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Abstract. Data from measurements of hygroscopic growth 1  Introduction
of submicrometer aerosol with a hygroscopicity tandem dif-
ferential mobility analyzer (HTDMA) during four campaigns Aerosol particles in the atmosphere affect the earth’s radi-
at the high alpine research station Jungfraujoch, Switzerlandation balance in various ways (e.g. Solomon et al., 2007).
are presented. The campaigns took place during the yearsirstly, aerosol particles absorb and scatter radiation. This di-
2000, 2002, 2004 and 2005, each lasting approximately ongect aerosol effect is influenced by the hygroscopicity of the
month. Hygroscopic growth factorssF, i.e. the relative  aerosol particles, which is determined mainly by their chemi-
change in particle diameter from dry diametBg, to diam-  cal composition. Secondly, the tendency for cloud formation
eter measured at higher relative humidity, RH) are presente@nd resulting cloud properties similarly depend on chemical
for three distinct air mass types, namely for: 1) free tropo-composition as well as on size distribution of the aerosol par-
spheric winter conditions, 2) planetary boundary layer influ-ticles (e.g. McFiggans et al., 2006). Thus the cloud albedo
enced air masses (during a summer period) and 3) Saharand the radiative properties of cloud droplets are influenced,;
dust events (SDE). Th6F values at 85% RHPp=100nm) this is termed the indirect aerosol effect. The presence of
were 1.4@-0.11 and 1.29:0.08 for the first two situations particulate water allows for physical processes (e.g., shape
while for SDE a bimodalGF distribution was often found. maodification) or heterogeneous chemical reactions, which in
No phase changes were observed when the RH was varieirn influences the chemical composition. These processes
between 10-90%, and the continuous water uptake could bare commonly referred to as the aging of aerosols.
well described with a single-parameter empirical model. The Aerosols and their properties, such as hygroscopicity, are
frequency distributions of the average hygroscopic growthcurrently modeled in global climate models (GCMs), mostly
factors and the width of the retrieved growth factor distri- to better predict the scattering properties and size distri-
butions (indicating whether the aerosol is internally or exter-bution under varying humidity conditions (Randall et al.,
nally mixed) are presented, which can be used for modeling2007). Relatively few measurements of background aerosol
purposes. from the lower free troposphere exist (e.g. Kandler and
Measurements of size resolved chemical compositionSchitz, 2007; Swietlicki et al., 2008). To increase avail-
were performed with an aerosol mass spectrometer in parable data and validation possibilities four measurement cam-
allel to theGF measurements. This made it possible to esti-paigns at the high alpine site Jungfraujoch (JFJ), with a du-
mate the apparent ensemble m&dhof the organicsGForg) ration of about one month each, are presented here. During
using inverse ZSR (Zdanovskii-Stokes-Robinson) modeling.2000, 2002, 2004 and 2005 the CLACELud andAerosol
GForg was found to be-1.20 ata,,=0.85, which is at the up-  CharacterizatiorExperiment) field studies were performed
per end of previous laboratory and field data though still inwithin international collaborations, including both summer
agreement with the highly aged and oxidized nature of theand winter seasons. The general goals of the field campaigns
Jungfraujoch aerosol. were i) a physical, chemical, and optical characterization of
the aerosol at the JFJ in order to better quantify the direct
aerosol effect, and ii) an investigation of the interaction of

