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Abstract

Atmospheric aerosol particles are able to act as cloud condensation nuclei (CCN) and
are therefore important for the climate and the hydrological cycle, but their properties
are not fully understood. Total CCN number concentrations at 10 different supersat-
urations in the range of SS =0.12-1.18% were measured in May 2008 at the remote
high alpine research station, Jungfraujoch, Switzerland (3580 m asl.). In this paper,
we present a closure study between measured and predicted CCN number concen-
trations. CCN predictions were done using number size distribution (scanning particle
mobility sizer, SMPS) and bulk chemical composition data (aerosol mass spectrome-
ter, AMS, and multi-angle absorption photometer, MAAP) in a simplified Kohler theory.
The predicted and the measured CCN concentrations agree very well and are highly
correlated. A sensitivity study showed that the temporal variability of the chemical com-
position at the Jungfraujoch can be neglected for a reliable CCN prediction, whereas
it is important to know the mean chemical composition. The exact bias introduced by
using a too low or too high hygroscopicity parameter for CCN prediction was further
quantified and shown to be substantial for the lowest supersaturation.

Despite the high average organic mass fraction (45%) during the measurement cam-
paign, there was no indication that the surface tension was substantially reduced at the
point of CCN activation. A comparison between hygroscopicity tandem differential mo-
bility analyzer (HTDMA), AMS/MAAP, and CCN derived « values showed that HTDMA
measurements can be used as a chemical composition proxy for CCN predictions if no
suitable chemical composition data are available.

1 Introduction

In the atmosphere, cloud droplets can form when aerosols are exposed to conditions
where the air is supersaturated with water vapour. Those aerosol particles that are
able to activate and become cloud droplets are commonly referred to as cloud con-
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densation nuclei (CCN). Changes in the number concentration and properties of at-
mospheric aerosol particles due to anthropogenic emissions result in increased num-
ber concentrations of CCN. This increase of CCN number concentration modifies the
microphysical properties of the clouds, thereby causing a radiative forcing (Twomey,
1977; Albrecht , 1989) and influencing our climate (IPCC, 2007).

The equilibrium vapour pressure over a curved pure water surface is elevated, which
hinders the CCN activation. The critical supersaturation (SS,,;;), defined as the su-
persaturation (SS) at which the cloud droplet activation will take place, is mainly de-
termined by the diameter of the particle at the point of the activation. This activation
diameter depends on the dry diameter and the water uptake at RH below activation
(hygroscopicity) of the aerosol particle (Kohler, 1936). The process of activation can
also be influenced by surface active species reducing the surface tension (Shulman
et al., 1996) and compounds with limited solubility. The latter phenomenon can result
in exotic equilibrium growth curves (Kohler curves) for aerosol mixtures (Petters and
Kreidenweis, 2008). The mixing state (internally or externally mixed) can also play a
role in the CCN activation behaviour of an aerosol population.

Ambient aerosols are mainly composed of complex mixtures (e.g. Krivacsy et al.,
2001; Shulman et al., 1996). The main components are inorganic ions, organic com-
ponents, black carbon and mineral dust (Zhang et al., 2007). The hygroscopicity of
single component inorganic aerosols is already well characterised (Clegg et al., 1998;
Topping et al., 2005; Petters and Kreidenweis, 2007). Single component and mixed
organic aerosols have also been studied many times (e.g. Saxena and Hildemann,
1996) but the properties of these mixtures are less understood. Pure black carbon
and mineral dust particles are thought to be much less relevant in CCN activation be-
cause they are insoluble and therefore activate at much higher SS,;; (Kuwata et al.,
2009; Koehler et al., 2009; Herich et al., 2009). Understanding the activation process
of ambient aerosols is a big challenge because it is impossible to get size- and mixing
state resolved chemical composition data including complete speciation of all organic
compounds.
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Examination of the aerosol parameters contributing to CCN activity, such as size and
chemical composition or hygroscopicity, can be used with the existing cloud droplet ac-
tivation theories to predict CCN properties and their number concentration for compar-
ison with direct measurements, commonly referred to as CCN closure studies. Such
studies provide feedback on how well we understand the activation and water uptake
process and on to what extent simplifications can be introduced in the models without
impairing predictions of CCN number concentrations. Comparison of water uptake on
aerosols below saturation with CCN properties using different parametrizations of the
Kohler curve is a common type of a closure study (Kammermann et al., 2010a, and
references therein), hereafter referred to as hygroscopicity-CCN closure studies.

Different types are composition-CCN closure studies, which link CCN properties or
concentrations with the chemical composition and size distribution of the aerosol. Sev-
eral studies appeared in the literature with different methods how they treat the chem-
ical composition and mixing state and with different closure success. The Aerodyne
Aerosol Mass Spectrometer (AMS) is most commonly used in CCN closure studies for
measuring the chemical composition (Ervens et al., 2007; Cubison et al., 2008; Lance
et al., 2009; Broekhuizen et al., 2006; Stroud et al., 2007) but filter measurements are
used as well (Liu et al., 1996; Bougiatioti et al., 2009). Ervens et al. (2007) also tried
to reach closure between light scattering enhancement factors and CCN properties.

