberts and Nenes, 2005; Lance
et al., 2006) operated by the Max Planck Institute for Chemistry and the Paul Scherrer
Institute (MPI CCNC and PSI CCNC, respectively) were measuring the activation of
aerosol particles to cloud droplets at different water vapor supersaturations. During the
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campaign the PSI CCNC was used solely in a polydisperse mode detecting the total
number concentration of CCN (Ngcy 10t) at a defined supersaturation. The MPI CCNC
was mainly operated in a monodisperse mode, for which it was coupled to a differential
mobility analyzer (DMA; TSI 3071; sheath flow 10Lmin™"; sample flow 1.8 Lmin’1)
and a condensation particle counter (CPC; TSI 3762; sample flow 1.0 Lmin‘1). In
the monodisperse mode, the aerosol first passed through a bipolar charger (Ni-63,
555 MBq) to reach charge equilibrium. Then, the charged aerosol entered the DMA
where particles of a certain electrical mobility (corresponding to a certain particle size)
were selected and sent to the CPC and the CCNC to measure in parallel the aerosol
particle number concentration (Ngy) and the number concentration of particles that can
act as CCN (Ngcy), respectively, (i.e., size-resolved CCN efficiency spectra or activa-
tion curves; Frank et al., 2006; Rose et al., 2008). Only at the end of the campaign the
MPI CCNC was also used in a polydisperse mode for about 15 h.

The MPI CCNC and PSI CCNC were operated at a total flow rate of 0.8 Lmin~"
and 1.0 Lmin'1, respectively, both with a sheath-to-aerosol flow ratio of 10. The water
vapor supersaturation (S) in the CCNC, which is determined by the temperature differ-
ence between the upper and lower end of the CCNC flow column (AT), was calibrated
using size-selected ammonium sulfate particles according to the procedure described
by Rose et al. (2008) and using their Kéhler model AP3 for calculation of the thermo-
dynamic properties. The calibrated supersaturation set points were 0.079 %, 0.17 %,
0.27 %, 0.46 %, and 0.66 % for the MPI CCNC and 0.099 %, 0.20 %, 0.29 %, 0.48 %,
and 0.67 % for the PSI CCNC (relative uncertainty AS/S < 10 % for each CCNC). The
two CCNCs sampled aerosol particles only through the total aerosol inlet.

Monodisperse CCN measurements

For each measurement cycle in the monodisperse mode, AT was set to 5 different
levels (2.4—9.3 K) corresponding to S values in the range of 0.079-0.66 % (MPI1 CCNC).
For each AT and S, respectively, the diameter of the dry aerosol particles (D) selected
by the DMA was set to 6 different values in the range of 20—250 nm depending on the
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supersaturation selected. At each D, the size-resolved number concentration of aerosol
particles (condensation nuclei, CN), Ny, was measured with the CPC, and the size-
resolved number concentration of CCN, Nggn, was measured with the CCNC. The
integration time for each measurement data point was 190s, the recording of a CCN
efficiency spectrum (Nggn/Nen Vs. D) took ~ 30 min (including 50 s adjustment time
for each new particle size and 6 min for adjustment to the next supersaturation level).
The completion of a full measurement cycle comprising CCN efficiency spectra at 5
different supersaturation levels took ~ 155 min (including another 5 min of settling time
for the changeover from highest to lowest S). During the CLACE-6 campaign about
80 cycles of monodisperse measurements were performed with the MPI CCNC with
occasional short term interruptions for instrument calibration and maintenance.

The measurement data of the CCN efficiency spectra were corrected for the effects
of multiply charged particles as described by Rose et al. (2008, 2010), and the cor-
rected data were used for further analysis. For the charge correction we used aerosol
particle number size distributions that were measured in parallel by a scanning mobil-
ity particle sizer (SMPS; custom-built and validated during an SMPS intercomparison
workshop (Wiedensohler et al., 2012); scanning between 17 nm and 470 nm mobil-
ity equivalent diameter), which was operated directly below the total aerosol inlet (see
Sect. 2.3.1). For the times at which no SMPS data were available (~ 35 % of the scans)
we performed no charge correction. Nevertheless, the CCN data from these periods
remained comparable with the rest of the days, as the effects of the charge correc-
tion were generally small (< 5% change in activation diameter and other parameters
used for further calculations). We also corrected the CCN efficiency spectra for dif-
ferences in the CCNC and CPC counting efficiencies by using a constant correction
factor 7., = 1.04, which we obtained from the supersaturation calibration experiments
(Rose et al., 2010). The uncertainties of Nggn, Ny and Ngon/Nen are estimated to
be < 20 % for individual measurement data points and < 10 % for average values and
fit parameters (Rose et al., 2008, 2010). Due to the low particle number concentrations
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prevailing at the JFJ, the CCN concentrations measured at the smallest particle diam-
eters (< 40 nm) were affected by low signal-to-noise ratios and were therefore omitted.

Each corrected CCN efficiency spectrum was fitted with a 3-parameter cumulative
Gaussian distribution function (CDF), from which the following parameters were de-
rived (Rose et al., 2010): the maximum activated fraction MAF, the midpoint activation
diameter D,, and the standard deviation o,. The CDF standard deviation is a general
indicator for the extent of mixing, i.e., for the heterogeneity of the particle composition
in the investigated aerosol. Under ideal conditions, o, should be zero for an internally
mixed aerosol with particles of homogeneous chemical composition. Even calibration
aerosols composed of high-purity ammonium sulfate exhibit small non-zero o, values
that correspond to ~ 3% of D, and can be attributed to heterogeneities of the water
vapor supersaturation profile in the CCNC, finite width of the DMA’s transfer function, or
particle shape effects. Thus, normalized CDF standard deviation or “heterogeneity pa-
rameter” values of o,/D, ~ 3 % indicate internally mixed homogeneous CCN whereas
higher values indicate mixtures of particles with different chemical composition and
hygroscopicity (Rose et al., 2010, 2011).