Correspondence tcE. Weingartner aerosol with clouds, for a better quantification of the indi-
BY (ernest.weingartner@psi.ch) rect effect. The cloud forming processes were studied under
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different meteorological conditions, with a special focus onin lower free tropospheric air masses. During summer the
aerosol-cloud partitioning in mixed-phase clouds (Cozic etaerosol sampled is influenced by injections of air from the
al., 2007; Verheggen et al., 2007). Further topics were theplanetary boundary layer (PBL) (Baltensperger et al., 1997;
physical and chemical characterization of ice nuclei (Cozic etNyeki et al., 2000). The station is surrounded by glaciers
al., 2008b; Mertes et al., 2007), and the processes responsibnd rocks, and no local vegetation is present. The JFJ boasts
for the formation of new particles in the free troposphere. In-the highest European (electrical) railway station and is eas-
strumentation was deployed to characterize the aerosol sizdy accessible throughout the year. Within the World Mete-
distribution (scanning particle mobility sizer and optical par- orological Organization (WMO) Global Atmosphere Watch
ticle counter), size segregated chemical composition (Aero{GAW) program continuous measurements of aerosol param-
dyne aerosol mass spectrometer, AMS) and hygroscopicitgters have been performed at the JFJ site since 1995 (Col-
(hygroscopicity tandem differential mobility analyzer, HT- laud Coen et al., 2007). The research station is also part
DMA). In this study AMS and HTDMA results will be ana- of the Swiss National Monitoring Network for Air Pollution
lyzed in greater detail. (NABEL) and the Swiss Meteorological Institute (SMI).
Atmospheric aerosol components can be classified into in- The aerosol at the JFJ shows an annual cycle with highest
organic and organic fractions (e.g. Kanakidou et al., 2005)mass concentrations in August to July and minimum con-
The hygroscopic properties of most inorganic salts presententrations in January to February, furthermore, the organic
in the atmospheric aerosol are known. Of the many organidraction increases during summer season (e.g. Cozic et al.,
species identified in the aerosol (e.g. Putaud et al., 2004)2008a; Nyeki et al., 1998; Weingartner et al., 1999). These
the hygroscopic properties of quite a few substances havare the major factors influencing the hygroscopic properties
been investigated. Inorganic salts (for instance ammoniunstudied in this article. Based on comparison with the continu-
sulfate, (NH,)2SOy, and sodium chloride, NaCl, can show a ous aerosol measurements that are available for the JFJ since
hysteresis behavior during uptake and loss of water, i.e. byi995, campaigns in 2000 and 2004 appear as typical win-
exhibiting a difference between the deliquescence and effloter conditions (with low aerosol concentration present in the
rescence relative humidities (DRH/ERH), and with a higherfree troposphere), while the campaign in 2002 is typical of
water content of the deliquesced than the effloresced particlesummer conditions, and the 2005 campaign can be consid-
in this relative humidity (RH) range. Conversely, organic ered as spring-like conditions, with features situated in be-
constituents of the aerosol often do not show efflorescencéween winter and summer. In the following, the data are sep-
which can contribute to an uptake of water at lower RH thanarated accordingly to these cases: non-disturbed lower free
the DRH of inorganic salts. tropospheric winter conditions (abbreviated FT) and PBL
A method for characterizing water uptake of aerosol par-influenced summer conditions (abbreviated PBL INF). Fur-
ticles is the HTDMA (Liu et al., 1978; Rader and Mc- ther, at times the JFJ is influenced by Saharan dust events
Murry, 1986; Weingartner et al., 2002). The set-up used(SDE). These events were detected according to the method
in three of the campaigns was a low-temperature HTDMA described by Collaud Coen et al. (2004), which shows that
(—10°C during the winter campaigns and 8&during the  during SDE the Angsiim exponent of the single scattering
summer campaign), and in the winter campaign 2005 meaalbedo (SSA) is negative. This method was also corroborated
surements were done at laboratory temperature (2%5)33 by size resolved chemical analysis by ion chromatography,
Furthermore, measurements with an AMS supplied time-where, during dust events;6% of the total calcium concen-
and mass-resolved chemical composition of sulfate, nitratetration was found in the PMsamples. Thus, a third type
ammonium and organics during the campaigns 2002, 2004f air mass (abbreviated SDE) is distinguished here. The
and 2005. The hygroscopic growth was predicted with thecriterion used to identify SDE was an Ang#tn exponent
Zdanovskii-Stokes-Robinson (ZSR) relation using the mea-of the SSA less thar-0.1 for more than three hours. Con-
sured composition from the AMS (Gysel et al., 2007; Stokesversely non-disturbed FT air masses were defined as the pe-
and Robinson, 1966), and compared with the hygroscopicityiods where the Angsbm exponent of the SSA was positive,
measured by the HTDMA. and furthermore 1 h around each SDE was removed from the
data to avoid transition periods.

2 Methods 2.2 Measurements

2.1 Site and air mass types Several different inlets were used during the experiments.
During three campaigns an interstitial inlet was operated

The JFJ is a European high-alpine background site located owith a PMy or PM 5 cyclone and sampled only the intersti-

an exposed mountain col in the Bernese Alps, Switzerlandfial submicron-sized aerosol, with hydro-meteors being pre-

at 3580 m altitude (46.33, 7.59 E). Throughout the year cipitated in the cyclone. A heated total inlet (25) was

the station is within clouds about one third of the time (Bal- used during the last campaign, which was designed to evap-

tensperger et al., 1998). During winter it is predominantly orate the condensed water from cloud hydro-meteors thus
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Table 1. Overview of the campaigns.

Dry diameter,Dg [nm]
50 100 250

2000-Winter

Date 21.02 to 27.03.2000

Number of scans* at RH=85% 1698 1855 1648
Number of humidograms 11 15 11
T setting HTDMA, inlet type —10°C, interstitial, PM

2002—-Summer

Date 08.07 to 17.07.2002

Number of scans* at RH=85% 528 746 517
Number of humidograms 4 43 4
T setting HTDMA, inlet type 0.8C, interstitial, PM

2004-Winter

Date 01.03 to 01.04.2004

Number of scans* at RH=85% 499 1767 1295
Number of humidograms 4 4 4
T setting HTDMA, inlettype  —10°C (as well as shortly ZIC), interstitial, PM 5

2005-Spring-like

Date 13.02 to 16.03.2005

Number of scans* at RH=85% 306 1533 162
Number of humidograms 6 6 6
T setting HTDMA, inlet type 28C, total inlet

*Each scan had a duration of 300s.

sampling the sum of all particles including both cloud droplet resolution. The instrument works by sampling air through an
residual and interstitial particles. The total inlet has an upperaerodynamic lens to form a particle beam in a vacuum and
50% cut-off diameter of 40m at wind speeds upto 20ms  accelerating the focused beam of particles as a function of
according to calculations by Weingartner et al. (1999). Thetheir momentum towards a tungsten heater {&jQhat flash
percentage of time during which wind speeds above 20'ms vaporizes the particles. The volatilization stage is performed
were encountered at the site over the last 9 years was lowadjacent to an electron impact ionizer (about 70 eV) and the
2.6%. It is important to ensure that the actual cut-off is suf-ions are analyzed by a quadruple mass spectrometer (QMA
ficiently large to sample cloud droplets efficiently and that 410, Balzers, Liechtenstein) with unit mass-to-chargéz{