Numerous simple approaches treat the aerosol composition as a two-component
mixture, consisting of a water-soluble inorganic fraction, represented as ammonium
sulphate, and a water-insoluble organic fraction (Liu et al., 1996; Gunthe et al., 2009;
Broekhuizen et al., 2006). However, several recent studies indicated that a substantial
fraction of the organic species are water-soluble, thus also contributing to the reduc-
tion of critical supersaturation for CCN activation (e.g. Moore et al., 2008; Vestin et al.,
2007). Bougiatioti et al. (2009) found, that including the solubility of organics signifi-
cantly improved the quality of the prediction by lowering the underprediction of CCN
concentration from 16% to 0.6% at their lowest measured SS. The two-component
chemical models do not include refractory material such as black carbon, mineral dust,
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sodium chloride, which is also not measured by the AMS. The potential influence of the
insoluble black carbon can be estimated by running a light absorption measurement in
parallel to the AMS (Ervens et al., 2009).

The size dependence of the chemical composition and the mixing state — internal
versus external mixture — are accounted for in various ways. The simplest approach is
to use bulk chemical data, which means ignoring the size dependence and assuming
internal mixture. Some studies account for the size dependent chemical composition
by using size-resolved AMS data (Cubison et al., 2008) or in a simplified form by treat-
ing two (or more) size modes with different composition separately (Broekhuizen et al.,
2006; Stroud et al., 2007). The common methods for chemical composition measure-
ments do not provide information on the mixing state of the aerosol, however, recent
studies by Cubison et al. (2008) and Ervens et al. (2009) tested different assumptions
regarding the mixing state of the aerosol. The elemental carbon and/or organic fraction
were assumed to be externally mixed with the rest of the aerosol in their calculations.
Ervens et al. (2009) compared closure studies from 6 different locations with different
distances to the sources. They showed that a fresh pollution aerosol cannot be repre-
sented without size resolved chemical composition, but assuming either externally or
internally mixed soluble organics leads to similar predictions of CCN concentrations.

All above mentioned closure studies approximate the surface tension of the solution
(0so1) at the point of activation by the surface tension of pure water. Lance et al. (2009)
did calculations using a surface tension that was 0.015 N/m lower than for pure water
(i.e. Ogp ~0.8% 0,416 at a temperature of 20°C) and concluded that CCN predictions
became much worse. The same is true for most hygroscopicity-CCN closure studies,
which tend to overpredict rather than underpredict CCN number concentration (Kam-
mermann et al., 2010a).

Looking at the performance of the existing closure studies most of them were able to
correctly predict the order of magnitude of the CCN concentration but for only a few of
them the average calculated CCN concentration was within 30% (e.g. Broekhuizen et
al., 2006; Kammermann et al., 2010a) and even less achieved very high correlation co-
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efficients (e.g. Bougiatioti et al., 2009). Overall, it appears that with increasing distance
from source regions closure is more easily achieved because the aerosol population
becomes more homogeneous, i.e. less size dependent, less variable in time and more
internally mixed.

Here we present for the first time a CCN closure study covering a wide range of SS
(0.12%—1.18%) from a remote continental measurement site which is most of the time
situated in the free troposphere and only sometimes influenced by injections from the
planetary boundary layer (Nyeki et al., 1998).

2 Method

The Jungfraujoch (JFJ) measurement site is a Global Atmosphere Watch (GAW) sta-
tion where different aerosol properties have been continuously measured since 1995
(Nyeki et al., 1998; Collaud Coen et al., 2007). The site is situated in the Bernese Alps
in Switzerland at 3580 m asl. Because of its altitude and location it is far away from
local pollution and therefore considered as a continental background site. The aerosol
shows a strong seasonal variability with higher concentrations in summer and lower
concentrations in winter. This is due to the fact that in summer the site is influenced
by injections from the more polluted planetary boundary layer because of the stronger
thermal convection, while during winter the site mostly stays in the undisturbed free
troposphere. A more detailed description of the site can be found elsewhere (Bal-
tensperger et al., 1997).

Measurements were conducted during the EUCAARI (European Integrated Project
on Aerosol-Cloud-Climate and Air Quality Interactions) intensive campaign in May 2008
(Kulmala et al., 2009). Air was sampled through a heated (25°C) inlet in order to
evaporate any water that is associated with those aerosol particles that formed cloud
droplets or ice crystals. A detailed description of this “total aerosol inlet” is given in
(Weingartner et al., 1999; Henning et al., 2002). Heating the aerosol from ~ -4.5°C
(mean outdoor temperature in May 2008) to ~25°C lab temperature also dries it to
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RH <10%. All instruments of which data are used in this manuscript were connected
to this inlet.