For all data pairs of supersaturation S and activation diameter D, derived from the
CCN efficiency spectra measured in this study, the effective hygroscopicity parame-
ter k, (Petters and Kreidenweis, 2007; Poschl et al., 2009) was calculated using the
x-Kdhler model equations and parameters specified in Rose et al. (2010) (surface ten-
sion of 0.072J m'z, temperature of 303 K). The parameter «, characterizes the average
hygroscopicity of CCN-active particles in the size range around D,. The statistical un-
certainty in the determination of activation diameters by curve fitting (standard error of
the CDF fit parameters) was on average ~ 2—-3 nm (~ 1-5 %). According to the relative
sensitivities specified by Kreidenweis et al. (2009), the uncertainty of 1-5% in diam-
eter corresponds to an uncertainty of 3-15% in «, and the uncertainty of < 10% in
supersaturation reported above corresponds to an uncertainty of < 20 % in «.

The deviation of MAF from unity represents the number fraction of externally mixed
CCNe-inactive particles at the largest diameter measured (D,,,x) and the nearby diam-
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eter range with a plateau of activated particle fraction (Gunthe et al., 2011). Particles
that are CCN-inactive at D,,, can be regarded as weakly CCN-active particles with
hygroscopicity parameters below the threshold value «, = k(D S) (Su et al., 2010).

CCN number size distributions (dNgcy/dlogD) at a certain supersaturation were
calculated by multiplying the CCN efficiency spectra (3-parameter CDF fits of
Ncen/Nen) measured at this S with the aerosol particle (CN) number size distribu-
tions (dNgy/dlog D) measured in parallel. From the monodisperse measurements, to-
tal CCN number concentrations at a certain supersaturation (Ngcn totm) Were calcu-
lated by stepwise integration of the CCN number size distributions across the whole
diameter range (for further details see Rose et al., 2010). Note that a list of frequently
used symbols can be found in Table A1.

Polydisperse CCN measurements

For each measurement cycle in the polydisperse mode, the temperature difference in
the CCNC, AT, was set to 5 different levels corresponding to S values in the range
of 0.099-0.67 % for the PSI CCNC and 0.079-0.66 % for the MPI CCNC. The PSI
CCNC was operated in the polydisperse mode during the entire campaign, whereas
the MPI CCNC was operated in this mode only from 13 March 18:00LT to 14 March
09:30LT. The total CCN concentration from polydisperse measurements (Ngon totp) at
a certain supersaturation was recorded with 1 Hz. It was averaged over 8 min sampling
time and the recording of a full cycle of 5 supersaturations took 60 min including 3 min
adjustment time for switching to the next supersaturation level and 5 min extra time for
switching from highest to lowest supersaturation.

Since the sampling line between the inlet and the CCN instruments was rather long
(see Sect. 2.3.1) it would be necessary to correct the measurements of Ngcp totp fOr
diffusional losses. This is, however, not possible, because these kind of losses are
size dependent and no information about the particle size is provided in the direct
measurement of Ngcy 101 Therefore, in this paper, the directly measured total CCN
concentration (Ngcyot,p) 1S ONly used for the comparison of the two CCNCs. Note
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that the total CCN number concentration that is calculated from dNggy/dlogD, i.e.
Ncentotm» 18 independent of any sampling losses between total aerosol inlet and the
CCNC, because it is referred to CN size distributions as obtained with the SMPS right
below the aerosol inlet (Sects. 2.3.1 and 2.3.2).

2.3.3 Aerosol mass spectrometry (AMS)

An Aerodyne High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-
AMS, hereafter short AMS) was used to measure the chemical composition of non-
refractory submicron aerosol particles. The data set used in this study includes all
times when the AMS was either attached to the total inlet or to the interstitial inlet dur-
ing cloud-free passages, i.e., the sampled aerosol could be always regarded as total
aerosol.

The AMS was described in detail by DeCarlo et al. (2006) and Canagaratna et al.
(2007). Briefly, it samples particles in the size range between 40 and 1000 nm (vacuum
aerodynamic diameter (D, ), see DeCarlo et al., 2004) through a critical orifice (120 pm
for Jungfraujoch pressure conditions) and an aerodynamic lens and evaporates the par-
ticles on a hot surface (~ 600 °C). The evaporated molecules are ionized by electron
impact, and the ions are analyzed by a high resolution time-of-flight mass spectrometer.
Calibration of peak intensities with test aerosol (ammonium nitrate) allows for conver-
sion of the measured peak height into quantitative mass loadings. Detected aerosol
species are particulate organic matter (Org), as well as particulate sulfate (SOi‘), ni-
trate (NO;), ammonium (NHZ), and chloride (CI™). The collection efficiency with respect
to particle bounce (e.g., Matthew et al., 2008; Middlebrook et al., 2012) was set to 0.5
for this dataset.

Due to the low particle mass concentration levels at the JFJ, it was necessary to
integrate over the entire particle size range to obtain time series of the mass con-
centrations of individual species as well as organic and inorganic mass fractions (7,
finorg)- Size-resolved chemical composition was determined only as an average for the
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measurement period discussed in this study. Due to the particularly high scatter, the
ammonium size distribution was smoothed by scaling with the nitrate size distribution.

Complementary information on the chemical composition of particles observed at
the JFJ can be found e.g., in Henning et al. (2003); Cozic et al. (2007, 2008); Cziczo
et al. (2009); Kamphus et al. (2010); Liu et al. (2010) and Ebert et al. (2011).

