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Abstract. Atmospheric aerosol particles are able to act asl Introduction
cloud condensation nuclei (CCN) and are therefore impor-
tant for the climate and the hydrological cycle, but their In the atmosphere, cloud droplets can form when aerosols are
properties are not fully understood. Total CCN numberexposed to conditions where the air is supersaturated with
concentrations at 10 different supersaturations in the ranggater vapour. Those aerosol particles that are able to acti-
of SS=0.12-1.18% were measured in May 2008 at the re-vate and become cloud droplets are commonly referred to as
mote high alpine research station, Jungfraujoch, Switzerlangloud condensation nuclei (CCN). Changes in the number
(3580 ma.s.l.). In this paper, we present a closure study beeoncentration and properties of atmospheric aerosol parti-
tween measured and predicted CCN number concentrationsles due to anthropogenic emissions result in increased num-
CCN predictions were done using dry number size distribu-ber concentrations of CCN. This increase of CCN number
tion (scanning particle mobility sizer, SMPS) and bulk chem- concentration modifies the microphysical properties of the
ical composition data (aerosol mass spectrometer, AMS, andlouds, thereby causing a radiative forcing (Twomey, 1977;
multi-angle absorption photometer, MAAP) in a simplified Albrecht, 1989) and influencing our climate (IPCC, 2007).
Kohler theory. The predicted and the measured CCN number The critical supersaturatiors §crit), defined as the super-
concentrations agree very well and are highly correlated. Asaturation$9 at which the cloud droplet activation will take
sensitivity study showed that the temporal variability of the place, is mainly determined by the diameter of the particle at
chemical composition at the Jungfraujoch can be neglectethe point of the activation. This activation diameter depends
for a reliable CCN prediction, whereas it is important to on the dry diameter and the water uptake at RH below activa-
know the mean chemical composition. The exact bias introtion (hygroscopicity) of the aerosol particle gler, 1936).
duced by using a too low or too high hygroscopicity param-The equilibrium vapour pressure over a curved pure water
eter for CCN prediction was further quantified and shown tosurface is elevated, which hinders the CCN activation. The
be substantial for the lowest supersaturation. process of activation can also be influenced by surface active
Despite the high average organic mass fractied5%) in ~ species reducing the surface tension (Shulman et al., 1996;
the fine mode, there was no indication that the surface tensio®hilling et al., 2007; King et al., 2009) and by compounds
was substantially reduced at the point of CCN activation. Awith limited solubility. The latter phenomenon can result in
comparison between hygroscopicity tandem differential mo-exotic equilibrium growth curves @hler curves) for aerosol
bility analyzer (HTDMA), AMS/MAAP, and CCN derived mixtures (Petters and Kreidenweis, 2008). The aerosol mix-
values showed that HTDMA measurements can be used ting state (internally or externally mixed) can also play a role
determine particle hygroscopicity required for CCN predic- in the CCN activation behaviour of an aerosol population.
tions if no suitable chemical composition data are available. Ambient aerosols are mainly composed of complex mix-
tures (e.g. Kriacsy et al., 2001; Shulman et al., 1996). The
main components are inorganic ions, organic components,
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already well characterised (Clegg et al., 1998; Topping etcomponent chemical models do not include refractory ma-
al., 2005; Petters and Kreidenweis, 2007). Single compo+erial such as black carbon, mineral dust, sodium chloride,
nent and mixed organic aerosols have also been studied manyhich is also not measured by the AMS. The potential influ-
times (e.g. Saxena and Hildemann, 1996) but the propertiesnce of the insoluble black carbon can be estimated by run-
of these mixtures are less understood. Pure black carbon aming a light absorption measurement in parallel to the AMS
mineral dust particles are thought to be much less relevan{Ervens et al., 2010).
in CCN activation because they are insoluble and therefore The size dependence of the chemical composition and the
activate at much highe$S¢it (Kuwata et al., 2009; Koehler mixing state — internal versus external mixture — are ac-
et al., 2009; Herich et al., 2009). Understanding the activa-counted for in various ways. The simplest approach is to
tion process of ambient aerosols is a big challenge becausese bulk chemical composition data, which means ignoring
it is impossible to get size- and mixing state resolved chem-+the size dependence and assuming internal mixture. Some
ical composition data including complete speciation of all studies account for the size dependent chemical composition
organic compounds. by using size-resolved AMS data (Cubison et al., 2008) or
Examination of the aerosol parameters contributing toin a simplified form by treating two (or more) size modes
CCN activity, such as size and chemical composition or hy-with different composition separately (Broekhuizen et al.,
groscopicity, can be used with the existing cloud droplet ac-2006; Stroud et al., 2007). The common methods for chem-
tivation theories to predict CCN properties and their num-ical composition measurements do not provide information
ber concentration for comparison with direct measurementson the mixing state of the aerosol, however, recent studies by
commonly referred to as CCN closure studies. Such studie€ubison et al. (2008) and Ervens et al. (2010) tested different
provide feedback on how well we understand the activationassumptions regarding the mixing state of the aerosol. The
and water uptake process and to what extent simplificationglemental carbon and/or organic fraction were assumed to be
can be introduced in the models without impairing predic- externally mixed with the rest of the aerosol in their calcu-
tions of CCN number concentrations. Comparison of waterlations. Ervens et al. (2010) compared closure studies from
uptake on aerosols below saturation with CCN properties usé different locations with different distances to the sources.
ing different parameterisations of théHKler curve is a com- They showed that a fresh pollution aerosol cannot be repre-
mon type of a closure study (Kammermann et al., 2010a, andented without size resolved chemical composition, but as-
references therein), hereafter referred to as hygroscopicitysuming either externally or internally mixed soluble organics
CCN closure studies. leads to similar predictions of CCN number concentrations.
Composition-CCN closure studies, which link chemical  All above-mentioned closure studies approximate the sur-
composition and size distribution of the aerosol with CCN face tension of the solutiors{y)) at the point of activation
properties or number concentrations, are a different apby the surface tension of pure water. Lance et al. (2009)
proach. Several studies appeared in the literature with dif-did calculations using a surface tension that was 0.015 N/m
ferent methods how they treat the chemical composition andower than for pure water (i.@so ~0.8x owater, at a temper-
mixing state and with different closure success. The Aero-ature of 20°C) and concluded that CCN predictions became
dyne Aerosol Mass Spectrometer (AMS) is most commonlymuch worse. The same is true for most hygroscopicity-CCN
used in CCN closure studies for measuring the chemicatlosure studies, which tend to overpredict rather than un-
composition (Ervens et al., 2007; Cubison et al., 2008; Lancelerpredict CCN number concentration (Kammermann et al.,
et al., 2009; Broekhuizen et al., 2006; Stroud et al., 2007)2010a).
but filter measurements are used as well (Liu et al., 1996; Looking at the performance of the existing closure stud-
Bougiatioti et al., 2009). Ervens et al. (2007) also tried to ies most of them were able to correctly predict the order of
reach closure between light scattering enhancement factonmagnitude of the CCN number concentration but for only a
and CCN properties. few of them the average calculated CCN number concentra-
Numerous simple approaches treat the aerosol compostion was within 30% (e.g. Broekhuizen et al., 2006; Kam-
tion as a two-component mixture, consisting of a water-mermann et al., 2010a) and even less achieved very high cor-
soluble inorganic fraction, represented as ammonium sultelation coefficients (e.g. Bougiatioti et al., 2009). Overall,
phate, and a water-insoluble organic fraction (Liu et al., it appears that with increasing distance from source regions
1996; Gunthe et al., 2009; Broekhuizen et al., 2006). How-closure is more easily achieved because the aerosol popula-
ever, several recent studies indicated that a substantial fradion becomes more homogeneous, i.e. less size dependent,
tion of the organic species is water-soluble, thus also coniess variable in time and more internally mixed.
tributing to the reduction of critical supersaturation for CCN  Here we present for the first time a CCN closure study
activation (e.g. Moore et al., 2008; Vestin et al., 2007). covering a wide range d8S(0.12%-1.18%) from a remote
Bougiatioti et al. (2009) found that including the solubility continental measurement site which is most of the time sit-
of organics significantly improved the quality of the predic- uated in the free troposphere and only sometimes influenced
tion by lowering the underprediction of CCN concentration by injections from the planetary boundary layer (Nyeki et
from 16% to 0.6% at their lowest measur8& The two-  al., 1998). Here we show that highly time resolved aerosol
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Table 1. The used instrumentation and the measured quantities. For detailed description and for meaning of the abbreviations see text.