The aerosol number size distribution between diameters of 12 and 570 nm was mea-
sured with a scanning mobility particle sizer (SMPS). It consisted of a differential mo-
bility analyzer (DMA, TSI 3071) and a condensation particle counter (CPC, TSI 3772).
The size distribution was measured every 6 min, with an up-scan time of 300s. The
DMA was operated with 1 L/min sample air flow rate and a closed-loop sheath air flow
rate of 5L/min. The sheath flow rate was continuously regulated to a constant volu-
metric flow, using a mass flow controller with continuously pressure and temperature
compensated mass flow set point. All flow rates were regularly checked with a bub-
ble flowmeter. Sizing accuracy was checked by using polystyrene latex (PSL) spheres
of different diameters. The peak position agreed within £3% with the nominal size of
the certified PSL spheres, which is within uncertainty. An identical copy of this SMPS
instrument participated in the EUSAAR SMPS intercomparison workshop in 2008 in
Leipzig.

The total number concentration of condensation nuclei (CN) was also monitored by
a CPC (TSI 3010). A comparison of the integrated SMPS concentration (Ny5_57¢) With
the CPC data revealed that the SMPS number concentration data had to be corrected
by a factor of 1.2 (see details in the Appendix). Undercounting of the SMPS was
confirmed by further instrument comparisons and may have been caused by slight
deviations of the sample and sheath flow rates from the nominal values, or a DMA
transfer probability which was lower than assumed.

In addition to the SMPS, an optical particle counter (OPC, Grimm Dustmonitor 1.108)
was used to measure the size distribution of the larger particles in the optical diameter
range 0.3 um to 25um. In this instrument particles are illuminated by a laser beam,
and the scattered light is used to determine their optical size.

An Aerodyne High Resolution Time-of-Flight Aerosol Mass Spectrometer (AMS) was
used to measure the size resolved aerosol chemical composition of the non-refractory
submicron aerosol particles (DeCarlo et al., 2006; Canagaratna et al., 2007). The
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aerosol is sampled through an aerodynamic lens which focuses particles between
35nm and 1.5um into a tight beam. After the time of flight sizing the particles im-
pact on an inverted conical tungsten vaporiser, where the non-refractory components
are flash vaporised. The resulting gas is then ionised by electron ionisation at 70eV. A
high mass resolution mass spectrometer (H-TOF, Tofwerk AG, Thun, Switzerland) pro-
duces a time series of mass spectra which is processed using custom software (http://
cires.colorado.edu/jimenez-group/ TOFAMSResources/ToF Software/index.html) to give
mass concentrations of non-refractory species. The collection efficiency as determined
by intercomparison with other co-located instruments (e.g. SMPS and Nephelometer)
was found to be 1 at the JFJ for the deployed instrument. The measured ionic species
account for 96% of the total ionic mass at the measurement site (Cozic et al., 2008;
Henning et al., 2003), thus the refractory ionic species can be neglected.

The AMS does not detect refractory material such as black carbon (BC), therefore
a Multi-Angle Absorption Photometer (MAAP, Thermo ESM Andersen) operating at
a wavelength of 630 nm (Petzold and Schonlinner, 2004) was used to measure the
BC mass concentration during the measurement campaign. The MAAP is part of the
continuous measurement program of GAW. The absorption values were converted into
BC mass concentration using a mass absorption efficiency of 6.6 ng’1.

Mineral dust is another type of refractory material that is not detected by the AMS.
The contribution of this material to the total aerosol number concentration is normally
low at our measurement site, though the contribution to the total mass is considerable
during Saharan dust events (SDE). The potential influence of neglecting the mineral
dust in our CCN predictions is discussed in Sect. 5.

A custom built hygroscopicity tandem differential mobility analyzer (HTDMA) based
on the instrument presented by Weingartner et al. (2002), was operated to measure
the hygroscopic growth factor (GF) at a constant relative humidity (RH) of 90% of
six different dry diameters (D,=35, 50, 75, 110, 165 and 265nm). The instrument
was designed such that the residence time between the DMAs was ~20s; sufficient
for most atmospheric aerosols to reach equilibrium at high RH (Sjogren et al., 2007).
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The HTDMA raw data were corrected against dry GF -offsets by linearly interpolating
deviations between two validation sessions, and inverted using the TDMAinv algo-
rithm by Gysel et al. (2009). Only HTDMA data measured at an RH within the range
88%<RH<92% were used to derive the hygroscopicity parameter k (Petters and Krei-
denweis, 2007).

A single-column continuous-flow streamwise thermal-gradient CCN chamber (DMT
CCNC-100, Roberts and Nenes, 2005) was used to measure the total polydisperse
CCN number concentration as a function of time and (SS). The latter is determined
by the temperature gradient applied along the wetted wall of the column, where the
activation takes place. The particles that have lower SS,; than the SS in the column
will activate and grow into the supermicron size-range. Particles leaving the column
are sized by an optical particle counter (OPC) and counted as CCNs if their diameter
is bigger then a threshold size of typically 1 um.