3 Results
3.1 Intercomparison of the two CCN counters

For a certain time during the CLACE-6 campaign we operated two DMT CCNCs in
parallel (MPI CCNC, and PSI CCNC) to test and compare our used calibration and data
analysis methods. The two instruments were operated at equal (uncalibrated) nominal
supersaturation, unfortunately resulting in different true supersaturation setpoints. For
the highest three S levels, the (calibrated or true) supersaturation in the MPl CCNC
was only slightly lower than in the PSI CCNC (< 10 %), but for the two lowest S levels,
the difference in S was more significant (15—20 % lower in MPI than in PSI CCNC).
Figure 2a displays a scatter plot of the total CCN concentrations measured by the MPI
and the PSI CCNC when both instruments were operated in the polydisperse mode
(Ncenotp)s 1+ €., When they both measured the number concentration of CCN directly,
without size-segregation of the particles. For all S, the CCN number concentrations
measured by the MPI and the PSI CCNC exhibited a very good correlation (/-?2 > 0.99).
For the three highest S levels the values of Ngen o1 @greed very well (on average
MPI ~ 6 % smaller than PSI, Table 2). For the two lowest S, however, the MPI CCNC
measured significantly lower concentrations (on average up to ~ 50 % at lowest S). This
enormous difference can be explained by comparing Ngcn 11, Measured at different
supersaturations (~ 20 % difference in S between MPI and PSI CCNC at the lowest
level). The strong dependence of Ngcp 1o ON S at low levels implies that careful CCNC
calibration is crucial, particularly at low S (Rose et al., 2008), similar to the fact that
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Neonot I8 more sensitive to the mean particle hygroscopicity in this supersaturation
range (Juranyi et al., 2010).

Figure 2b shows the comparison of the CCN concentrations measured by MPI and
PSI CCNC when the MPI CCNC was operated in a monodisperse/size resolved mode
(Sect. 2.3.2) and the PSI CCNC was operated in a polydisperse mode. Note that for this
comparison the aerosol particle size distribution (dNgy/dlogD; measured by SMPS
right below the aerosol inlet) used for the calculation of the total MPI CCN number con-
centration (Ngcon 1ot m(MP1)) was corrected for diffusional losses along the sampling line
of the PSI CCNC. As expected the data points exhibited a linear correlation, but with
a smaller correlation coefficient (/-?2 ~ 0.84 over all S levels) than for the comparison
shown in Fig. 2a. The main reason for additional scatter is most likely associated with
problems to get different measurements with low time resolution to match. The SMPS,
polydisperse CCNC (PSI), and monodisperse CCNC (MPI) have time resolutions of
6min, 1h (all S), and 2.5h (all S), respectively.

Except for the lowest S, the MPI CCN number concentration was larger than the
PSI concentration (on average ~ 20 % for the three highest S, Table 2). Accounting
for the difference in the supersaturation of the two CCNCs, i.e., subtracting the aver-
age difference in the CCN number concentration as determined in the comparison of
polydisperse measurements (Ncc totp), the MPI CCN number concentration was on
average 20 % to 30 % higher than the PSI concentration. This overestimation was inde-
pendent of S. The high bias can be most likely explained by the high uncertainty that is
involved in the calculation of Ngcy 1ot m DY integrating the CCN number size distribution.
It is known that already the determination of the total particle number concentration by
integrating the particle number size distribution measured by SMPS (dNgy/dlogD)
has an uncertainty of 10—20 % compared to direct measurements by a CPC (Wieden-
sohler et al., 2012). Another reason for the discrepancy between Ngcy ot m(MPI) and
Ncenot,p(PSI) might be that the diffusion correction of the particle number size distri-
bution along the long sampling line was not sufficient.
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To date only a few studies have compared total CCN number concentrations ob-
served by poly and monodisperse CCN measurements, all of them reporting similarly
good agreement between the two approaches as our study: Moore et al. (2010) ob-
served relative deviations of ~ 10-20 % at a total concentration level of ~ 1000 cm™
and a supersaturation of 0.3 %. In a supersaturation range of 0.06 % to 0.7 %, Deng
et al. (2011) found on average a 19 % over-estimation of mono compared to polydis-
perse measurements, which they attributed to water depletion in the CCNC due to the
high particle concentrations (on the order of 10%-10* cm'3). Zhang et al. (2012) oper-
ated a DMT CCNC-200 using one supersaturation column for polydisperse and one for
monodisperse CCN measurements. In a supersaturation range of 0.1 % to 0.4 % and
a concentration range of 2000-15 000 cm™3, they reported correlations with a slope of
0.7 to 1. In Juranyi et al. (2013), the two methods correlated with slopes of 0.96—1.05
(,‘?2 = 0.75-0.84) for a supersaturation range of 0.2% to 0.4 % and a concentration
range of 100-5000 cm™3.

3.2 Averages over the entire measurement period
3.2.1 CCN efficiency spectra and size distributions

Figure 3a shows the average measured CCN efficiency spectra over the entire mea-
surement period (3 to 13 March 2007) at different supersaturation levels. The average
parameters derived from the CCN efficiency spectra are summarized in Table 2 (arith-
metic mean value + standard deviation).

The midpoint activation diameters D, increased with decreasing S and were larger
than the critical diameters for CCN activation of pure ammonium sulfate particles at
the given supersaturation levels. The heterogeneity parameter (o,/D,) increased from
0.09 to 0.20 with increasing S (i.e., with decreasing particle size) indicating that larger
particles were more homogeneously mixed than smaller ones. The average CCN ef-
ficiency spectra reached a MAF of unity also for the lowest S, which is in contrast to
what has often been observed in the past for other size-resolved CCN measurements
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in continental regions (e.g. Gunthe et al., 2011; Rose et al., 2010, 2011; Paramonov
et al., 2013), whose average spectra approached only ~ 0.9 and lower.

In Fig. 3b, the number size distributions averaged over the entire measurement pe-
riod are shown for aerosol particles (CN) and for CCN at different supersaturation lev-
els. The corresponding average values (mean value + standard deviation) of the total
CN number concentration (Ngy 101, integrated between 17 and 470 nm), the total CCN
number concentration (Ngcp torm), @nd the CCN efficiency (Ngen tot m/Neniot) for each
supersaturation level are summarized in Table 2.

The average CN number size distribution for the entire measurement period was
dominated by two modes, one with a peak at 50 to 60 nm and another one at 120
to 140 nm. The mean total CN number concentration (between 17 and 470 nm) was
~400cm™. As seen from the time series of the CN number size distribution (Fig. A2),
the shape of the size distribution varied strongly during the measurement period. Oc-
casionally, only an Aitken mode (peak around 40-60nm, e.g., morning of 3, 9, and
10 March), or only an accumulation mode (peak around 100-200 nm, e.g., noon of 4
March, evening of 5 March) was present.