the heating does not disturb the particle size distributionsresolution. In typical field operation, the AMS alternates be-
Henning et al. (2002) showed by differentiating size distri- tween two modes: (i) in the mass-spectrum (MS) mode the
butions measured downstream of both total and interstitialveraged chemical composition of the non-refractory (NR)
inlets and comparison to cloud microphysical measurementsierosol ensemble is determined by scanningrilie spec-
(FSSP) that the total inlet has a sufficient sampling efficiencytrum with the quadruple mass spectrometer, without size re-
for cloud droplets under the given conditions and that thesolved information, (ii) using the aerosol time-of-flight (ToF)
heating does not otherwise disturb the particle size distribumode selected:/z representative of key chemical compo-
tions. The difference in response downstream of the two dif-nents can be resolved as a function of the vacuum aero-
ferent inlets provides insight into the fractionation of aerosoldynamic diameter of the particles. More detailed descrip-
particles between the cloud phase and the interstitial phasdions of the AMS measurement principles and various cal-
Table 1 lists the dates for the campaigns as well as details obrations (Canagaratna et al., 2007; Jayne et al., 2000), its

instruments used and setup of the HTDMA. modes of operation (Jimenez et al., 2003) and data process-
ing and analysis (Allan et al., 2003; Allan et al., 2004) are
2.3 AMS (Aerosol Mass Spectrometer) available. The AMS supplies the concentrations of inorganic

d drupl L 2 4ons, i.e. sulfate, nitrate and ammonium. These ions account
An Aerodyne quadruple AMS (Jayne et al., 2000) was useq, ggo4, of the composition of inorganic ions at the JFJ (Co-
to provide on-line, quantitative measurements of the totalziC etal., 2008a; Henning et al., 2003: Krivacsy et al., 2001)

mass and size dls_tnbuted non refractory chen_mcal COMPOL, thermore the total concentration of the organic content is
sition of the submicron ambient aerosol at a high temporal
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supplied, although no detailed speciation is possible. Mas§hese are known as the dehydration and hydration modes of
loadings at the JFJ site are generally low. Therefore 3-h aveperation, respectively. This allows for detecting potential
erages were calculated as a compromise between countirfysteresis effects in the hygroscopic growth behavior with

statistics and time resolution. distinct efflorescence and deliquescence transitions. The hy-
dration mode, where the mono-modal dry particles were ex-
2.4 Black carbon concentration posed to a monotonically increasing RH in the HTDMA prior

to the size measurement in DMA2 (allowing measurements
During the first two campaigns 2000 and 2002 the blackof DRH), was applied during all campaigns, and is also the
carbon (BC) concentration was measured with an AE31mode of operation used during measurements at constant
Aethalometer (wavelength=880 nm was used) (Weingart- RH. The dehydration mode, where the dry particles are first
ner et al., 2003). During the last two campaigns BC was meaexposed to RH80% using a pre-humidifier before mono-
sured with a multiple angle absorption photometer (MAAP, tonically lowering the RH towards the RH in DMA2 (Gysel
at A=630nm) as well as with an AE31 Aethalometer (at et al., 2004; Sjogren et al., 2007), was mainly applied during
2=880nm). A mass absorption efficiency of 7.6gn* for the 2004 winter campaign (allowing measurements of ERH).
winter and 11.1 rig~* for summer was used for the MAAP The hygroscopic growth factoGGF) indicates the relative
data (Cozic et al.,, 2008a). BC concentrations from theincrease in mobility diameter of particles due to water ab-
aethalometer were determined accordingly, taking advantagsorption at a certain RH, and is defined as
of a high correlation between these two instruments during
simultaneous measurements (Cozic et al., 2008a). As no siz§:i
) ) F(RH)=
resolved BC measurements were available it was assume
that the BC fraction in each size range was independent of
size and thus equal to the BC fraction in PNtlefined as  where D(RH) is the mobility diameter at a specific RH and
the sum of the AMS and the BC data). The choice of the Do is the particle mobility diameter measured under dry con-
mass absorption efficiency for the BC concentration and itsditions (91% of the data were with DMA1 at RH5%.
size independence are not critical due to the low sensitivHowever to increase available data we included periods
ity of the hygroscopicity closure to these assumptions. Thewhere the RH in DMA1 was up to 35%, where td is
measured BC volume fraction during the CLACE campaignsrelatively low (<1.03) for the ambient aerosol (see below).
was always less than 10%. Therefore even completely ignor- Mobility diameter growth factors obtained with an HT-
ing BC in the ZSR predicitions increases predioféfes less  DMA are only equal to volume equivalent growth factors if
than 0.02, which is well within our stated uncertainty. the particles do not change their shape during water uptake.
This assumption is justified as the hygroscopicity was char-
2.5 HTDMA (Hygroscopicity Tandem Differential Mobil-  acterized by a continuous growth curve for the majority of