The CCNC was calibrated regularly by using nebulised, size selected (with the DMA)
ammonium sulphate particles (Rose et al., 2008). At a certain temperature gradient
the DMA size was stepped (D-scans) and the critical dry diameter (D ), where 50%
of the singly charged ammonium sulphate particles were activated, was determined
by fitting the sum of two sigmoid functions — in order to account for doubly charged
particles — to the activation curve. The SS.;; corresponding to Dy .y was obtained from
the ADDEM model (Topping et al., 2005). During calibrations 10 different temperature
gradients were set in the CCNC such that the resulting SS values covered the range
of SS=0.07-1.1%.

The CCNC was operated at a total flow rate of 1L/min with a sheath-to-aerosol
flow ratio of 10. One measurement cycle included measurements at 10 different SS
(0.12%—1.18%). The CCN concentration at each SS was measured for 3 min, which
adds up to a total time of 50—60 min for the complete cycle including the time required
for SS stabilisation at each setpoint.
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3 Theory

The equilibrium saturation ratio S=p/p,, where p is the partial vapour pressure of
water and p, is the saturation water vapour pressure of water, over an aqueous solution
droplet can be described by the Kohler theory:

4O§mVW
RTD

S=a,exp ( (1)
where a,, is the water activity of the solution, o, is the surface tension of the solution,
v,, is the partial molar volume of water in solution, A is the universal gas constant,
T is the temperature and D is the droplet diameter. We assumed surface tension of
pure water in our calculations, even though surface active organic compounds have the
potential to lower the surface tension. Potential effects of this assumption are discussed
in Sect. 4.

We used a semi-empirical water activity parametrization, which was introduced by
Petters and Kreidenweis (2007):

1 =1+ KE (2
ay Viw

where k is the hygroscopicity parameter, V/; is the volume of solute and V,,, is the volume
of water. The k values of ambient aerosols vary between 0 (insoluble, wettable) and
~1.4 (pure NaCl). This parametrization can also be used for complex mixtures, if the
hygroscopicity parameters «; of the individual compounds (or compound classes) in
the mixture are known. The « parameter of a mixture of n different compounds is the
linear combination of the individual k; weighted by their respective volume fractions
e;=V;/V; in the dry particle:

n
K= D €K 3)
i=1
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This equation is equivalent to the Zdanovskii-Stokes-Robinson (ZSR) mixing rule
(Stokes et al., 1966). The SS,,;; of a particle with a certain dry diameter (D) is obtained
from the maximum of Eq. (1).

A particle’s ability to act as CCN depends on its chemical composition and size. In
order to calculate the CCN concentration at a certain SS, information on both prop-
erties is required. The chemical composition is represented by the x parameter. We
assumed that the whole aerosol population can be described by one single x which
means that the aerosol particles are internally mixed and that the chemical compo-
sition is independent on the particle’s size. Justification of the latter assumption is
discussed in Sect. 5.

The k parameter of the mixed atmospheric aerosol was calculated using Eq. (3).
Table 1 summarizes the individual species and compound classes along with their
properties («;, density) that were used in our calculation. Here we use constant «; val-
ues, setting aside that «; at the point of CCN activation may vary with the dry diameter
(e.g. for pure ammonium sulphate x =0.59 for Dy =500 nm and « =0.65 for Dy =150 nm).

Substituting the time dependent « into Egs. (2) and (1) makes it possible to calculate
for any given SS (in our case the SS set in the CCNC) the critical dry diameter (Dg i)
All particles larger than D, .;; will activate as CCN, assuming internal mixture, and
integrating the size distribution provided by the SMPS from D, . up to the largest
measured size then gives the predicted CCN concentration.

4 Results

All extensive aerosol properties show a strong seasonal variability at the JFJ, with
much higher values in summer than in winter (Collaud Coen et al., 2007). From this
perspective the month May can be described as an intermediate month with episodes
of both undisturbed free tropospheric conditions as well as influence by injections from
the planetary boundary layer. Two distinct synoptic conditions were encountered dur-
ing the measurement period. In the first half and at the very end of the campaign
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the aerosol number, CCN and mass concentrations were relatively high, indicating
influence of boundary layer injections (Figs. 1-3). Much lower concentrations were
observed from 16 to 27 May indicating free tropospheric conditions.