At S = 0.079 %, the total CCN number concentration (~ 50 cm'3) accounted on av-
erage for ~ 13 % of Ngy 1ot because only a minor fraction of particles was larger than
the activation diameter at this supersaturation (D, ~ 170nm). At S = 0.17-0.66 %, the
activation diameters were at or below the diameter at which the accumulation mode
peaks and the integral CCN efficiencies were substantially higher (~ 0.3-0.6; with
Nceontotm = 100-250 cm™). The observed CN and CCN number concentrations are
similar to other integral measurements at the JFJ (Juranyi et al., 2010, 2011); they are
about the same as in other remote clean regions (Amazon Basin: Roberts et al., 2001;
Gunthe et al., 2009); about one order of magnitude smaller than in polluted regions
(European megacity, Paris: Juranyi et al., 2013); and about two orders of magnitude
smaller than in very polluted regions (Chinese megacities: Rose et al., 2010; Gunthe
etal., 2011).
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3.2.2 Hygroscopicity parameter

The campaign average of the observed hygroscopicity parameter «, derived from the
CCN efficiency spectra over all measured size ranges was 0.32 (Table 2). This is con-
sistent with other measurements, estimates and model calculations for the effective
average hygroscopicity of aerosols in continental regions (e.g., Andreae and Rosen-
feld, 2008; Shinozuka et al., 2009; Pdschl et al., 2009; Chang et al., 2010; Pringle
et al., 2010; Rose et al., 2010, 2011; Gunthe et al., 2011; Wu et al., 2013, and refer-
ences therein). Figure 4 presents the average «, plotted vs. particle size, i.e., vs. the
mean activation diameter observed for the different S-levels. It shows a pronounced
size-dependence ranging from «, ~ 0.2 for Aitken mode particles around 50 to 70 nm
up to k, =~ 0.43 for accumulation mode particles of ~ 170 nm diameter. The observed
x values and size-dependence are comparable with other observations at the JFJ by
Juranyi et al. (2011) and Bukowiecki et al. (2011), who found an increasing particle
hygroscopicity from « ~ 0.15 to 0.3 within a size range of 50 to 150 nm.

The size dependence in k, resulted from differences in the chemical composition of
the particles: as evident from Fig. 5 particles of diameters below ~ 100 nm consisted
on average mainly of organic material with relatively low hygroscopicity, whereas par-
ticles with D > 100 nm incorporated larger amounts of inorganic ions leading to higher
particle hygroscopicity as will be discussed in Sect. 3.4.

The comparison with data of size-resolved CCN measurements from an earlier cam-
paign at the Jungfraujoch (CLACE-5; February/March 2006; unpublished data) showed
similar ranges for the hygroscopicity parameter k, (yellow data points in Fig. 4). In
the investigated diameter range of ~ 40-80nm &, increased from 0.26 to 0.37. This
is ~ 20 % higher than the average values, but well within the range of temporal fluc-
tuations observed during the CLACE-6 campaign. It is still smaller than the average
K, values observed during a polluted air flow from easterly directions during the mea-
surements in 2007 (red data points in Fig. 4; more details in Sect. 3.3).
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3.3 Time series and meteorological conditions

Figure 6 shows the time series of several characteristic CCN parameters over the time
period of 3 to 13 March with some interruptions due to technical difficulties and instru-
ment maintenance. For better readability the parameters are plotted only for 0.079 %,
0.17 %, and 0.66 % supersaturation. The values for S = 0.27 % and 0.46 % were gen-
erally in between those for S =0.17% and 0.66 %. Note that the CCN parameters
measured at different supersaturation levels represent the activation properties of the
particles of different size ranges (S = 0.079 % 10 0.17 %: 100 nm to 200 nm, S = 0.27 %
to 0.66 %: 50 nm to 100 nm).

All CCN parameters exhibited strong temporal variations: the hygroscopicity parame-
ter k, varied between 0.1 and 0.7; the maximum activated fraction MAF was on average
1 but exhibited also very small values of ~ 0.3 (see Sect. 3.5 for detailed explanation);
and o, /D, varied between 0.03 (quasi homogeneously mixed aerosol) to 0.4 (very het-
erogeneously mixed aerosol). The CCN concentration measured at every individual su-
persaturation level varied over one order of magnitude, from ~ 10cm™ at S = 0.079%
to ~ 1000cm™ at S = 0.66 %. Also the total CCN efficiency varied strongly around the
mean value obtained for the individual supersaturation levels.

To find out the reason for the temporal variations of the CCN parameters we com-
pared them with different meteorological variables. We did not find any clear difference
in the CCN properties with regard to the weather classification (convective cyclonic
and advective or indifferent/anticyclonic convective weather types) as described in Col-
laud Coen et al. (2011). With regard to the origin of air masses (analysis of back trajec-
tories), however, we could find distinct differences in the CCN properties. As detailed
in Sect. 2.2 and shown in Fig. 1 we could identify different flow directions that occurred
during our measurement period. When air masses came from easterly directions, par-
ticles were much more CCN active than during the rest of the campaign («, of 0.42
compared to 0.27, Table 2 and Fig. 4). This increase in k, can be explained by large
sulfate mass concentrations (Fig. 7a) coming probably from the densely populated and
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highly industrialized Po Valley resulting in a high inorganic mass fraction (up to 80 %,
Fig. 7b). The higher hygroscopicity was particularly evident for the Aitken mode parti-
cles (50 % larger «, than for Aitken particles during the rest of the campaign). More-
over, the maximum activated fraction at S = 0.079 % was significantly reduced during
the easterly air masses (on average MAF = 0.9) indicating that there was a substan-
tial fraction (10 %) of particles that could not be activated as cloud droplets. The same
feature has been reported earlier (Rose et al., 2011; Gunthe et al., 2011) and can be
explained by a significant fraction of relatively fresh externally mixed weakly CCN-active
soot particles with effective hygroscopicity parameters around «, = 0.01. On the other
hand, the particles that were CCN active at this supersaturation (particle diameter of
~ 160 nm) were more homogeneously mixed (c,/D, = 0.06) than during the rest of the
campaign (6,/D, ~ 0.09).