Instrument  Manufacturer Measured property

SMPS TSI, custom made Size distribution (12« <570 nm)
CPC TSI Total particle number concentration
OPC Grimm Size distribution (0.3 pnD <20 um)
AMS Aerodyne, Tofwerk AG  Chemical composition

MAAP Thermo ESM Andersen  Black carbon mass concentration

HTDMA Custom made Hygroscopicity

CCNC DMT CCN number concentration

number size distribution data along with knowledge of the The aerosol number size distribution between diameters of
mean chemical composition is sufficient for accurate predic-12 and 570 nm was measured with a scanning mobility parti-
tion of CCN number concentrations at all investigated super<le sizer (SMPS). It consisted of a differential mobility ana-
saturations. A detailed sensitivity study shows that the vari-lyzer (DMA, TSI 3071) and a condensation particle counter
ability of chemical composition has little influence on CCN (CPC, TSI 3772). The size distribution was measured every
number concentrations, whereas the variability of the aerosob min, with an up-scan time of 300s. The DMA was oper-
number size distribution has a bigger influence. ated with 1 L minm® sample air flow rate and a closed-loop
sheath air flow rate of 5L mint. The sheath flow rate was
continuously regulated to a constant volumetric flow, using a
mass flow controller with continuously pressure and temper-

. . ature compensated mass flow set point. All flow rates were
l-hr?eigr:/?/zz;l#(zng\(/‘\Jll):garE(E)Bss\/tljrr]i?;egi:‘fj::r:'[s;egssal r'gtn;?_regularly checked with a bubble flowmeter. Sizing accuracy
P . : PTOPET” as checked by using polystyrene latex (PSL) spheres of dif-
ties have been continuously measured since 1995 (Nyeki efterent diameters. The peak position agreed with@% with
al., 1998; Collaud Coen et al., 2007). The site is situated in '

the Bernese Alps in Switzerland at 3580 ma.s.l. Because o%he nommal size of th.e certified PSI.‘ spheres., which is within
. : R . uncertainty. An identical copy of this SMPS instrument par-
its altitude and location it is far away from local pollution . . . . .
. : . ticipated in the EUSAAR SMPS intercomparison workshop
and therefore considered as a continental background site, . S
o . : in 2008 in Leipzig.
The aerosol shows a strong seasonal variability with higher . o
The total number particles with diameter larger than 10 nm

concentrations in summer and lower concentrations in win- X
ter. This is due to the fact that in summer the site is influ- (Non) was also monitored by a CPC (TSI 3010). A compar-

enced by injections from the more polluted planetary bound-SON ©f the integrated SMPS concentratiow£_s7q) with
ary layer because of the stronger thermal convection, whil he CPC data revealed that the SMPS number concentration

during winter the site mostly stays in the undisturbed freedata had to be corrected by a factor of 1.2 (see details in the

troposphere. A more detailed description of the site can be*PPendix). Undercounting of the SMPS was confirmed by
found elsewhere (Baltensperger et al., 1997). further instrument comparisons and may have been caused

Measurements were conducted during the EUCAARI (Eu-by slight deviations of the sample and sheath flow rates from

ropean Integrated Project on Aerosol-Cloud-Climate and Airthe nominal values, or a DMA transfer probability which was
Quality Interactions) intensive campaign in May 2008 (Kul- lower than assumed.

mala et al., 2009). Air was sampled through a heated (35 In addition to the SMPS, an optical particle counter (OPC,
inlet in order to evaporate any water that is associated witH3rimm Dustmonitor 1.108) was used to measure the size dis-
those aerosol particles that formed cloud droplets or ice crystribution of the larger particles in the optical diameter range
tals. The inlet has been designed such that it samples ndt-3Um to 20 um. In this instrument particles are illuminated
only the interstitial aerosols but also the cloud droplets andPY @ laser beam, and the scattered light is used to determine
ice crystals up to 40 um. A detailed description of this “total their optical size.

aerosol inlet” is given elsewhere (Weingartner et al., 1999; An Aerodyne high resolution time-of-flight aerosol mass

2 Method

Henning et al., 2002). Heating the aerosol frem-4.5°C
(mean outdoor temperature in May 200825°C lab tem-
perature also dries it to RH10%. All instruments of which

data are used in this manuscript were connected to this inlegt al., 2007).