The time series of CCN number concentrations measured at different SS is shown in
Fig. 1a. CCN number concentrations varied between 0.1 and 600 cm™ at $5=0.12%
(lowest SS) and between 27 and 1582 cm~> at SS=1.18% (highest SS) with mean val-
ues and standard deviations of 149+171cm™ and 568+401cm™, respectively. Min-
imum and maximum observed CCN number concentrations at a certain SS differed
by more than two orders of magnitude. Figure 1b shows the activated fraction (AF),
defined as the ratio of the CCN number concentration (Fig. 1a) to the integrated SMPS
number concentration (Fig. 2a). The activated fraction varied by less than a factor of
~4, indicating that most of the high variability of CCN number concentration is due to
the variability of the CN number concentration, while a smaller part of it can be at-
tributed to variations of the aerosol properties such as shape of the size distribution
and chemical composition.

In May 2008, the aerosol number size distribution (Fig. 2b, normalised with the inte-
grated concentration) was most of the time monomodal, occasionally bimodal. During
nucleation events a substantial fraction of the aerosols was possibly present below
12nm and was therefore not measured by the SMPS. However this does not affect
our calculated CCN concentration because D, ..;; at the highest SS was on average at
31 nm and always above 27 nm. On the other hand, the aerosol particles with diame-
ters larger than 570 nm are not captured either by the SMPS. These large particles will
always act as CCN due to their large dry size, even if they are just slightly hygroscopic
(minimum required K=0.005 at SS =0.12% for a 570-nm particle). However, the OPC
measurements show that the number concentration of particles above the upper de-
tection limit of the SMPS is always negligible compared to the number concentration of
CCN, even at the lowest applied SS.

The mass concentrations of ammonium, sulphate, nitrate and organics as measured
by the AMS, are shown in Fig. 3a, along with the BC mass concentrations measured by
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the MAAP. Due to the low aerosol mass concentrations of the measured species (the
mean total mass concentration was 1.93 ug/ms) averaging to a 2-hour running mean
was necessary. The charge balance based on the ammonium, nitrate and sulphate
concentrations revealed that the aerosol was completely neutralised within the detec-
tion limits of the AMS (Fig. 3c). Therefore these ions can be paired to NH,NO3; and
(NH,4),S0O, for the ZSR calculations.

Figure 3c shows the volume fractions of the chemical components, which were cal-
culated from the respective mass fractions using the densities listed in Table 1. The
average values of the observed volume fractions were: 5.7%, 13.3%, 33.3%, 47.7% for
BC, NH4NO3, (NH,4),SO, and organics, respectively. Similar values were found during
previous measurement campaigns at the same measurement site during February and
March in 2005 (3.8%, 9.0%, 37.2%, 50.0%) and during July and August in 2005 (2.7%,
6.2%, 30.5%, 60.7%) by Cozic et al. (2008), though in May 2008 the organic volume
fraction was slightly lower and the NH,NOg slightly higher. The time resolved volume
fractions are fed into Eq. (3) to get the AMS/MAAP derived « as a function of time
(Fig. 3d).

Correlations between predicted and measured CCN number concentrations on log-
log scale at 4 example supersaturations (0.12%, 0.35%, 0.71% and 1.18%) are shown
in Fig. 4. The solid and dashed blue lines represent agreement within 10% and 30%,
respectively. The orthogonal distance regression line weighted by inverse measure-
ment uncertainties and forced through the origin is shown in grey. We associated 5%
relative error to the measured and 10% to the predicted CCN concentration.

At every single SS the slope of the fitted line is close to 1 which means that the CCN
closure was successful (see Table 2 for results at all SS). On average 104% of the
measured CCN concentration was predicted across all SS, with the highest value of
105.0% at SS =1.07% and the lowest value of 93.4% at SS=0.12%. Overall, a very
slight overprediction can be seen (except for the lowest SS), however, the deviations
are clearly within the experimental uncertainty. At high CCN number concentrations
most of the points are within the 10% and virtually all points within the 30% limits, while
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at lower concentrations (#CCN <100—200cm™>, depending on which SS one looks at)
the scatter of individual data points increases slightly with a few of them exceeding
the 30% limit. The reason for this could be the overall increased uncertainty of the
measurements closer to the detection limits of the instruments. Next to this most of the
predictions outside the 30% limit belong to times when the mean diameter of the size
distribution is very low (Fig. 5). This means that only the tail of the size distribution was
integrated for the CCN prediction, where even a small absolute noise of the SMPS can
cause relatively high prediction errors. Contrary to the findings of Lance et al. (2009),
in our closure not only the first order behaviour of the CCN concentration (slope of
the fitted line) was well predicted, but the scatter of the points around the fitted line is
also very small, which is also reflected in the high correlation coefficients (R2 >0.97).
Most probably this is due to the fact that the number size distribution and chemical
composition are more stable for the remote JFJ aerosol, which is not influenced by local
pollution. At sites closer to the sources, the number concentration and size distribution
as well as chemical composition may vary much faster. In addition the assumption of
size-independent chemical composition may become invalid (Ervens et al., 2009) and
a substantial fraction of externally mixed particles with very low kappa values may be
present.