3.4 Dependence of particle hygroscopicity on chemical composition

Figure 8 shows the correlation of the hygroscopicity parameter «, with the organic
mass fraction . for all times when both CCN and AMS data were available. Note
that the individual 7., data points were calculated from the total mass concentrations
over the size range of D,, = 40-1000 nm (Sect. 2.3.3). As already shown in Fig. 7b,
the organic mass fractions varied between ~ 0.2 (minimum on 12 March) and almost
1.0 (maximum on 7 March) with an average of 0.43 over the investigated time. As ex-
pected the particle hygroscopicity decreased with increasing f,,,. The best correlation

(/?2 = 0.5) we could find for «, values observed at the smallest supersaturation level,
which corresponds to the largest particle size range. The correlation deteriorated with
increasing supersaturation, i.e., with decreasing size of the investigated particles. We
expected this result as larger particles contribute more to the total mass than smaller
ones do and therefore the measured bulk chemical composition is more representative
for the larger diameters. When extrapolating the linear least squares fit line in Fig. 8a to
forg = 0, we obtained ;.4 = 0.63 for the hygroscopicity of the inorganic fraction, which
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is characteristic for ammonium sulfate and related compounds (Petters and Kreiden-
weis, 2007). Extrapolation to f,, = 1, yielded ., = 0.18 for the hygroscopicity of the
organic fraction. The values for «,.4 and kj,,.q became smaller for the larger supersatu-
ration levels. Similar values for k., have been also derived from other recent studies
comparing AMS with CCN measurements (e.g., Gunthe et al., 2009, 2011; Rose et al.,
2011; Dusek et al., 2010; King et al., 2009; Shinozuka et al., 2009; Roberts et al.,
2010; Jimenez et al., 2009; Duplissy et al., 2011; Sjogren et al., 2008), while Korg is
slightly higher. This is likely due to longer aging and higher oxygenation of the partic-
ulate organic matter sampled in free tropospheric air at the Jungfraujoch compared to
the boundary layer air sampled in the preceding studies in rainforest (Gunthe et al.,
2009) and megacity environments (Rose et al., 2011; Gunthe et al., 2011).

In analogy to Gunthe et al. (2009, 2011) and Rose et al. (2011), kg and Kjnog CAN
be inserted in a simple mixing rule: kj, = Kinorg * finorg + Korg * forg t0 predict the size and
time dependence of aerosol hygroscopicity based on the inorganic and organic mass
fractions determined by AMS. Figure 4 displays «, as calculated from the campaign
mean size distribution of organic and inorganic mass fractions (Fig. 5b). It shows an
increase of particle hygroscopicity with increasing size and reproduces the campaign
average of size dependent «, quite well. Figure 6a displays the time series of k,, which
was calculated from the organic and inorganic mass fractions integrated over the entire
particle size-range of AMS measurements (Fig. 7b). In Fig. 6a is shown that «,, followed
the temporal evolution of k, at S = 0.079 % quite well for most of the time during the
campaign. This result was expected since already f,,, correlated best with «, observed
for the lowest supersaturation level (S = 0.079 %, Fig. 8).

Note that the standard ZSR mixing rule for volume based hygroscopicity parameters
would require the use of volume rather than mass fractions. For simplicity, however, we
refrain from making assumptions on particle density here as these introduce additional
uncertainties but do not improve the correlation. This has already been discussed by
Gunthe et al. (2009) and Mikhailov et al. (2013) and will be further addressed in follow-
up studies.
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3.5 Precipitation event

As evident from Fig. 6b, the aerosol and CCN properties during the night of 9/10 March
seemed to be exceptionally different from the rest of the time. For a more detailed
investigation of this event, Fig. 9 shows the temporal evolution of selected aerosol and
CCN parameters at S = 0.66 % between 9 March 21:00 LT and 10 March 12:00 LT.

In the late evening of 9 March, the total particle number concentration at S = 0.66 %
was very high (up to ~ 1400 cm™>, which is 3—4 times higher than the campaign aver-
age value; Fig. 9a), and the particle size distribution exhibited two modes, an Aitken
mode with a maximum around ~ 80nm, and an accumulation mode with a maximum
around ~200nm (Fig. 9b). At 22:46 LT, the CCN efficiency spectrum at S = 0.66 %
reached from zero to MAF = 0.91 (Fig. 9d), which is considerably lower than typical
at this supersaturation (MAF; ~ 1). The activation diameter (~ 70nm) was larger than
the campaign average (~ 50 nm), i.e., particles in this size range were less hygroscopic
than on average (k, ~ 0.1 vs. average k, ~ 0.23). About 60 % of all particles were CCN-
active at S = 0.66 %, which is also similar to the value obtained for the entire campaign
(Noentot, m/Nen ot = 0-60).

Shortly after midnight, the total particle number concentration suddenly dropped
down to ~470cm™3 (at 01:21 LT) because the accumulation mode disappeared almost
completely. Only ~ 20 % of all particles (Ngy 1) Were still CCN-active at S = 0.66 %.
The CCN efficiency spectrum reached only up to half of unity (i.e., MAF = 0.48), which
means that ~ 50 % of the particles of 110 nm in diameter were CCN-inactive even at
this high level of supersaturation, i.e., they had a « of < 0.03. As shown by Rose et al.
(2011) it can be assumed that this fraction of CCN-inactive particles consisted of exter-
nally mixed weakly CCN-active soot particles with very low hygroscopicity. In a polluted
megacity region in China, Rose et al. (2011) also observed a large fraction of these
particles (up to 60 %) but only at low supersaturations (< 0.27 %). At S = 0.66 %, those
particles were already activated indicating that the particles we observed here at the
JFJ must have been even less hygroscopic. A possible explanation of this event (rapidly
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decreasing particle concentration together with increasing fraction of CCN-inactive par-
ticles) could be that most of the accumulation mode particles we observed at 22:46 LT
on 9 March were activated as cloud droplets, precipitated and were thus removed from
the sampled air we measured at 01:21 LT on 10 March.