D(RH)
Do

1)

ity Analyzer) the time (see below), thus the particles can be considered lig-
uid and consequently roughly spherical at all measured RH.
Briefly, the HTDMA functions as follows: a differential mo- During the first three campaigns both DMAs and the hu-

bility analyzer (DMA1) selects a monodisperse aerosol sizemidifier were inserted in a well-circulated water bath, ensur-
cut with mobility diameter,Dg, under dry conditions. The ing constant temperature as indicated. The aerosol line was
aerosol then passes through a humidifier with a controlleccooled and insulated from the outside of the building to the
higher RH, and the mobility diametdp is measured with  entry of the first DMA. This ensured that no artifacts during
a second DMA (DMA2). The two DMAs are similar to the sampling occurred (i.e. volatilization of semi-volatile ma-
the TSI 3071 type. The relevant RH in DMA2 was deter- terial), as the measurements were performed close to ambient
mined by measurement of the system temperature and thieemperatures (Gysel et al., 2002; Weingartner et al., 2002).
DMAZ2 excess sheath air dew point using a dew point mir- During the campaign in 2005 the first DMA was maintained
ror (model 2002 Dewprime, EdgeTech). The accuracy of theat the laboratory temperature (25283 and only DMA2

RH measurement at RH=85%ARH=+1.1%, with temper-  was kept at a constant temperature in a water bath {€2.8
ature gradients0.1K in DMA2 and an accuracy of the mea- (Sjogren et al., 2007). This was done because of the func-
sured temperature difference between dew point and DMAZionality of the HTDMA used, and because it was deduced
temperature oft0.2 K. The residence time of the sampled from the three first campaigns that temperature artifacts were
aerosol at the set RH was20s before size measurement negligible (i.e. compared to measurement uncertainties). The
(Sjogren et al., 2007). The HTDMAs were employed in HTDMA data were averaged to 3 h, in order to match the
slightly different ways during the different campaigns (see AMS time series. The performance of the instruments was
Table 1). In general the HTDMA measured at a constant RHverified with extensive testing with (NhbSOs and NacCl
which was set to 85%. On occasions the RH-dependenceefore the campaigns. During 2004 and 2005 these salts
of the hygroscopic growth was investigated by both increas-were also measured at the JFJ. The growth of{N80O; and

ing and decreasing the RH in DMA2 between 10 and 85%.NaCl particles was compared with the theoretical prediction
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using the Aerosol Diameter-Dependent Equilibrium Model sulfate at 85% RH isr <0.05, however, such smadl can
(ADDEM) (Topping et al., 2005a, b), and corresponded to only be detected when counting statistics allow for inversion

within less than 0.04 iGF at 85% RH. with higher resolution. Therefore amy >0.15 shows that
the aerosol is externally mixed or quasi-internally mixed with
2.5.1 Inversion algorithm substantial spread of growth factors, while any0.10 indi-

cates absence of distinct growth modes, i.e. an internal mix-
Atmospheric particles of a defined dry size typically exhibit ture or a quasi-internal mixture with limited spread of growth
different growth factors. This is due to either external mixing factors. We use the not only to describe the spread of a sin-
of particles in an air sample or variable relative fractions of gle mode, but also in the sense of describing a broader distri-
different compounds in individual particles (the latter here- bution, or describing cases which are clearly bimodal. Two
inafter referred to as quasi-internally mixed). A mono-modal HTDMA measurement examples (red) and corresponding in-
growth distribution without spread can only be expected inverted growth factor distributions (green) as well as the in-
very clean and homogeneous air parcels. For further deverted growth distribution reprocessed through the HTDMA
tails on mixing states see e.g. Buzorius et al. (2002). Growthorward model (blue) are shown in Fig. 1. Panel (A) shows an
factor probability density functions (GF-PDIEGF)) are re-  aerosol ,=100 nm) observed during undisturbed FT con-
trieved from each measurement, and normalized such thaditions withGF*=1.28 andr=0.08, indicating that it was in-
J ¢(GF)dGF=1. The inversion method applied to the raw ternally mixed. Panel (B) shows an aerosol observed during
data (Gysel et al., 2088 has been tested and applied to an SDE witha=0.22. This aerosol is obviously externally
ambient HTDMA data previously (Gysel et al., 2007; Al- mixed with two distinct modes abF=1.05 andGF=1.45,
lan et al., 2008). This method uses a full TDMA transfer whereof the former can be attributed to mineral dust. The
forward function in combination with g2 minimization al- ~ GF* is 1.227 and is not representative of the hygroscopic
gorithm to retrieve the GF-PDF from the measuf&# dis- behavior of the aerosol but would be the value to compare
tribution. This approach is similar to the TDMAfit algo- with the predicted hygroscopicity from the ensemble chemi-
rithm by Stolzenburg and McMurry (1988) with the differ- cal composition, which would need to take mineral dust into
ence that the GF-PDF is assumed to be a piecewise lineaccount. In this case the blue line does not exactly follow the
function with fixed support points instead of a superposi-measurement because of the limited resolution of the inver-
tion of multiple Gaussians. Using a piecewise linear func-sion. However, better results cannot be obtained even with
tion with fixed support points is similar to the inversion algo- increasing the resolution, because the measurement uncer-
rithm described by Cubison et al. (2005). Here a resolutiontainties are too big at such a low number of measured counts.
of AGF=0.15 was chosen for the support points. The AMS
provides chemical composition data for the bulk submicron2.5.2 Correction of HTDMA data to 85% RH

aerosol in the air sample, whereas no information on the v d 0 b
mixing state of the aerosol is obtained. GF-PDFs obtained! "€ Measurements were generally done at 85% RH. To ob-

with the HTDMA provide some information on the mixing tain a more complete time series data set, data betwee_n 80
state. The ensemble mean growth fad¥ is defined as and 90% RH were corrected to 85% RH using the following

volume weighted (8-moment) mean growth factor of the €duation:

GF-PDF:GF*=([ GF3¢(GF) dGF)"/®. GF* represents the ,

growth factor that would be observed if the absorbed water, g,y _ (GF° — 1)1 —ay)
was equally distributed among all particles in a sample. Thus ’ ay

GF* is the quantity to be compared with growth factor pre- & (2)

dictions based on bulk chemical composition data obtained ( ay \Y3
Lkt )

by the AMS (see below), also for externally mixed aerosols.GF(ay, k) =

However, this is not the case if a significant mass fraction

cannot be measured by the AMS because of large contribuwherek captures all solute properties,, is the water activ-

tions of refractory material such as dust, black carbon or sedy. First thek-value was calculated from the measuf@#

salt. and RH (first line of Eq. 2), and then the corresponding cor-
The standard deviatiom of the inverted GF-PDF is used rectedGF at 85% was calculated using thigsecond line of

as a measure for the spread of growth factors. The loweFd: (2). Equation (2) is equivalent to Eq. (4) in the paper by

detection limit for spread of growth factors 4s=0.10 with ~ Gysel et al. (2004) withk=(Mu ps is)/ (0w Ms), whereM,,

a resolution ofAGF=0.15 as chosen here for the HTDMA i the molar mass ang,, the density of water, and/; the

data inversion. The spread obtained with pure ammoniunfnolar massy; the density and the van't Hoff factor of the
solute. Equation (2) is also equivalent to Eq. (1) in the paper

1Gysel, M., McFiggans, G. B., and Coe, H.: Inversion of by Dick e_t al. (2000) withu=k andb=c=0,_wherea,b, and
Tandem Differential Mobility Analyser (TDMA) Measurements, J. c¢ are their model parameters. More details about the theoret-
Aerosol Sci., submitted, 2008. ical background of the functionality of Eq. (2) are given in

— ay
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o ‘ T L g Table 2. Hygroscopic growth factors for pure substances and phys-
" 7‘ T L. ical properties used (Bulk properties, Topping et al., 2005a).

30 5

Counts

Substance  GF (ata, =0.85) Density [kg n3]

20 4

uonnguIsIg ANIGENDIY PASYELLON

-2 (NHg)2SOq, 1.56 1769

10 | NH4HSO,  1.62 1780
NH4NO3 1.59 1720

0 oflbed a0 H,SO, 1.88 1830
08 U] 10 1 1.5 18 1.7 18 BC 10 2000
— L s Organics 1.29 1400

2000, Dy =250 nm [s;

efé /
e

ag 10 1 er‘quvth Fw;am q4 15 18 17 s The AMS measured size-resolved mass concentrations of
! ammonium (NI{), sulfate (S@_), nitrate (NG;), and or-
Fig. 1. Typical examples of growth factor distributions at RH=85% ganlcs.wnh high temporal resolution during the last three
of Do=100 nm particles@F=1.28) and-=0.08 (Panel (A), 12 July ~ campaigns: 2002, 2004 and 2005. The jPagrosol at the
2002 18:00) and 0Dg=250 nm particles during a SDE (Panel (B), JFJ was mostly neutralized with ammonium (Cozic et al.,
17 March 2000 20:24), with a first mode @F=1.05 and a second 2008a), according to AMS data and Pfiter samples. The
mode atGF=1.45 (overallo=0.22). The red line and points (left pairing of the inorganic ions, which is required for the ZSR
axis) refer to measured particle counts, the green line is the invertedelation, is unambiguous for aerosols neutralized by a single
GF distribution (right axis) and the blue line inverted growth distri- cation. However, occasionally the measured ammonium con-
bution reprocessed through the forward model (left axis). Error barscentration was insufficient to fully neutralize the sulfate, thus
indicate the estimated counting uncertainty of the measurement. indicating an acidic aerosol. In such cases the ion-pairing
becomes ambiguous and therefore an adequate ion-pairing
scheme must be applied. We used the simplified ion-pairing
scheme presented by Gysel et al. (2007), which has a di-
rect analytical solution and deviations of corresponding ZSR
predictions from full thermodynamic models are minuscule
for the relevant inorganic mixtures. Growth factors of pure
inorganic salts are obtained from ADDEM (Topping et al.,
20054, b; see Table 2). Densities used to convert mass frac-

Prediction of hygroscopic growth factors wittoKler theory ~ tions measured by the AMS into volume fractions required
requires detailed knowledge of particle composition as wellfor the ZSR relation (Ecg) are also provided in Table 2.
as a thermodynamic model, which describes the concentra- The AMS composition data were integrated over a narrow
tion dependence of the water activity for such a mixture. Thesize range from 88-196 nm vacuum aerodynamic diameter
hygroscopic growth factor of a mixturé, Finixeq, Can be esti-  (d,4), which corresponds to a volume weighted mean mo-
mated from the growth factors of the individual componentsbility diameter ofdnop=100 nm (49-122 nm). The chosen
of the aerosol and their respective volume fractiensyith width of the size range is a compromise between size reso-
the ZSR relation (Stokes et al., 1966): lution and signal statistics. Conversion of vacuum aerody-
s namic diameters into mobility diameters was done according
3 to the equations provided in Zelenyuk et al. (2006), assuming
GFmixed= <Z SkGFk> 3) a dynamic shape factor of one and using a particles density of
k 1565 kg/n?, as calculated from the campaign average com-

where the summation is performed over all compoundsPosition.
present in the particles. Solute-solute interactions are ne- The growth factor of the organic aerosol fraction, the only

glected in this model and volume additivity is also assumed.remaining unknown variable in the ZSR equation (Bj.
cannot be calculated based on the chemical information

~ 30

28 @ The growth factor of the organics was chosen to give a best fit
between measurement and model. See Se8tibfor discussion of

this value.

b The density of organics was chosen to represent oxidized organics

in aged atmospheric aerosol (Alfarra et al., 2006; Dinar et al., 2006).