and are summarized in Table 1.

www.atmos-chem-phys.net/10/7891/2010/

spectrometer (AMS) was used to measure the size resolved
aerosol chemical composition of the non-refractory submi-
cron aerosol particles (DeCarlo et al., 2006; Canagaratna
The aerosol is sampled through an aero-
dynamic lens which focuses particles between 35nm and
1.5um into a tight beam. After the time of flight siz-
ing the particles impact on an inverted conical tungsten
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vapour, where the non-refractory components are flashf their diameter is larger then a threshold size of typically
vapour. The resulting gas is then ionised by electron ion-1 um.
isation at 70eV. A high mass resolution mass spectrom- The CCNC was calibrated regularly by using nebulised,
eter (H-TOF, Tofwerk AG, Thun, Switzerland) produces size selected (with the DMA) ammonium sulphate particles
a time series of mass spectra which is processed usin@Rose et al., 2008). At a certain temperature gradient the
custom software (http://cires.colorado.edu/jimenez-group/DMA size was stepped (D-scans) and the critical dry diame-
ToFAMSResources/ToFSoftware/index.html) to give masster (Dg ¢rit), where 50% of the singly charged ammonium sul-
concentrations of non-refractory species. The collection ef-phate particles were activated, was determined by fitting the
ficiency as determined by intercomparison with other collo- sum of two sigmoid functions — in order to account for dou-
cated instruments (e.g. SMPS and nephelometer) was founly charged particles — to the activation curve. Btfgyi; cor-
to be 1 at the JFJ for the deployed instrument. The measuregesponding taDg ¢rit Was obtained from the ADDEM model
ionic species account for 96% of the total ionic mass at the(Topping et al., 2005). During calibrations 10 different tem-
measurement site (Cozic et al., 2008; Henning et al., 2003)perature gradients were set in the CCNC such that the re-
thus the refractory ionic species can be neglected. sulting SSvalues covered the range 86=0.07-1.1%. The
The AMS does not detect refractory material such as blackcalibration curve was linear and remained stable during the
carbon (BC), therefore a multi-angle absorption photome-measurement campaig§{ = 0.097%K ~1.- AT —0.139%,
ter (MAAP, Thermo ESM Andersen) operating at a wave- whereAT is the temperature difference over the column).
length of 630 nm (Petzold and Schonlinner, 2004) was used The CCNC was operated at a total flow rate of 1 L in
to measure the BC mass concentration during the measurgyith a sheath-to-aerosol flow ratio of 10. One measurement
ment campaign. The MAAP is part of the continuous mea-cycle included measurements at 10 differ&s (0.12%—
surement program of GAW. The absorption values were con4.18%). The CCN concentration at ea8Bwas measured
verted into BC mass concentration using a mass absorptiofpr 3 min, which adds up to a total time of 50-60 min for the

efficiency of 6.6 M g~* (Petzold et al., 2005). complete cycle including the time required f6stabilisa-
Mineral dust is another type of refractory material that is tion at each setpoint.

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 totah Theory

mass is considerable during Saharan dust events (SDE). The

potential influence of neglecting the mineral dustin our CCN 5 particle’s ability to act as CCN depends on its chemi-
predictions is discussed in Sect. 4.8. _ , _ cal composition and size. Both chemical composition and
A custom built hygroscopicity tandem differential mobil- o icle number size distribution data are available in this
ity analyzer (HTDMA,) based on the instrument presented bygy,qy, which makes an independent calculation of the ex-
Weingartner et al. (2002), was operated to measure the Nysecteqd CCN number concentration at a given supersaturation
groscopic growth factor GF at a constant relative humidity hossiple. For this purpose the critical dry diameter for CCN

(RH) of 90% of six different dry diameterdp=35, 50, 75, gctivation at a given supersaturation was calculated from the
110, 165 and 265nm). The instrument was designed SUCQomposition data using a simplifieckler theory.
that the residence time between the DMAs wdX) s; suf-

f|C|ﬁ_nthfoReroSs_t atmosphtlarlczggéosoTlsh tOHr_?gi;]Aequ'“Z”umpartial vapour pressure of water apg@ is the saturation
at hig (Sjogren et al., )- e raw data vapour pressure of water, over an aqueous solution droplet

were corrected against dry GF-offsets by linearly interpo—Can be described by thedkler theory (Kohler, 1936; Mc-
lating deviations between two validation sessions, and in'Figgans etal., 2006): ' ’

verted using the TDMAInv algorithm by Gysel et al. (2009).
Only HTDMA data measured at an RH within the range Aoson
88%<RH<92% were used to derive the hygroscopicity pa- S=auw eXD(W>
rameterc (Petters and Kreidenweis, 2007). drop

A single-column continuous-flow streamwise thermal- \yhere,, is the water activity of the solutiomeo is the sur-
gradient CCN chamber (DMT CCNC-100, Roberts andt5ce tensjon of the solution, is the partial molar volume

Nenes, 2005) was used to measure the total polydispersgs \yater in solution g is the universal gas constaft,is the
CCN number concentration as a function of time and SUPeliemperature an®gropis the droplet diameter.

saturauon $S_' The latter is determined by the temperature We used a semi-empirical water activity parameterisation,
gradient applied along the wetted wall of the column, where

o] . which was introduced by Petters and Kreidenweis (2007):
the activation takes place. The particles that have ISSgf;
than theSSin the column will activate and grow into the su- 3 -1
permicron size-range. Particles leaving the column are sizegw= 1+k Dy @)
by an optical particle counter (OPC) and counted as CCNs Dgrop—Dg

The equilibrium saturation ratiS=p/ po, wherep is the

@)
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Table 2. The chemical species, their densities and theialues that were used for our model calculations.

Component  Density [kgm?]

ki [-]

Black carbon 1770 (Park et al., 2004)

Organics 1270 (Cross et al., 2007)
(NH4)2SOq 1769
NH4NO3 1720

0 (Weingartner et al., 1997)
0.1 (Sjogren et al., 2008nyiet al., 2009)

0.61 (Petters and Kreidenweis, 2007)
0.67 (Petters and Kreidenweis, 2007)

wherex is the hygroscopicity parameter, ahg the dry par-
ticle diameter. Substituting,, in Eq. (1) with Eq. (2) pro-
vides thex-Kohler equation:

-1
D3 40,
S= (1+Kﬁ) eXp(S—OWW)
Ddrop_ Dj RT Ddrop
The S S¢rit of a particle with known propertied, «, osol)
corresponds to the maximum of Eq. (3) wilhy.op as the in-

3)

dependent variable. The critical dry diameter of a particle,

Do crit, With known propertiess, oso)) and at a giversSis
also obtained through Eg. (3) by varyidg, until the corre-
spondingS S¢rit becomes equal to the giv&ds

The « parameter of a mixture of different compounds

CCN, assuming internal mixture. Integrating the size distri-
bution provided by the SMPS fromg ¢rit Up to the largest
measured size then gives the predicted CCN number concen-
tration.