If we calculate the absolute number concentration of particles in the 110 nm size
bin that are CCN-inactive at S = 0.66 %, we obtain a value of 116cm™2 at 22:46 LT
(~10% of 1160 cm_s) and an almost equal value of 135 cm™ at 01:21LT (~ 50 % of
~ 270 cm'3). Figure A3 shows the number size distribution of particles that are CCN-
inactive at S = 0.66 %. As can be seen, indeed the whole size distribution of inactive
particles at 22:46 LT and 01:21 LT are similar to each other. This supports the argument
that the change of CCN properties was not caused, e.g., by a different air mass, but
that the CCN-active particles were activated, grew to cloud droplets and were then
removed by precipitation, whereas the CCN-inactive particles remained unaffected by
the precipitation formation.

Until 4 a.m. the particle concentration in the Aitken mode decreased even more lead-
ing to a total CN number concentration of ~ 350 cm™3 (Fig. 9a). MAF increased very
little and the hygroscopicity of the CCN-active particles (k,) became slightly higher
(~0.2) (Fig. 9e). The total CCN efficiency remained very low at ~ 0.2-0.3 (Fig. 9a).

Until noon of 10 March the aerosol and CCN properties reached their campaign
average behavior again (cf. Table 2): the total CN number concentration was around
380cm™3, the total CCN efficiency reached ~ 0.6 again, and the CCN efficiency spectra
went up to MAF; ~ 1). The particle hygroscopicity exhibited a value of «, ~ 0.3, which
was even a little bit higher than the average value at this supersaturation. The num-
ber concentration of CCN-inactive particles, however, decreased and the peak of their
number size distribution shifted towards smaller diameters (Fig. A3).

Summarizing, the evolution of the parameters shown in Fig. 9 presents an example of
the development of CCN properties during a cloud and precipitation event: most of the
accumulation particles (here ~ 85 %) and a part of the Aitken particles (here ~ 30 %)
are activated into cloud droplets. Even if they are not very hygroscopic like in this case
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they are CCN-active because of their size (Kelvin effect). Through precipitation they
are removed from the air, so that only those particles remain that have a significantly
lower than average hygroscopicity (i.e., externally mixed weakly CCN-active soot par-
ticles) or that have an activation diameter that is smaller than the critical activation
diameter particles would have at the ambient supersaturation present in the cloud. The
remaining “clean” air (mostly consisting of particles that were CCN-inactive before) will
then age by condensation of precursor gases onto the existing particles, coagulation,
or chemical transformation, thus resulting in increasing number concentration of accu-
mulation particles, increasing fraction of CCN-active particles and increasing particle
hygroscopicity in general.

4 Summary and conclusions

As part of the CLACE-6 campaign we performed size-resolved CCN measurements
at the high-alpine research station Jungfraujoch in March 2007. The dry activation
diameters measured at S = 0.079 % to S = 0.66 % were in the range of ~ 200 to 40 nm
and the effective hygroscopicity parameters k, varied in the range of ~ 0.1 to 0.6. The
mean value of k, characterizing the hygroscopicity of all aerosol particles averaged
over the whole campaign and investigated size range was 0.3, which is slightly higher
than the average particle hygroscopicity observed during a 17 month period at the JFJ
by Juranyi et al. (2011). It is similar to the average hygroscopicity inferred for other
continental locations (e.g. Rose et al., 2010, 2011; Chang et al., 2010; Shinozuka et al.,
2009; Andreae and Rosenfeld, 2008; Pdschl et al., 2009; Pringle et al., 2010). Particles
in the Aitken size range were on average less hygroscopic (0.23—0.30) than particles
in the accumulation size range (0.32—0.43). During a two-day period, when air masses
came from easterly directions crossing the Po Valley in ltaly, the particles were much
more hygroscopic (k, ~ 0.34 to 0.52 in size range from ~ 50 to ~ 160 nm). This increase
in k, could be explained by large inorganic mass fractions probably due to sulfate or
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SO, emissions from the densely populated and highly industrialized area of the Po
Valley.
The observed total CN and CCN concentrations (N o1 ~ 400 cm™3; Neentotm &

50-250cm™° for S = 0.079-0.66 %) are similar to other measurements at the JFJ (Ju-
ranyi et al., 2011). They are about the same as in other remote clean regions (e.g.,
Amazon Basin), and about one to two orders of magnitude smaller than in polluted re-
gions (e.g., European and Chinese megacities, respectively). Diurnal cycles could not
be observed for any CCN parameter due to the lack of periodical injections from the
PBL, which is typical for this high altitude site at winter time.

Particle mass concentrations measured with an AMS in the size range of D,, = 40—
1000 nm were on average ~ 0.5ug m™2. The time series of the derived organic mass
fraction (f,4) correlated well with the «;, values obtained at S = 0.079 %: k, decreased
with increasing f,4. Extrapolation of the linear correlation between «, and f, yielded
Korg = 0.18 and kinog = 0.63 for the hygroscopicity of the organic and inorganic com-
ponents, respectively. The value for ki, is in accordance with earlier studies relating
K, to AMS derived mass fractions (e.g. Rose et al., 2011; Gunthe et al., 2011, 2009),
while K, is slightly higher. This is likely due to longer aging and higher oxygenation
of the particulate organic matter sampled in the free tropospheric air sampled at the
Jungfraujoch compared to the boundary layer air sampled in the preceding studies in
rainforest (Gunthe et al., 2009) and megacity environments (Rose et al., 2011; Gunthe
et al., 2011). The average size distribution of organic and inorganic mass fractions as
obtained from AMS data showed higher proportions of inorganic matter with increasing
particle size, which correlated well with the observed increased hygroscopicity of the
aerosol particles.