— 20

Counts

uoRNGUISI ANIqeGRIg Pas|ELUTY

Kreidenweis et al. (2005). Using a constamtalue for RH
corrections is equivalent to a constant van't Hoff factor. This
assumption is justified for differences #56% RH as chosen
here.

2.6 Prediction of hygroscopic growth factors
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Fig. 2. Typical humidograms of particles withg=100 nm sized particles during July 2002 (the other campaigns gave similar results). The
hygroscopicity at the JFJ varies with varying season and origin of air parcels, but the water uptake at a specific time can be well described as
a function of RH with a single-parameter model (solid lines).

obtained with the AMS. Therefore the ZSR model could be Figure 3 shows the temporal evolution®F distributions
used to infer the apparent ensemble mean growth factor ofor a period of the campaign in 2000. Several SDE were
the organicsGForg, as detailed in SecB.2 observed, as indicated with the shaded areas in Panel (A).
During undisturbed FT conditions, a size dependence of the
growth factor can be seen, with larger growth for larger par-
ticles. This feature, which has previously been shown by
Weingartner et al. (2002), was also observed during the other
campaigns and is attributed to a size dependent chemical

The RH-dependence &F was measured by variation of comppsition. This is confirmgd by Iarggwalues at larger
the RH in the HTDMA between 10 and 85%. Figure 2 dry diameters _(t_op p_anel of Flg. 3), which are a measure of
shows three examples of typical humidograms showing thdhe hygroscopicity without the influence of the Kelvin effect.
features observed at the JFJ. Generally a continuous growthn€ eénsemblé-values have Eeen calculated from the en-
without differences between hydration and dehydration op-S€MPle mean growth fact@F* using Eq. (2), whereas the
erating mode was found, thus indicating absence of phasi¥/ater activity corresponding to the measured RH has been
changes. This does not exclude existence of efflorescence S¢/culated assuming a surface tension of pure water. The
RH<10%, because our measurements were technically limSiZ€ dependence of the hygroscopicity can most likely be at-
ited to RH>~10%. Such continuous growth is expected angtributed to an increasing fraction of organic compounds with
has been reported for complex mixtures with an increasingi€creasing dry diameter, as observed with AMS measure-
number of organic components (Marcolli et al., 2004; Mar- ments during the summer 2002 campaign (Alfarra, 2004).
colli and Krieger, 2006). The aerosol at the JFJ seems td?Uring major SDE two distinct growth modes can be seen for
exist predominantly as dissolved liquid or amorphous parti-th® 250nm particles, while no clear change in hygroscopic
cles. Furthermore, the growth curves can be well describe@€havior is seen for the 50 nm partlcles_. This is also re-
with the single-parametek) semi-empirical model given in 11€cted in strongly decreasudg\_/alues atDo=250 nm, while

Eq. (2), as can be seen from the solid lines in Fig. 2. Thelittle or no changes occur =100 and 50 nm. Thus min-
growth curves were also fitted with an empirical power law fit €7@l dust particles are only found at larger sizes. As dur-
GF=(1—a,)? (Swietlicki et al., 2000), dashed lines in Fig. 2, N9 SDE Igrger sized partlc_les are more externally mixed,
but for this model we found consistently large?-residuals the reduction of the-value in these periods only reflects
than with the former model. As can be seen from Figs. 2 the influence of the increasing amount of particles, presum-
3 and 4 the magnitude of the hygroscopic growth at the JFRPIY mineral dust, with lower hygroscopicity, not thesalue

varies substantially over time, but the RH-dependence at anif each mode. Some externally mixed particles with lower
time can be captured with a single paramekdr ( ygroscopicity can also be found when thg site is not influ-
enced by a pronounced SDE event (e.g. FigDg=250 nm,

13.03.-15.03.00). However, such external mixing is much

3 Results

3.1 Hygroscopicity at the JFJ
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Fig. 3. Temporal evolution of5F distributions forGF all measured sized)p=50, 100, 250 nm) at RH=85%, during year 2000. P4agl

shows thek-values indicating the hygroscopicity of the aerosol. The red lines on p@ije(s) and(d) represent the ensemble mean growth
factorGF*.

Table 3. Summary of meaGF*, medianGF* and mean spread of the GF distributions for the campaigns.