Aerosols with suppressed surface tension activate at lower SS; because the Kelvin
effect term in Eq. (1) is decreased. If we used any lower surface tension value than
the value of pure water in our model, then the predicted CCN concentration would be
higher and the model performance would be worse because the CCN number concen-
tration is already slightly overpredicted with using the surface tension of pure water.
Therefore, our observations give no indication that the surface tension of the aerosol
was suppressed.

The HTDMA data can also be used as a proxy for the chemical composition, in-
stead of the AMS and MAAP. In this case information on the mixing state of the aerosol
with respect to hygroscopic properties is known (Kammermann et al., 2010a), and the
Kohler curve can be extrapolated from below saturation to the supersaturated region
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using the x parametrization. A comparison of the « parameters derived from the differ-
ent instruments is shown in Fig. 6. Since the CCN concentration is relatively insensitive
to the changes in the k parameter (shown later in Sect. 5), the CCNC derived « val-
ues are very noisy, and therefore 5-hour running mean values are presented for all
instruments. The Dy=50nm HTDMA measurements are the most representative for
the CCN measurements at SS = 0.59%, because the average Dy, ;; inferred from num-
ber size distribution and CCN number concentration data is the closest to this dry size.
The HTDMA derived « (orange dashed curve) looks similar as the AMS/MAAP derived
(black line) and the CCNC derived « (brown dotted line).

5 Discussion

The AMS derived bulk chemical data was used to calculate a single « for the whole
aerosol population. The correctness of this assumption was confirmed by checking
the size dependent AMS signal. Throughout the diameter range of our interest only
a very slight size dependence can be seen on average, and because of the very low
mass concentrations at JFJ, the use of size dependent data would introduce much
more noise than add true information on the size dependence of the composition. The
HTDMA measurements corroborate the fact that the « values show almost no size de-
pendence at the Jungfraujoch (Kammermann et al., 2010b). The same measurements
also showed that the aerosol is largely internally mixed with respect to hygroscopicity
most of the time. Moreover, Ervens et al. (2009) also showed that assuming the two
extreme cases — completely internally or externally mixed aerosols — does not result in
a significant difference in the predicted CCN concentration.

The chemical composition around D, .;(SS) is relevant for the CCN activation cutoff.
The highest D, .;; values belong to the lowest supersaturations. The AMS integrates all
the mass below 1.5um in diameter (vacuum aerodynamic diameter), therefore larger
accumulation mode particles, carrying much more mass per particle, will mainly deter-
mine the bulk chemical composition. For this reason, the bulk chemical composition
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is the closest to the relevant composition at low supersaturations (high D, ;). Later
in this section it will be shown that CCN number concentrations are most sensitive to
changes in chemical composition at these low supersaturations.

The sensitivity of the CCN predictions to the input parameters was tested with differ-
ent simplifying assumption regarding the number size distribution and chemical com-
position of the aerosol. The reference CCN prediction, considering all available mea-
surements including their temporal variability, is shown as blue squares in Fig. 7. The
green diamonds represent the CCN prediction assuming a constant chemical compo-
sition, i.e. mean k based on the average measured composition during the campaign.
Yellow triangles were calculated by ignoring the variability of the shape of the size distri-
bution (time averaging the normalised SMPS scans). In this case the detailed chemical
information was used, and the normalised average size distribution was scaled to the
measured total number concentration (Ny,_57¢). Red points were derived by using the
number size distribution averaged over the whole campaign in the model, so that the
variability of the predicted points comes only from the changes in the chemical compo-
sition.

The simplified CCN predictions show that the CCN number concentrations are most
sensitive to the temporal variability of the number size distribution (Fig. 7). Using the
constant mean size distribution with considering the variability of chemical composition
results in useless predictions (red points in Fig. 7). By contrast, deviations from the
average measured chemical composition have little to no impact on the variability in the
CCN concentration (cf. blue squares and green diamonds in Fig. 7). Neglecting only
the temporal variability of the size distribution’s shape yields still reasonable results
(yellow triangles in Fig. 7), however, it has much bigger influence on the prediction’s
performance than the temporal variability of the chemical composition. Thus, for an
aerosol with a relatively constant chemical composition such as at the Jungfraujoch
size indeed matters more than chemistry (Dusek et al., 2006), however, this does not
necessarily hold for other aerosol types.

The volume fraction of the inorganic compounds ranged from 20% to 80% with the
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10th percentile of 37%, median of 45% and 90th percentile of 66% during the one-
month observation period. Even though substantial variations in chemical composition
were observed, significant differences between the reference prediction and the time
averaged « case cannot be seen. The model performance gets only slightly worse
(larger ,1/2 values at most of the SS, not shown here) if the time variance of the chemical
composition is ignored. Based on this analysis, the temporal variability of the chemical
information could be skipped for the calculation, still yielding a reliable CCN prediction
at the JFJ.