We assumed surface tension of pure water in our calcu-
lations, even though surface active organic compounds have
the potential to lower the surface tension. Potential effects of
this assumption are discussed in Sect. 4.5.

4 Results and discussion

4.1 Measured aerosol properties

(or compound classes) is the linear combination of the indi-All extensive aerosol properties show a strong seasonal vari-
vidual ; in pure form weighted by their respective volume ability at the JFJ, with much higher values in summer than in

fractions,e;, in the mixed, dry particle:

n
K= E €K
i=1

(4)

This equation is equivalent to the Zdanovskii-Stokes-
Robinson (ZSR) mixing rule (Stokes and Robinson, 1966).

The volume fractions; of the individual components were
calculated from the measured mass concentratispsand
their respective densities;:

m;/ pi

T Smor X

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.

For our CCN closure experiment we measured the fol-
lowing aerosol properties throughout May 2008: CCN num-
ber concentration at different supersaturations as well as dry
particle number size distribution and chemical composition.
Time series of these measurements are shown in Figs. 1—
3. Two distinct synoptic conditions were encountered during
the measurement period. In the first half and at the very end
of the campaign the aerosol number, CCN and mass concen-

Thex values of ambient aerosol compounds vary betweertrations were relatively high, indicating influence of bound-

0 (insoluble, wettable) angt 1.2—1.33 (pure NaCl). Table 2

ary layer injections. Much lower concentrations were ob-

summarizes the individual species and compound classeserved from 16 to 27 May indicating free tropospheric con-

along with their properties(, p;) that were used in our cal-
culation. Here we use constafitvalues, setting aside that

ditions.
The time series of CCN number concentrations measured

at the point of CCN activation may vary with the dry diame- at differentSSis shown in Fig. 1a. CCN number concen-

ter (e.qg. for pure ammonium sulphate-0.59 for Dg=50 nm
andx =0.65 for Dg=150 nm).
The composition-derived parameter of the mixed atmo-

trations varied between 0.1 and 600¢hat $S=0.12%
(lowestSS and between 27 and 1582 chat SS=1.18%
(highestSg with mean values and standard deviations of

spheric aerosol was calculated using Egs. (4) and (5), thereb$49+171 cnm2 and 568:401 cn1 3, respectively. Minimum
assuming an internally mixed aerosol and size-independerdnd maximum observed CCN number concentrations at a
chemical composition. Justification of the latter assumptioncertain SSdiffered by more than two orders of magnitude.
is discussed in Sect. 4.2. Using this composition-derivedFigure 1b shows the activated fraction (AF), defined as the

and time-dependent along with Eq. (3) makes it possible
to calculate for thesSset in the CCNC the critical diame-
ter (Do.crit). All particles larger tharDg crit Will activate as

www.atmos-chem-phys.net/10/7891/2010/

ratio of the CCN number concentration (Fig. 1a) to the inte-
grated SMPS number concentration (Fig. 2a). The activated
fraction varied by less than a factor of4, indicating that

Atmos. Chem. Phys., 10, 7891-7906, 2010
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Fig. 2. Size distribution and the integrated number concentration during the measurement campaign. The size distribution was measured by
the SMPS between 12 nm and 570 nm mobility diameter and normalized with the integrated number concentration.

most of the high variability of CCN number concentration is bigger particle size during the period with influence from the
due to the variability of the total particle number concentra- planetary boundary layer compared to the free tropospheric
tion, while a smaller part of it can be attributed to variations conditions was observed. This is in line with the findings
of the aerosol properties such as shape of the size distributiopreviously reported by Weingartner et al. (1999) based on a
and chemical composition. whole year of size distribution measurements.

Some Corre|ati0n between the CCN number concentra- During nucleation events a SubStantial fraCtior’l Of the
tion and the activated fraction was observed for this data se@€rosols was possibly present below 12 nm and was therefore
(Fig. 1). Whether this is generally the case will be addressedlot measured by the SMPS. However this does not affect our
in a forthcoming manuscript using a separate long-term dat&alculated CCN number concentration becalggyit at the
set. highestSSwas on average at 31 nm and always above 27 nm.

In May 2008, the aerosol number size distribution (Fig. 2b, On the other hand, the aerosollparticles with diameters larger
normalised with the integrated concentration) was most o haq 570 hm are not captured either by the S.MPS' These_large
the time monomodal, occasionally bimodal. The geomet-p‘r’lrt'c_Ies wil a'WaVS a_ct as CCN due t_o the_lr_large dry size,
ric mean diameter varied between 28 and 120 nm with a&'<" if they are just slightly hygroscopic (”?'”'m”m required
mean value of 71 nm and the integrated number concentra’fzo'005 atS5=0.12% for a 570-nm particie). However,_
tion varied between 40 and 1720 chwith a mean value the OP.C measurements show that -the r_1ur_‘nber concentrayon
of 550cnT. Please note, that the average CCN numberOf particles above the upper detection limit of the SMPS is

concentration afS=1.18% exceeds the average integrated ?:Ivcv;'illys neg“?'tt;:e IC omp?red It_cé;?e number concentration of
number concentration, this is due to the different time periods » even atine lowest appll

over which the averaging was done. A trend towards slightly

Atmos. Chem. Phys., 10, 7891-7906, 2010 www.atmos-chem-phys.net/10/7891/2010/
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Fig. 3. Chemical composition of the aerosol, measured by the AMS and the Mf@Bhows the mass concentration of the individual
species using a collection efficiency of 1 in the AMB) shows the molar concentration of the measured, ldit the amount that is needed
for complete neutralization. Ofe) the volume fractions of the organics, ¥NO3, (NH4)2S0O, and black carbon are shown; the calculation
was done using the density values of 127@rkg, 1720 kgm?3, 1769 kgm3 and 1770 kgm?3, respectively.(d) shows the hygroscopicity
parametex which was calculated from the volume fraction weighted sum ofth&lues of the above species.