Campaign date Feb—Mar 2000 Jul 2002 Mar 2004 Feb—Mar 2005
Season Winter Summer Winter Spring-like

Dry diameterDg[nm] 50 100 250 50 100 250 50 100 250 50 100 250
MeanGF* at 85% RH 1.33 1.40 141 1.26 1.29 1.35 134 140 147 1.30 1.35 1.42
—Std.dev. ofGF* 0.091 0.104 0.133 0.090 0.076 0.081 0.122 0.112 0.114 0.081 0.076 0.076
Number of scans 1698 1855 851 528 746 517 499 1767 1295 306 1533 162
Mean spread 0.13 0.15 0.19 0.08 0.10 0.12 0.11 0.13 0.15 0.17 0.16 0.16
—Std.dev. ofr 0.041 0.046 0.070 0.045 0.043 0.043 0.050 0.055 0.063 0.095 0.058 0.089
MedianGF* at 85% RH  1.34 141 1.44 1.25 1.29 1.36 133 141 1.48 1.31 1.34 141

less frequent and less pronounced than during SDE eventély due to higher emission rates of secondary organic aerosol
as discussed below with the overall statistics. (SOA) precursors and higher photo-oxidation activity, which

In summer, a strong diurnal variation is typically found can also be transported upwards through valley venting.

in most aerosol variables (Lugauer et al., 2000). During the

2002 campaign this diurnal variation was also present in the3-2 Apparent growth factor of the organics

observed mass loadings, though to a slightly lesser extent

(Alfarra, 2004). However, the mass fractions of different The growth factor of the organic aerosol fraction cannot
components did not vary to a large degree during this diur-be calculated from the AMS data, because neither a de-
nal variation, resulting in a fairly constant hygroscopicity on tailed speciation nor a characterization in terms of functional
a timescale of hours seen both in the HTDMA results and ingroups and molecule sizes is available. Therefore the ap-
the closure (Fig. 4). However, more data with days showing aparent ensemble mean growth factor of the orgar@tSg,
strong diurnal variation are required for a conclusive descrip-was determined with an inverse modelling approa@korg

tion of this influence. As can be seen from the m&d was fitted such that best possible agreement between mea-
values in Table 3, the summer campaign is characterized bgured growth factors and corresponding ZSR predictions was
lower hygroscopicity, due to a higher organic loading (68% achieved. We name it “appareGFory’ because it may well

in summer compared to 42% in winter). This is most proba-be different from the ensemble mean growth factor of the
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organics in pure form. For example positive/negative interac-71, 85), indicating that little unprocessed primary organic
tions between the organic and inorganic solutes in the mixednaterial is present (Zhang et al., 2005; Alfarra et al., 2006).
solution would result in an enhanced/reduced app&3&gig On the other hand, the spectra are dominated by mass frag-
compared to the growth of the organics in pure form. A con-mentm/z 44 which arises from cp as a result of the ther-
stant (time independenGF,rg can either be fitted such that mal decomposition of highly oxygenated organic compounds
the sum of all residuals between each pair of measured anoh the AMS. This mass spectral pattern is typical for pro-
predictedGF* is minimised, or alternatively such that the cessed and aged organic aerosol (Alfarra et al., 2006; Zhang
correlation between all measured and predigdd has a et al., 2007). These findings indicate on the one hand that
unit slope. These two approaches deliver equivalent resultthe apparenGForg tends to increase from polluted towards
with less than two percent difference in fitt&@Fog. The  remote locations, and on the other hand that it is unlikely to
latter alternative is presented in the following because it sim-reach values significantly higher th@#qg~1.2 ata,,=0.85
plifies the discussion and sensitivity analysis of the results. as estimated for the Jungfraujoch.

Figure 4 shows a time series of the volume weighted During SDE there will be an increased fraction of mostly
ensemble mean growth factdgF*, measured by the HT- insoluble mineral dust material (Vlasenko et al., 2006) which
DMA for Dp=100 nm particles along with the correspond- is not detected in the AMS. This will lead to an increase in
ing ZSR predictions using the best fit appar@ifyrg, which  the predicted5F compared to the measured one. However,
was found to be-1.2 ata,,=0.85 for the campaigns 2002, during 2004 some SDE were detected when both instruments
2004 and 2005 (no high time resolution composition datawere in operation, but the residuals from measured minus
were available for 2000). Note, this value GForg corre-  predicted hygroscopicity for these SDE were similar to FT
sponds to a growth factor ¢f1.18 for 100 nm particles at conditions. Probably the mass fraction of mineral dust com-
RH=85% due to the influence of the Kelvin effect. Corre- ponents were not sufficiently high at size250 nm to sig-
lation coefficients of4©0.35-0.60 are achieved for the three nificantly influence the ensemble mean growth faGéi*.
campaigns with the above const&@f,rg. This seems rather Recently, Aklilu et al. (2006) and Gysel et al. (2007) have
low, however, the actual variability dBF* is small com-  found significant discrepancies between measured and pre-
pared to the measurement uncertainties imposed by statisticgicted GFs if substantial mass fractions of ammonium ni-
noise in both HTDMA and AMS data due to very low aerosol trate were present. Aklilu et al. (2006) speculated that the
loadings at the Jungfraujoch, thus explaining relatively low ZSR relation may not hold in the presence of ammonium ni-
correlation coefficients. For the same reason no sensible rarate, whereas Gysel et al. (2007) concluded that the most
sults can be achieved by fitting a time depend8Rgrg and  likely cause for the discrepancies in their case was an evap-
hence it is not possible to extract temporal trends of the aporation artifact of ammonium nitrate in the HTDMA, which
parentGFqrg. Reduction of the appare@®Forg to 1.15, 1.10  was operated at25°C and with a residence time 6f60s.
and 1.00 au,,=0.85 decreases the slope of the correlationsNo systematic prediction bias for data points with high am-
to ~0.93,~0.86 and~0.75, respectively, indicating that the monium nitrate mass fraction was found in the data set pre-
apparenGForg is likely to be>1.15 and most likely-1.10.  sented here, indicating that no evaporation artifacts occurred.