In the night of 9/10 March we observed a precipitation event at the JFJ site. Our
aerosol and CCN measurements showed that almost all accumulation mode particles
and a part of the Aitken mode particles were activated as cloud droplets and then
removed from the air by precipitation. The number concentration of externally mixed
weakly CCN-active soot particles remained constant before and after precipitation,
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which confirms that neither they were activated to cloud droplets nor they were washed
out by the precipitation.

During the CLACE-6 campaign we had the opportunity to directly compare two DMT
CCN instruments for a certain time. When they both measured in polydisperse mode,
i.e., directly determining the total CCN number concentration, the results agreed very
well (~ 6 % deviation) as long as the effective supersaturation was similar. Big differ-
ences in the supersaturation of the two instruments (e.g., 20 %), however, led to enor-
mous differences in Ngcop torp (€-9., 50 %), which emphasizes that it is extremely im-
portant to carefully calibrate the supersaturation of the instrument, especially at low S.
When one CCNC was operated in polydisperse mode and the other one measuring
size-resolved activated fractions from which the total CCN concentration can be calcu-
lated, the differences in the total CCN concentration were on average 20 to 25 %. This
inconsistency can be most likely attributed to a long sampling line and the inappropriate
correction for diffusional losses.

Therefore we conclude that monodisperse CCN measurements are better for deter-
mining the hygroscopicity parameter accurately (additionally providing information on
the mixing state), whereas they are less suitable for the measurement of total CCN
concentrations, as the uncertainty is increased by the uncertainty of the SMPS mea-
surement (Juranyi et al., 2013). Polydisperse CCN measurements, in contrast, provide
more accurate total CCN concentrations, whereas inferred hygroscopicity parameters
are tainted by the additional uncertainty of the SMPS.
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Table 1. Comparison between the total CCN concentration measured with the MPI CCNC and 13, 32575-32624, 2013

the PSI CCNC for different operation modes (Fig. 2). The abbreviation “poly” means the opera-
tion mode when the total CCN concentration was recorded directly by the CCNC (polydisperse
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mode) and “mono” means the operation mode when the total CCN concentration was calcu- CCN at the
lated from the size-resolved CCN efficiency spectrum (monodisperse mode). The table lists Jungfraujoch
the average total CCN concentrations measured by the two CCNCs for each comparison, the
average relative deviation between the concentrations of the MPI and the PSI CCNC, and the D. Rose et al.
number of data points, n. The first two lines display the supersaturation levels of the PSlandthe %
MPI CCNC and the third line is the relative deviation of the supersaturation of the MPI CCNC é
from the one of the PSI CCNC. o ;
5 Title Page ‘
o
supersaturation QO Abstract Introducti
S(PSI) [%] 0.099 020 029 048 0.67 8
S(MP') [o/o] 0.079 0.17 0.27 0.46 0.66 Conclusions References
rel. dev. from S(PSI) [%] -202 -150 -69 -42 -15 - - -
poly—poly comparison g
Neonotp(PSI) [em™] 13 20 31 40 48 e
Neonotp(MP1) em™] 6 17 29 38 45 2 EEE
rel. dev. from Ngey tot, p(PSI) [%] -523 -121 -6.0 -57 -53 -
) s ; IR I
poly-mono comparison S

Necn ot p(PS) [cm™] 57 101 100 131 166 —
Neentot,m (MPI) [cm™] 41 111 120 162 194
rel. dev. from Ngey o1 (PSI) [%] -27.1 +9.9 +19.8 +23.8 +16.9
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Table 2. Characteristic CCN parameters (arithmetic mean value + one standard deviation)
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averaged over the entire CCN measurement period of the CLACE-6 campaign (3—13 March CCN at the
2007), and over other indicated periods: midpoint activation diameter (D,), maximum activated Jungfraujoch
fraction (MAF), CDF standard deviation (o,), heterogeneity parameter (c,/D,), hygroscopicity =~
parameter (k,), total CN concentration (Ngy 1ot), total CCN concentration (Ngcy 1ot m), total CCN - D. Rose et al.
efficiency (Nocntorm/Nontot) @nd available number of data points of CCN efficiency spectra &
(nes) and of size distributions (ngy). @
o )
Title Page
S Da MAF Oa o'a/Da Ka NCN,tot NCCN,!ot,rn NCCN,to!,m/NCN,tot Nes Nsg _DU g
[%] [nm] [nm] [m™] e~ ©
- - o Abstract Introduction
entire measurement penod D
0.079 171.7+148 0.97+0.11 16.4+10.5 0.09+0.06 0.43+0.09 51+£55 0.13+£0.05 75 48 - s T S —
0.17 1145+128 1.01+£0.14 154+10.0 0.13+0.08 0.32+0.11 116 £94 0.29+0.10 79 49
0.27 88.4+147 1.02+0.12 147+94 0.17+0.10 0.30+0.14 149+ 115 0.39+0.14 85 54 o
0.46 65.1+£9.8 1.01£0.11 11.6+£6.0 0.17+0.08 0.25+0.10 197 £ 138 0.51+£0.14 81 50 X
0.66 52.8+7.8 0.98+0.13 105+4.8 0.20+0.08 0.23+0.12 236+ 149 0.60+0.15 78 48 9
all 0.31+£0.13 383+236 398 249 g
air masses from easterly directions (11-13 Mar 2007) g
0.079 159.2+52 0.91+0.08 9.6+6.0 0.06 £0.03 0.52+0.05 n.a. n.a. 17 0 (28 — “
0.17 102.7+11.0 098+0.08 10.7+84 0.10+0.08 0.44+0.12 n.a. n.a. 19 0 ©
0.27 755+£102 0.97+0.07 13.7+69 0.18+0.08 0.45+0.14 n.a. n.a. 20 0 =
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0.66 46.2+6.1 0.98 £0.05 8.2+3.5 0.18+0.09 0.34+0.17 n.a. n.a. 19 0 o . ——
all 042+014  na 9%5 0 @
rest of campaign (excluding easterly air masses and precipitation event (9/10 Mar 2007, Sect. 3.5))
0.079 1756+14.8 1.00+£0.12 185+10.8 0.10+0.06 0.40+0.09 47 £ 51 0.12+0.05 56 46 o Full Screen / Esc ‘
0.17 1181+11.1 1.03+0.12 165+10.2 0.14+0.08 0.29+0.07 114 £ 88 0.30+0.09 56 45
0.27 91.2+127 1.04+£0.10 154+10.0 0.17+0.10 0.26+0.10 151+£115 0.41+0.13 60 49 w)
0.46 67.3+£9.2 1.03+£0.10 11.9+6.1 0.17+0.08 0.22+0.07 200+139 0.53+0.12 56 45 0 ) . )
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Table A1. Notation (frequently used symbols).