The bulk mass concentrations of ammonium, sulphate, ni2008 the organic volume fraction was slightly lower and the
trate and organics as measured by the AMS, are shown ilNH4NO3 slightly higher. The time resolved volume frac-
Fig. 3a, along with the BC mass concentrations measuredions are fed into Eq. (4) to get the AMS/MAAP deriveds
by the MAAP. Due to the low aerosol mass concentrationsa function of time (Fig. 3d).
of the measured species (the mean total mass concentration The relative contributions of NiNO3 and (NH4)2S0O4 to
was 1.93 ug m®) averaging to a 2-h running mean was nec- the total inorganic volume fraction were changing signifi-
essary. No substantial size dependence of the chemical coneantly during the measurement period, whereas the inorganic
position was observed in the time-averaged AMS data (se¢o organic ratio exhibited much less variability. Since the
also Sect. 4.2). The charge balance based on the ammaalues of the different inorganic salts are similar, the overall
nium, nitrate and sulphate concentrations revealed that the value does not experience large variations either (Fig. 3d).
aerosol was completely neutralised within the detection lim-The campaign mean AMS/MAAP derivedvalue was 0.34.
its of the AMS (Fig. 3b). Therefore these ions can be pairedThis value is well representative for the global mearalues
to NH4NO3 and(NH4)2SO, for the ZSR calculations. for continental regions (0.270.21) whereas the mean value

. . . _for marine regions (0.720.24) is much higher (Andreae and
Figure 3c shows the volume fractions of the chemical com Rosenfeld, 2008; Pringle et al., 2010).

ponents, which were calculated from the respective mass
fractions using Eqg. (5) and the densities listed in Table 2.4 Applicability of using AMS bulk composition data

The average values of the observed volume fractions were:

5.7%, 13.3%, 33.3%, 47.7% for BC, NNOs, (NH4)2SQ:  ysing bulk instead of size resolved chemical composition
and organics, respectively. Similar values were found dur-gata does not introduce significant prediction bias for the fol-
ing previous measurement campaigns at the same measulRying reasons:

ment site during February and March in 2005 (3.8%, 9.0%,

37.2%, 50.0%) and during July and August in 2005 (2.7%, 1. The applicability of this simplification was con-
6.2%, 30.5%, 60.7%) by Cozic et al. (2008), though in May firmed by checking the size dependent AMS signal.
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Fig. 4. Predicted vs. measured CCN number concentration for ambient aerosol at 4 different supersaturations using size distribution and
chemical composition data. 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=1.3x,1.1x,0.9x,0.7x equations.

Throughout the diameter range of our interest only auum aerodynamic diameter), therefore larger accumulation

very slight size dependence can be seen on average, amdode particles, carrying much more mass per particle, will

because of the very low mass concentrations at JFJ, thenainly determine the measured chemical composition. For

use of size dependent data would introduce much morehis reason, the measured chemical composition is biased to-

noise than add true information on the size dependencevards larger diameters and with that it is most representative

of the composition. for low supersaturations. Fortunately CCN predictions are

most sensitive to changes in the hygroscopicity parameter

2. The HTDMA measurements corroborate the fact thatat low supersaturations, while the susceptibilityts small

the « values show almost no size dependence at theat medium and high supersaturations (see Sect. 4.6 for de-

Jungfraujoch (Kammermann et al., 2010b). The sameails).

measurements also showed that the aerosol is largely

internally mixed with respect to hygroscopicity most of 4.3 CCN prediction from chemical composition data

the time. Moreover, Ervens et al. (2010) also showed
that assuming the two extreme cases — completely inCorrelations between predicted and measured CCN number

ternally or externally mixed aerosols — does not resultconcentrations on log-log scale at 4 example supersatura-
in a significant difference in the predicted CCN number tions (0.12%, 0.35%, 0.71% and 1.18%) are shown in Fig. 4.
concentration. The solid and dashed blue lines represent agreement within
+10% andd- 30%, respectively. The orthogonal distance re-
The chemical composition arouny ¢;it(SS) is relevant  gression line weighted by inverse measurement uncertainties
for determining the CCN activation cut-off. The highest and forced through the origin is shown in grey. We associated
Do crit Values belong to the lowest supersaturations. Theb% relative error to the measured and 10% to the predicted
AMS integrates all the mass below 1.5 um in diameter (vac-CCN number concentration.
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3

Table 3. Details on the predicted vs. measured CCN number con-
centration for the CCN prediction without simplificationsis the
slope of the fitted lineR? is the square of the correlation coefficient.

— inear fit through ratio between
CCN prediction and measurement

— 120

— 100

SSI%]  al-] RZ[]

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 (l) Z(IJO 4(|JO 6(|JO 8(|)0 10|00 12|00 14I00
1.07 1.050 0.978 CCN number concentration [cm'3]

1.18 1.013 0.980
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Fig. 5. The predicted-to-measured CCN number concentration at
all SSas function of the CCN number concentration coloured after

) ] o the mean diameter of the number size distribution.
At every singleSSthe slope of the fitted line is close to 1