The susceptibility of CCN predictions to the absolute value and the variability of the
chemical composition («) was further investigated by a detailed sensitivity analysis. For
each SS and each time the relative change in the predicted CCN number concentration
at varying « parameter (0< « <0.8) was calculated with the help of the measured size
distribution. Figure 8 shows one example of the susceptibility to « for a medium SS
of 0.59%. The colour scale indicates relative CCN prediction errors (hereafter referred
to as CCNerror) if the k value shown on the ordinate is used for the prediction instead
of the AMS derived « (grey points). The CCNerror is by definition zero at the grey
points. The black lines indicate the lower and upper limits of acceptable « values for
which CCNerror< 10%. The sensitivity of CCN number concentrations is strongly time
dependent, reflected in the variability of the equipotential lines of CCN error (see black
lines as example). This is mainly caused by the variability of the shape of the size
distribution. Nevertheless, a common feature is that CCN concentrations are generally
much more sensitive to a decrease than to an increase in «, which originates from the
nonlinear dependence of Dy . on k.

The mean susceptibility of CCN predictions to the variability of the chemical com-
position (k) for all SS is shown in Fig. 8. Note that temporal averaging of the relative
prediction error was done against Ak, and then the Ak scale was converted back to
absolute « values using the campaign mean « of ~0.34. CCN concentrations at the
lowest investigated SS 0.12%) are much more sensitive to the chemical composition
change than at any higher SS. At this SS k can only vary by —11% to +15% to stay
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within 10% in the calculated CCN concentration. The corresponding tolerance for « at
the second lowest SS (0.24%) is already —20% to +32%, increasing up to —37% to
+120% at the highest SS (1.18%). From this analysis we can conclude that a change
in the chemical composition has only a small influence on the predicted CCN concen-
trations except for very low SS. It is important to note that this might not be true for
places, where the aerosol is much less hygroscopic with lower « values as for example
reported in rainforests (Gunthe et al., 2009) or occasionally also at a site in Northern
Europe (Kammermann et al., 2010a).

During SDE periods at the JFJ it is in principle possible that the bulk chemical com-
position changes to that extent that our CCN predictions, which ignore mineral dust in
the composition, become significantly biased. Through the one-month measurement
campaign we detected only one SDE according to the criterion by Collaud Coen et
al. (2004). The event was strong and lasted almost 3 days (26 May 2009 12:00-29
May 2009 12:00, CET=UTC+1). Based on previous HTDMA measurements at this
site (Sjogren et al., 2008) we can state that a substantial fraction of externally mixed
SDE particles can occasionally be found at D=250nm in extreme cases, though a
more comprehensive data set shows that the overall contribution of mineral dust at
sizes with D <265 nm remains negligible even during strong SDE (Kammermann et al.,
2010b). Here we tested the hypothesis whether neglecting mineral dust in the com-
position impairs our CCN prediction during the SDE or not. Therefore we splitted the
measurement data into non-SDE and SDE periods according to the criterion by Col-
laud Coen et al. (2004) and compared the prediction performance between these two
cases (Fig. 10). Both fitted slopes (orthogonal regression with weighting as previously
explained) of 1.04 and 1.05 as well as correlation coefficients (R?) of 0.99 and 0.96 are
equal within uncertainty for the non-SDE and SDE periods, respectively.

This shows that ignoring the mineral dust component in the chemical composition
does not impair CCN prediction. On the contrary, using bulk composition including
mineral dust would bias CCN predictions, because coarse mode mineral dust gives
a major contribution to total mass, whereas the contribution of mineral dust at those
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Aitken and accumulation mode sizes in the CCN cut-off range is negligible.

6 Conclusions

The CCN number concentration observed at the Jungfraujoch was predicted reliably
from measured aerosol number size distribution and chemical composition data using
a simplified parametrization of the Kohler theory. Both, average values and tempo-
ral variability of CCN number concentration were well predicted across the whole SS
range. Significant underprediction was not experienced, indicating that no substan-
tial surface tension reduction occurred at the point of CCN activation. A comparison
of HTDMA, AMS/MAAP and CCNC derived « values showed that HTDMA measure-
ments can be used as a chemical composition proxy for CCN predictions if no suitable
composition measurement is available. The campaign mean « value was found to be
~0.34, which is in a range, where a variation in the « value around the campaign av-
erage value has only a small influence on the model performance. Therefore it can
be expected that the CCN concentration at the Jungfraujoch site can generally be well
predicted from size distribution data with assuming a surface tension of pure water and
a constant hygroscopicity parameter of ~0.34, though future long-term measurements
might provide a statistically more representative value for the mean « value.

Appendix A

The CN number concentration (N ) measured by the CPC was compared to the inte-
grated SMPS number concentration (N4,_570) in order to validate the SMPS measure-
ment. The measured CN number concentration is expected to be higher than N,,_s57
always if nucleation mode particles with sizes D ~10 nm are present because the CPC
has a lower cut-off than the SMPS. N,,_5,5 and CN are only expected to agree if no nu-
cleation mode particles nor a substantial number fraction of particles with D >570nm
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are present. In this case any disagreement between N;,_s79 and Ny is related to
instrumental/measurement errors and can be used for a correction.