Symbol Quantity, Unit

D dry particle diameter, nm

D, midpoint activation diameter of CCN efficiency spectra, nm

dNgcn/dlogD  CCN number size distribution at a certain S, cm™®

dNgy/dlogD  CN number size distribution, cm™

inorg inorganic mass fraction determined by aerosol mass spectrometer measurements

Torg organic mass fraction determined by aerosol mass spectrometer measurements

MAF maximum activated fraction obtained by fitting a cumulative Gaussian distribution
function (CDF) to the CCN efficiency spectrum

Neen bin-resolved number concentration of CCN at certain S from monodisperse mea-
surements, cm™>

Neontotm total number concentration of CCN at certain S calculated from monodisperse mea-
surements (by integrating the CCN size distribution), cm™®

NCCNMp total number concentration of CCN at certain S directly determined by polydisperse
measurements, cm ™

Nen bin-resolved number concentration of CN from monodisperse measurements, cm™3

Nentot totalsnumber concentration of CN calculated by integrating the CN size distribution,
cm

S supersaturation of the CCN counter, %

K effective hygroscopicity parameter

Ky hygroscopicity parameter derived from D, via Kéhler theory

Kinorg hygroscopicity of inorganic particulate matter

Korg hygroscopicity of organic particulate matter

O, standard deviation of a CDF fit to the CCN efficiency spectrum, nm

0,/D, normalized CDF standard deviation or heterogeneity parameter
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Fig. 1. Location of the high-alpine research station Jungfraujoch (3580 ma.s.l., black dot) with &
3day backward trajectories. Starting times are indicated in the legend and given in UTC. Colors =
represent different time periods in which the air masses originated from different main direc- _30
tions: easterly (red) and others (purple, blue, green). o
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Fig. 2. Scatter plot of CCN number concentrations at different supersaturation levels measured O
by two different DMT CCN counters operated in parallel by MPI and PSI. Comparisons were &
made for (a) the period when both the CCNCs were operated in polydisperse mode (13 March § — “
18:00LT to 14 March 09:30 LT; number of data points, n = 76), and (b) for the time when the PSI g'
and MPI CCNCs were operated in polydisperse and monodisperse mode, respectively (3-13 - _ —
March; n = 161). Note that the supersaturation levels were not equal for the two CCN counters -5
(see legend). Therefore the lowest S-level was not displayed in (b). Linear least squares fits &

through all data points at S > 0.27 % yielded correlation coefficients (R?) and slopes (m) of
R?=0.99 and m = 0.94 (n=45) in (a) and A? =0.82 and m = 0.85 (n = 88) in (b). The two
methods in (b) correlate with slopes of 0.95, 0.95, and 0.94 (Ft’2 =0.69, 0.75, 0.90) for the
individual supersaturation levels at 0.27 %, 0.46 %, and 0.66 %.
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Fig. 4. Hygroscopicity parameter «, as a function of the particle diameter averaged over the
entire measurement period (3—13 March 2007), the period of easterly air masses, and the
CLACE-5 campaign (in February/March 2006). Data points are arithmetic mean values and
error bars indicate the standard error. The blue line is the predicted hygroscopicity parameter
Kk, as inferred from the average organic and inorganic particle mass fraction determined by
AMS measurements (Sect. 3.4).
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Fig. 5. Average size distributions of (a) organic, sulfate, nitrate, ammonia, and chloride mass
concentrations and (b) organic and inorganic mass fractions. The x-axis specifies the mobility
equivalent particle diameter, which was calculated by division of the AMS vacuum aerodynamic
diameter through a density-scaling factor of 1.5.
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Fig. 6. Time series of characteristic CCN parameters observed at three different levels of su-
persaturation (S = 0.079 %, 0.17 %, and 0.66 %): (a) effective hygroscopicity parameter («,),
(b) maximum activated fraction (MAF), (c) heterogeneity parameter (c,/D,), (d) total CCN and
CN number concentration, and (e) total CCN efficiency (Ngon totm/Nonot)- Note that the data
points of Ny o1 @are shown only for times when both CCN and SMPS data were available. The
blue line in (a) is the predicted hygroscopicity parameter k;, as inferred from the organic and in-
organic particle mass fraction determined by AMS measurements (Sect. 3.4). The red dashed
box indicates the time period of easterly air mass origin (Fig. 1).
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Fig. 9. Temporal evolution of several aerosol and CCN parameters (all at S = 0.66 %) between
9 March 21:00 LT and 10 March 12:00 LT. In the left column of this figure parameters are plotted
against time: (a) total particle number concentration (Ngy 11, black) and total CCN concentration
(Noeniot, m (S =0.66 %), grey) on the left axis and total CCN efficiency at S = 0.66 % on the
right axis (red dots); (c) particle number size distribution normalized to Ngy it; (€) Mmaximum
activated fraction (MAF, black dots) on the left axis and hygroscopicity (k,, red dots). In the right
column of this figure panels are showing distributions at different times indicated by different
colors: (b) particle number size distributions; (d) CCN efficiency spectra at S = 0.66 %; (f) CCN
size distributions at S = 0.66 %.
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