which means that the CCN closure was successful (see Ta-
ble 3 for results at albg. On average 104% of the measured temporal variability of aerosol number concentration, shape
CCN concentration was predicted across 8§ with the  of the number size distribution and chemical composition. In
highest value of 105.0% &S=1.07% and the lowest value addition the assumption of size-independent chemical com-
of 93.4% atSS=0.12%. Overall, a very slight overprediction position may become invalid (Ervens et al., 2010) and a sub-
can be seen (except for the low&§, however, the devia- stantial fraction of externally mixed particles with very low
tions are clearly within the experimental uncertainty. At high « values may be present.
CCN number concentrations most of the points are within
the 10% and virtually all points within the 30% limits, while 4.4 Performance of simplified CCN predictions
at lower number concentrations (#CEN00-200 cm3, de-
pending on whiciSSone looks at) the scatter of individual The sensitivity of the CCN predictions to the input parame-
data points increases slightly with a few of them exceedingters was tested with different simplifying assumption regard-
the 30% limit (see Fig. 5). The reason for this could be theing the number size distribution and chemical composition of
overall increased uncertainty of the measurements closer tghe aerosol. The reference CCN prediction, considering all
the detection limits of the instruments. Next to this most of gvailable measurements including their temporal variability,
the predictions outside the 30% limit belong to times whenis shown as blue squares in Fig. 6. The green diamonds repre-
the mean diameter of the size distribution is very low (Fig. 5). sent the CCN prediction assuming a constant chemical com-
This means that only the tail of the size distribution was inte-position, i.e. mear based on the average measured compo-
grated for the CCN prediction, where even a small absolutssition during the campaign~(0.34). Yellow triangles were
noise of the SMPS can cause relatively high prediction er-calculated by ignoring the variability of the shape of the size
rors. distribution by time averaging the normalised SMPS scans.
CCN predictions of our closure study agreed well with In this case the detailed chemical information was used, and
measured values for every single data point, which is rethe normalised average size distribution was scaled to the
flected in a fitted slope of nearly unity as well as a high measured total particle number concentrati¥ip( s70). Red
correlation coefficient §2 >0.97) between the two quanti- points were derived by using the number size distribution av-
ties. In a different CCN closure study Lance et al. (2009)eraged over the whole campaign in the model, so that the
reported agreement between prediction and measurement ofariability of the predicted points originates only from the
average (fitted slope near unity), whereas the disagreememhanges in the chemical composition.
for individual data points was considerable (small correla- The simplified CCN predictions show that the CCN num-
tion coefficient). The improved performance of our closure ber concentrations are most sensitive to the temporal vari-
study is likely due to the fact that the number size distributionability of the number size distribution (Fig. 6). Using the
and chemical composition are more stable for the remote JFdonstant mean size distribution with considering the vari-
aerosol, which is not influenced by local pollution in contrast ability of chemical composition results in useless predictions
to measurements performed in the planetary boundary layefred points in Fig. 6). By contrast, deviations from the aver-
Potential reasons for degrading performance of CCN closure@age measured chemical composition have little to no impact
studies conducted at sites closer to sources are: increasexh the variability in the CCN number concentration (cf. blue
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sion of the aerosol at the point of CCN activation. Aerosols
B Full model with suppressed surface tension activate at lo§i&y;; be-

1400 ' Z mea“ Rappa =~ e cause the Kelvin effect term in Eq. (1) is decreased. As-
ean Size distribution shape i ; i .

suming a 10% reduction of surface tension at the point of

1
-
[+2]
[=]
o

?

® Mean Size distribution

12005} SS=0.59% CCN activation relative to pure water increases the predicted
1000 5 CCN number concentration. Consequently the overpredic-
A tion becomes even higher and reaches a factor of 1.12 aver-

aged over the whole data set compared to a factor of 1.04
with assuming surface tension of pure water. Kammermann
et al. (2010a) compiled an overview of the performance of
existing hygroscopicity-CCN closure studies, revealing that
the CCN number concentration was underpredicted in only
1 out of 10 cases, always assuming surface tension of pure
water. This is in line with our result that assuming reduced
T T T surface tension impairs the performance of CCN predictions.
0 200 400 600 800 1000 1200 1400 1600 However, Good et al. (2010a) also reported underprediction
Measured CCN number concentration [cm™] of CCN number concentration, which might be an indication
for suppressed surface tension in their case.
Fig. 6. Predicted vs. measured CCN number concentration for am- One has to note that closure with assuming surface tension
bient aerosol a85$-0.59% applying different simplifications in the of pure water might be untruly achieved by compensating er-
calculation of the predicted CCN number concentration: full model rors if both hygroscopicity parameterand surface tension
(blue squares), time averaged(green diamonds), time averaged gre in reality smaller than the values used in the calculations
size distribution shape (yellow triangles), time averaged numbersee also Sect. 4.7). Furthermore, it is also not possible to
size dl_strlbutlon shape and concentrat_lon (red points). The th'ndistinguish between a true absence of surface tension depres-
black line represents the one-to-one ratio. sion and the presence of surface active species compensated
by bulk/surface partitioning effects (Sorjamaa et al., 2004)

) o . such that one can still assume surface tension of pure water
squares and green diamonds in Fig. 6). Neglecting only the,; (o point of CCN activation.

temporal variability of the size distribution’s shape yields

still reasonable results (yellow triangles in Fig. 6), however, 4 g Susceptibility to chemical composition

it has much bigger influence on the prediction’s performance

than the temporal variability of the chemical composition. The susceptibility of CCN predictions to the absolute value
Thus, for an aerosol with a relatively constant chemical com-gnd the variability of the chemical compositiar) (vas fur-
position such as at the Jungfraujoch size indeed matters mofger investigated by a detailed sensitivity analysis. For each
than chemistry (Dusek et al., 2006), however, this does nossand each time the relative change in the predicted CCN
necessarily hold for other aerosol types and supersaturationgymber concentration at varying parameter (& « <0.8)

The volume fraction of the inorganic compounds rangedwas calculated with the help of the measured size distribu-
from 20% to 80% with the 10th percentile of 37%, median of tion. Figure 7 shows one example of the susceptibility to
45% and 90th percentile of 66% during the one-month obserfor a mediunSSof 0.59%. The colour scale indicates relative
vation period. Even though substantial variations in chemicalCCN prediction errors (hereafter referred to as CCNerror) if
composition were observed, significant differences betweenhe « value shown on the ordinate is used for the prediction
the reference prediction and the time averagechse can- instead of the AMS derived (grey points). The CCNerror is
not be seen. The model performance gets only slightly worseyy definition zero at the grey points. The black lines indicate
(larger x? values at most of th&S not shown here) if the  the lower and upper limits of acceptahievalues for which
time variance of the chemical composition is ignored. BasedCCNerro 10%. The sensitivity of CCN number concentra-
on this analysis, the temporal variability of the chemical in- tions is strongly time dependent, reflected in the variability of
formation could be skipped for the calculation, still yielding the equipotential lines of CCN error (see black lines as exam-

800 —

600

400

200-|, 4

Predicted CCN number concentration [cm

areliable CCN prediction at the JFJ. ple). This is mainly caused by the variability of the shape of
the size distribution. Nevertheless, a common feature is that
4.5 Susceptibility to surface tension CCN number concentrations are generally much more sensi-

tive to a decrease than to an increase invhich originates
Several laboratory studies on organic aerosols indicate thadtom the nonlinear dependence 0§, crit 0N« .
surface tension suppression effects may occur (e.g. Shilling The mean susceptibility of CCN predictions to the vari-
et al., 2007; King et al., 2009). In contrast the results of ourability of the chemical compositionc] for all SSis shown
closure study give no indication for a suppressed surface tenin Fig. 8. Note that temporal averaging over the whole
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measurement campaign of the relative prediction error wa