In Sect. 4 we have seen that the number concentration above 570 nm was negli-
gible during the whole campaign, therefore we only have to exclude periods with nu-
cleation mode particles for the comparison. In order to do so the number fraction of
small particles (integrated SMPS number concentration between D=12 and 30 nm,
N4o_3p) relative to total Ny,_579 was calculated as an indicator for the presence of the
small particles. Then the ratio of Ny,_579 to (Ngoy) was plotted against the proxy of
the small particles (Fig. A 1. As expected the ratio Ny,_570/Noy decreases with in-
creasing number fraction of small particles. However, the intercept between fitted line
and ordinate, i.e. the ratio Ny,_579/Ncp in the absence of small particles is at 0.83
instead of unity, indicating that the SMPS was undercounting by ~17%. Undercounting
of the SMPS may have been caused by slight deviations of the sample and sheath
flow rates from the nominal values, or a DMA transfer probability which was lower than
assumed. Therefore the number concentration measured by the SMPS was corrected
by a size-independent factor 1/0.83~1.20. The necessity and the absolute value of
the correction factor to be applied to the SMPS data were confirmed by comparison
of the measured and calculated aerosol scattering coefficient (Mie calculations using
SMPS data compared to the nephelometer measurement; Fierz-Schmidhauser et al.
2010).
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Table 1. The chemical species, their densities and their k values that were used for our model

calculations.
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Component

Density [kg/m®]

K; [-]

Black carbon
Organics
(NH,),SO,
NH,NO4

1770 (Park et al., 2004)
1270 (Cross et al. , 2007)
1769

1720

0 (Weingartner et al., 1997)

0.1 (Sjogren et al., 2008; Juranyi et al., 2009)
0.61 (Petters and Kreidenweis, 2007)

0.67 (Petters and Kreidenweis, 2007)
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Table 2. Details on the predicted vs. measured CCN concentration for the CCN prediction Z. Juranyi et al.

without simplifications. a is the slope of the fitted line, R? is the square of the correlation
coefficient.

SS[%] al-] R?[H

0.12 0.934 0.990
0.24 1.028 0.992
0.35 1.022 0.991
0.47 1.042 0.987
0.59 1.045 0.987
0.71 1.045 0.988
0.83 1.032 0.987
0.95 1.049 0.979
1.07 1.050 0.978
1.18 1.013 0.980

: III III
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Fig. 1. Time series of (a) CCN number concentration (note logarithmic ordinate scale) and (b)
activated fraction (#CCN/#CN). The different colours represent the different supersaturations

(SS).
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Fig. 2. Size distribution and the integrated number concentration during the measurement cam-
paign. The size distribution was measured by the SMPS between 12nm and 570 nm mobility
diameter and normalized with the integrated number concentration.
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Fig. 3. Chemical composition of the aerosol, measured by the AMS and the MAAP. Panel a
shows the mass concentration of the individual species using a collection efficiency of 1 in the
AMS. Panel b shows the molar concentration of the measured NH, and the amount that is
needed for complete neutralization. On panel ¢ the volume fractions of the organics, NH,NOj,
(NH,4),SO, and black carbon are shown, calculation was done using the density values of
1270kg/m°, 1720kg/m?, 1769kg/m> and 1770kg/m°, respectively. Panel d shows the k
hygroscopicity parameter which was calculated from the volume fraction weighted sum of the
K; values of the above species.
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Fig. 4. Predicted vs. measured CCN number concentration for ambient aerosol at 4 different
supersaturations. The grey line shows the fitted line through the data points. The method of the
fit is explained in the text in details. The blue lines obey the y =1.3x,1.1x,0.9x,0.7x equations.
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Fig. 6. Time series of hygroscopicity parameter « derived from the different instruments.
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Fig. 7. Predicted vs. measured CCN number concentration for ambient aerosol at SS=0.59%
applying different simplifications in the calculation of the predicted CCN concentration: full
model (blue squares), time averaged « (green diamonds), time averaged size distribution shape
(yellow triangles), time averaged number size distribution shape and concentration (red points).
The thin black line represents the one-to-one ratio.
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Fig. 8. Sensitivity of the model to the k at 0.59% SS as a function of time. The grey dots
show the AMS derived « parameter. The different colours represent the relative change of the
predicted CCN concentration as a function of the chosen «.
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Fig. 10. Predicted vs. measured CCN concentration during non-SDE period (dark green) and
the SDE period (light green). All supersaturations are included. The yellow line represents the

one-to-one ratio.
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Fig. A1. The ratio between the integrated SMPS concentration (N;,_s7,) and the total concen-
tration (Ngy) as a function of the fraction of small particles. The black line represents the linear
fit through the data points.
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