An apparenGFqrg in the order of 1.2 at,,=0.85is atthe  An important difference is that the HTDMA measurements
upper end of the range reported in laboratory experimentsf this study were mostly done at low temperaturEs{10
for SOA (e.g. Varutbangkul et al., 2006; Baltensperger et al.,to 0.5°C) and the residence time was kept sher2Q s), thus
2005) or humic-like substances (HULIS) extracted from am-minimizing potential evaporation artifacts.
bient samples (e.g. Gysel et al., 2004). However, Duplissy
et al. (2008) have shown that ti&F of SOA measured in 3.3 Frequency distributions GF* ando
smogchamber experiments can be substantially higher when
using lower, atmospherically relevant precursor concentrafanels (A), (D) and (G) of Fig. 5 show the averages of the
tions. Furthermore the SOAF increases continuously normalized measurddF distributions for each dry size stud-
with ongoing photochemical reaction and can readh2 at  ied and for each air mass category. The air mass types dis-
a,,=0.85 fora-pinene SOA. Ensembl&Fs derived for the tinguished in this analysis are the SDE, the non-disturbed FT
organic aerosol fraction in previous ambient hygroscopicity conditions as well as the cases influenced by injections from
closure studies looking at SOA dominated or aged air masseplanetary boundary layer air (i.e., during summer, PBL INF).
are slightly smaller (Aklilu et al., 2006; Gysel et al., 2007) These averaged growth distributions illustrate the mean num-
or comparable (Carrico et al., 2005) to the findings in this ber fraction of particles in a defined air mass type exhibiting
study. The air masses at the JFJ are representative of an agactertain growth factor, unlike Fig. 1 which shows snapshot
aerosol and therefore a relatively high ensemble org@fic  growth distributions for a specific time. Thus the averages
can be expected. This is corroborated by the fact that thalo not necessarily indicate the mixing state of the aerosol
mass spectra obtained by the AMS at the Jungfraujoch aras the temporal variability increases the spread. Most of the
characterized by the absence of the hydrocarbon mass fragime at the JFJ one expects to encounter non-disturbed FT

ments pattern from the ion serieg Elg“mrl (i.e.m/z 43,57, conditions or PBL INF during summer. It has been shown
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Fig. 5. Results for RH=85% and dry siz&%=250, 100, 50 nm are presented from top to bottom row. First column shovRdestribution
for SDE, FT and PBL INF conditions. Second column shows the frequency distributi@F6f Third column shows the frequency
distribution of the spread, a measure for the broadening of tB€ distribution.

in Collaud Coen et al. (2004) that SDE are present only 5%influence of the Kelvin effect, as can be seen from the k-
of the time (yearly average). For the FT conditions the 50values shown in Fig. 3a. Furthermore, the observed growth
and 100 nm particles appear internally mixed, however with afactors were generally smaller in summer compared to win-
small fraction of particles with &F between 1.0-1.2, which ter, which is explained by a higher organic mass fraction in
is not easily resolved with the inversion considering the in- summer.

strument limits and the low mass loading. For the 50 nm par- panels C, F and | of Fig. 5 show the frequency distribu-
ticles this shoulder at lowaFs is less pronounced, but this tion of o a\/eraged for each of the relevant periods_ The

is to some extent a consequence of the smaller hygroscopigsf individual scans can be used to distinguish between quasi-
ity of the main mode, which is slightly overlapping with this jnternally mixed aerosols with limited growth factor spread
shoulder. Kandler and Sate (2007) also reporte@F values (5 <0.1) and externally or quasi-internally mixed aerosols
for March 2000 at the JFJ (measured at 90% RH20°C),  wjth substantial spread-&0.15). The frequency distribu-
which are in agreement with tH@Fs shown here. Kandler tjon of o thus indicates the fraction of time of each period
and SCﬁItZ (2007) indicated a b|m0da| diStl’ibution for a” that a Certain mixing Stata—q iS encountered_ The most fre_
SiZeS, however they do not show the relative number fraC'quent Spread Observed in Summedj'ismolzs Wh|Ch is in-
tions in each mode, which, if small for the low&iF mode,  ternally mixed, whereas larger spread is seen in winter FT
would be in agreement with our data. The PBL INF measure-conditions. This can be attributed to a larger separation of the
ments show a more homogenedBE distribution, but the  main growth mode from the minor fraction of particles with
hygroscopicity is also lower. SDE only occurred during the growth factors<1.2. For the same reason the spread also in-
two winter campaigns, and for these cases fe250nm  creases with particle size in winter with=~0.1, 0.125 and
particles showed an increase of non-hygroscopic particles im. 15 for Dy=50, 100 and 250 nm particles, respectively. This
a distinct mode with &F of 1.0. The hygroscopic prop- indicates that even under FT conditions observed during win-
erties of theDp=50 and 100 nm particles do not differ be- ter the aerosol contains a fraction of particles which appear
tween SDE/FT. Panels (B), (E), and (H) of Fig. 5 show the to remain less processed and thus less hygroscopic also at a
frequency distribution o&F*, from which the mean and me-  remote location. The mineral dust during SDE mostly influ-
dian GF* presented in Table 3 have been calculated. Bothgpces the larger particles wibg=250 nm, as already exem-
summer and winter measurements revealed a size depegtified in Figs. 3 and 5A. Here it has to be stressed that differ-
dence of growth factors. This trend is stronger than just theant scenarios can end up with a bimodal shape of the mean
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