From this sensitivity analysis we can conclude that a
change in the chemical composition has only a small influ-
ence on the predicted CCN number concentrations except
for very low SS Since the campaign meanvalue (0.34)
is representative of continental sites around the globe (An-
dreae and Rosenfeld, 2008; Pringle et al., 2010), a similarly
weak sensitivity of CCN number concentrations to chemical
composition can also be expected for other continental sites.
Even smaller sensitivity to chemical composition is expected
for marine regions where the meanis higher (0.720.24;
Andreae and Rosenfeld, 2008; Pringle et al., 2010). How-
ever, it is important to note that this might not be true for
places, where the aerosol is much less hygroscopic with
lower k values as for example reported in rainforests (Gunthe
et al., 2009) or occasionally also at a site in Northern Europe
(Kammermann et al., 2010a).

4.7 Using HTDMA data for CCN prediction

§-|ere we show that HTDMA data can also be used to deter-

done againsik, and then the\x scale was converted back mine the hygroscopicity parameterrequired for the CCN

to absolutec values using the campaign mearof ~0.34.
CCN number concentrations at the lowest investige@&d
(0.12%) are much more sensitive to the chemical compos
tion change than at any high&S At this lowestSS«k can
only vary by—11% to+15% to stay within 10% in the calcu-
lated CCN number concentration. The corresponding toler
ance fork at the second lowe&S(0.24%) is already-20%

to +32%, increasing up te-37% to+120% at the highest
SS(1.18%). A priori one would expect a symmetrically mir-
rored order of the sensitivity curves at differésfor posi-
tive and negative\k, i.e. the curves shown in Fig. 9 are ex-
pected to cross each otherat =0 and nowhere else. This

is the case for most pairs of sensitivity curves. However, theM€asurements &S=0.5

sensitivity tox for nearby supersaturations (e §S=0.59%
andSS=0.47%) is very similar such that experimental uncer-

tainties can explain deviations from the expected symmetry.
always bearing in mind that these sensitivity curves are base
on experimental size distribution and CCN data acquired a

slightly different times for differeng8S

www.atmos-chem-phys.net/10/7891/2010/

prediction instead of the chemical composition data. In this
case information on the mixing state of the aerosol with re-
spect to hygroscopic properties is also known (Kammermann

et al., 2010a), and thedfler curve can be extrapolated from
below saturation to the supersaturated region using fe-

rameterisation. A comparison of theparameters derived

from the different instruments is shown in Fig. 9. Since
the CCN number concentration is relatively insensitive to the
changes in the parameter, the CCNC derivadvalues are
very noisy, and therefore 5-h running mean values are pre-
sented for all instruments. ThBg=50 nm HTDMA mea-
surements are most suitable for comparison with the CCN
9%, because the averade crit at

this SS inferred from number size distribution and CCN
number concentration data,#$56 nm. Even if there is some-
times a significant difference between the CCNC (brown dot-
Eed line) and the AMS/MAAP (black line) derived val-
es, the closure comparing the measured and calculated CCN
number concentration worked almost perfectly. This is be-
cause the calculated CCN number concentration is relatively
insensitive to the changes in the chemical composition (
value) as it was shown in Sect. 4.6.

Atmos. Chem. Phys., 10, 7891-7906, 2010
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Fig. 9. Time series of hygroscopicity parametederived from the different instruments.

HTDMA and CCNC derivedc values correlate well at differences of corresponding CCN number concentrations.
most times and their overall agreement is better than theAs a consequence itis not possible to attribute the differences
agreement between AMS/MAAP and CCNC derivesal- in « values reported here (Fig. 9) to experimental uncertain-
ues. Therefore even better agreement between CCN medies or one of the above-mentioned effects with certainty, but
surement and prediction is obtained if the size distributionwe can constrain the hygroscopicity parametérom either
data are combined with the HTDMA derived hygroscopicity AMS/MAAP or HTDMA measurements well enough to pre-
parameter for the CCN prediction (not shown). dict the CCN number concentration within a few percent.

CCN predictions are complicated by several factors in-
cluding the potential occurrence of surface tension suppresé"8 Influence of Sahargn dust events on the CCN
number concentration

sion, bulk to surface partitioning effects of surface active
species, or strong dependence of the water activity coeffi-D

cient on the concentration of the solution droplet. Good etyust predominately located in the coarse mode, might be
al. (2010b) reported that experimental differences bewVee'ﬂ)resent. Therefore it is in principle possible that the bulk

HTDMA mstruments operated in parallel made itimpossible chemical composition changes to that extent that our CCN
to determine whether or not the above effects occur. Fur-

. i . _predictions, which ignore mineral dust in the composition,
thermore, CCN properties predicted from the hygroscoplcp d P

wih d at subsaturated RH bstantiall d_fbecome significantly biased. Through the one-month mea-
gro measured at subsaturate were substantially Aily, e ment campaign we detected only one SDE according to
ferent when using data from different HTDMA instruments.

What d thi for the int tati ¢ | the criterion by Collaud Coen et al. (2004). The event was
alt ?oeGs (|js rtne;';mz(c));Obe.ln ergre f‘ élon ot our closure trong and lasted almost 3 days (26 May 2009 12:00-29 May
results? Good et al. ( ) investigated pure organic and,nq™ 5.0 CEEUTC+1). Based on previous HTDMA

organic dominated a_erosols (organic fractioB0% fo_r th_e easurements at this site (Sjogren et al., 2008) we can state
most part) produced in a smogchamber by photo-oxidation c’Qat a substantial fraction of externally mixed SDE particles

a-pmerluta. Dlépllssy et a_l. (2bO(39) repccj)%ed fo;:_:_g&z;rpcutlar can occasionally be found @=250 nhm in extreme cases,
aero{%othyp:e |screpadn0|eﬁ fe ween ditieren Ld .'nstr#'though a more comprehensive data set shows that the over-
ments that compared well Tor Inorganic aerosol aunng ey, - qirinytion of mineral dust at sizes with <265 nm re-

same intercomparison study. Whether or not such discrepfnains negligible even during strong SDE (Kammermann et

anci(_es between different HTDMA instruments also occur foral” 2010b). Here we tested the hypothesis whether neglect-
ambient aerosols has not yet been shown to our knowledgqng mineral dust in the composition impairs our CCN pre-

The organic aerosol investigated by Good et al. (2010b) has Biction during the SDE or not. Therefore we split the mea-

rqther low hygroscopwﬂy«(~O.1—0.15), W.h.'Ch makes P surement data into non-SDE and SDE periods according to
dicted CC'.\I propertles_much more sensitive to experimenyy . criterion by Collaud Coen et al. (2004) and compared the
tal uncer'Famt|es (see Fig. 8), compared to the aerosol at th rediction performance between these two cases (Fig. 10).
Jungfraujoch. Furtherr_nore, the study by Good et al. (2010b oth fitted slopes (orthogonal regression with weighting as
compares _the propertle_s of CCN rather thaf‘ CCN num_be reviously explained) of 1.04 and 1.05 as well as correlation
concentration. Comparison of CCN properties emphasize oefficientsR?=0.99 and 0.96 are equal within uncertainty
small discrepancies, whereas CCN number concentrations %r the non-SDE and SDE periods, respectively.

a polydisperse aerosol are much less sensitive to uncertain- ' '

ties ink. This fact is illustrated by Figs. 4, 8 and 9 of this

study: substantial differences intranslate only into small

uring SDE periods at the JFJ significant mass of mineral

Atmos. Chem. Phys., 10, 7891-7906, 2010 www.atmos-chem-phys.net/10/7891/2010/
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Fig. 10. Predicted vs. measured CCN number concentration duringraction of small particles. The black line represents the linear fit

non-SDE period (dark green) and the SDE period (light green). All through the data points.
supersaturations are included. The yellow line represents the one-
to-one ratio.

long-term measurements might provide a statistically more

This shows that ignoring the mineral dust component inrepresentative value for the mearvalue. A continuous 17-
the chemical composition does not impair CCN prediction months dataset with CCN number concentration and size dis-

On the contrary, using bulk composition including mineral tribution measurements will make us also able to investigate

dust would bias CCN predictions, because coarse mode mirthe influence of seasonal and short-term variations of the size
eral dust gives a major contribution to total mass (Cozic e,[dlstr|but|on on the CCN activation at JFJ in more detail.

al., 2008), whereas the contribution of mineral dust to parti-

cle number concentration at those Aitken and accumulation )

mode sizes in the CCN cut-off range is negligible. Appendix A

The total number concentration of particles with diameter
5 Conclusions larger than 10 nmXcn) measured by the CPC was compared

to the integrated SMPS number concentratidi( s70) in
The CCN number concentration observed at the Jungfrauerder to validate the SMPS measurement. The measured total
joch was predicted reliably from measured aerosol numbenumber concentration is expected to be higher tNag 570
size distribution and chemical composition data using a sim-always if nucleation mode particles with sizes<10 nm are
plified parameterisation of thedtler theory. Both, average present because the CPC has a lower cut-off than the SMPS.
values and temporal variability of CCN number concentra- N12-s70 and (Ncn) are only expected to agree if no nucle-
tion were well predicted across the wh@&range. Signifi- ation mode particles nor a substantial number fraction of
cant underprediction was not experienced, indicating that ongarticles withD >570 nm are present. In this case any dis-
can assume surface tension of pure water. A comparison cigreement betwee¥>_s7oandNcn is related to instrumen-
HTDMA, AMS/MAAP and CCNC derived values showed tal/measurement errors and can be used for a correction.
that HTDMA measurements can be used to determine parti- In Sect. 4.1 we have seen that the number concentration
cle hygrscopicity required for CCN predictions if no suitable above 570 nm was negligible during the whole campaign,
chemical composition measurement is available. therefore we only have to exclude periods with nucleation

The composition derived campaign meanvalue was mode particles for the comparison. In order to do so the

found to be~0.34. A detailed sensitivity analysis showed number fraction of small particles (integrated SMPS num-
that thisx value is in a range, where a variation in the  ber concentration betwead=12 and 30 nmN12_3q) rela-
value around its mean value has only a small influence ontive to total N1>_570 was calculated as an indicator for the
the resulting CCN number concentration. Therefore it can bepresence of the small particles. Then the ratiaVab_s7¢
expected that the CCN number concentration at the Jungfrauo (Ncn) was plotted against the proxy of the small particles
joch site can generally be well predicted from size distribu- (Fig. A1l). As expected the ratiaVi2—570/Ncn) decreases
tion data with assuming a surface tension of pure water andvith increasing number fraction of small particles. How-
a constant hygroscopicity parameter-e0.34, though our ever, the intercept between fitted line and ordinate, i.e. the
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ratio (N12_570/Ncn) in the absence of small particles is at H+—NHj{—Na+—SO‘2(—NO§—C|——Hzo at 298.15K,

0.83 instead of unity, indicating that the SMPS was under- J. Phys. Chem., A102, 2155-2171, 1998. _

counting by~17%. Undercounting of the SMPS may have Collaud Coen, M., Weingartner, E., Nyeki, S., Cozic, J., Hen-

been caused by slight deviations of the sample and sheath Ning, S., Verheggen, B., Gehrig, R., and Baltensperger, U.:

flow rates from the nominal values, or a DMA transfer prob- ~ -ong-term trend analysis of aerosol variables at the high-

ability which was lower than assumed. Therefore the num- 2Pine site Jungfraujoch, J. Geophys. Res., 112, D13213,
. doi:10.1029/2006JD007995, 2007.

ber concentration measured by the SMPS was corrected b¥

. . ollaud Coen, M., Weingartner, E., Schaub, D., Hueglin, C., Cor-
a size-independent factoy1.83~1.20. The necessity and rigan, C., Henning, S., Schwikowski, M., and Baltensperger, U.:

the absolute value of the correction factor to be applied 10 sanaran dust events at the Jungfraujoch: detection by wavelength
the SMPS data were confirmed by comparison of the mea- dependence of the single scattering albedo and first climatology
sured and calculated aerosol scattering coefficient (Mie cal- analysis, Atmos. Chem. Phys., 4, 2465-2480, doi:10.5194/acp-
culations using SMPS data compared to the nephelometer 4-2465-2004, 2004.
measurement; Fierz-Schmidhauser et al., 2010). Cozic, J., Verheggen, B., Weingartner, E., Crosier, J., Bower, K.
N., Flynn, M., Coe, H., Henning, S., Steinbacher, M., Henne, S.,
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