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ABSTRACT

Microphysical and chemical aerosol properties and their influence on cloud formation were
studied in a field campaign at the high-alpine site Jungfraujoch (JFJ, 3580 m asl ). Due to its
altitude, this site is suitable for ground-based in-cloud measurements, with a high cloud fre-
quency of 40%. Dry total and interstitial aerosol size distributions [18 nm<particle diameter
(Dp)<800 nm] were determined with a time resolution of 6 min. A forward scattering spectro-
meter probe (FSSP-100) measured the cloud droplet size distribution, and a particle volume
monitor (PVM-100) was used to measure liquid water content (LWC). In addition, the aerosol
chemical composition (major soluble ions) was determined in two size classes (total and sub-
micron particles). Agreement within the range of measurement uncertainties was observed
between the droplet number concentrations derived from the aerosol size distribution measure-
ments (total minus interstitial) and those measured by the FSSP. The observed particle diameter
at 50% activation (D

50
) was typically around 100 nm for LWC�0.15 g m−3. Below this value,

D
50

increased with decreasing LWC. A dependence of D
50

on the accumulation mode
(Dp>100 nm) number concentration (Ntot,D

p
>100 ) was only found for concentrations less than

100 cm−3. For higher values of Ntot,D
p
>100 the D

50
remained constant. Furthermore, a decrease

of the effective radius of cloud droplets (Reff) with increasingNtot,D
p
>100 was observed, providing

experimental evidence for the microphysical relation predicted by the Twomey effect. A modified
Köhler model was used to quantify the critical supersaturation for the aerosol observed at the
JFJ. Ambient supersaturations were determined from the derived supersaturation curve and
the calculated D

50
. As an example, a critical supersaturation of 0.2% was found for 100 nm

particles.

1. Introduction that act as cloud condensation nuclei (CCN) at
much lower supersaturations. The relative humid-
ity (RH) of an air parcel increases as it is liftedAtmospheric aerosols play an important role in
vertically in the atmosphere. At the deliquescencecloud formation. The homogeneous nucleation of
point, which depends on the chemical compositionwater droplets requires a supersaturation of sev-
[e.g. RH=82% for ammonium sulfate at −10 °Ceral hundred percent (Pruppacher and Klett,
(Onasch et al., 1999)], the water-soluble compon-1980). This never occurs in nature due to the
ents of the CCN dissolve. With continued increasesufficient concentration of atmospheric aerosols
in RH, the CCN grow through the addition of
water. Above saturation, if a CCN reaches its
critical diameter it will continue to grow as long* Corresponding author.

e-mail: urs.baltensperger@psi.ch as the parcel remains supersaturated, even if the
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supersaturation falls below the particle’s critical data were obtained during a dedicated field cam-
paign lasting from 24 July to 10 August 2000.diameter. This critical diameter depends on the

particle chemical composition and its dry size.

Particles that do not reach their critical diameter
2. Experimentalare not activated and form the interstitial aerosol

population.
Aerosol number size distributions of the totalThis particle activation process is of special

and the interstitial aerosol were measured with ainterest with regard to cloud evolution and hence
scanning mobility particle sizer (SMPS, particledetermines cloud optical properties, which have
diameter Dp=18–800 nm). A forward scatteringan influence on the Earth’s energy budget. With
spectrometer probe (FSSP-100, Particleincreasing aerosol number concentrations, caused
Measuring Systems Inc., USA) was operated toe.g. by human activity, more particles are available
detect the cloud droplet size distribution, and afor activation, leading to more and smaller water
particle volume monitor (PVM-100, Gerberdroplets. As a consequence, and under the assump-
Scientific Inc, USA) measured the LWC. In addi-tion that the cloud liquid water content (LWC)
tion, measurements of the chemical aerosol com-stays constant, the cloud albedo will increase and
position were performed in two size classes [totalso will the backscattering of solar radiation
suspended particulate matter (TSP) and particles(Twomey, 1974; 1977). This connection is known
with an aerodynamic diameter less than 1 mmas the first indirect aerosol effect, while the sup-
(PM1 )], of the total aerosol. In addition, datapression of precipitation is known as the second
from other instruments continuously operated atindirect aerosol effect. Both effects are widely
the JFJ in the framework of the Globaldiscussed in the scientific community; they never-
Atmosphere Watch (GAW) Program (Nyeki et al.,

theless remain poorly understood and quantified
1998) were available, as well as data from continu-

(IPCC, 2001).
ous meteorological measurements (wind direction,

Several experimental approaches have been
wind velocity, air pressure, air temperature, rela-

used to understand the aerosol activation process,
tive humidity, solar radiation) from the Swiss

such as a comparison of the properties of: (a) cloud
Meteorological Institute (SMI) and the mass of

droplets with pre-cloud aerosol (Choularton et al.,
total suspended particulate matter (TSP) from the

1997), (b) interstitial aerosol with pre-cloud aero-
Swiss National Monitoring Network for Air

sol (Martinsson et al., 1999; Svenningsson et al.,
Pollutants (NABEL).

1997), (c) airborne studies in- and below-cloud

(Gillani et al., 1995; Leaitch et al., 1996) and
2.1. Description of the JFJ measurement site(d) cloud droplets with the in-cloud interstitial

aerosol (Schwarzenboeck et al., 2000). The high-alpine research station JFJ (3580 m
In this study a different approach was adopted. asl; 46°33∞N, 7°59∞E, Switzerland) is part of the

Interstitial and total aerosol (i.e., the sum of GAW Program of the World Meteorological
particles that were activated or scavenged plus Organization, since it is an ideal site to investigate
those that remained interstitial ) were measured the chemistry and physics of the free troposphere
with the same experimental set-up alternating above a continental region. More information
every 6 min. Thus, a quasi-parallel measurement about the site is found in Baltensperger et al.
of total and interstitial aerosol was realized with- (1997).
out assuming information on the air parcel

trajectory, as is the case for the approaches in
2.2. Meteorological conditions(a), (b) and (c). Due to logistical considerations,

cloud experiments are preferably conducted at The general weather situation was quite variable
ground-based locations. Results reported in this during the measuring campaign. Several fronts
study were performed at the high-alpine site passed over the region, while high-pressure sys-
Jungfraujoch (JFJ, 3580 m asl ), which experiences tems were experienced on some days. At the end
in-cloud conditions about 40% of the time (annual of July a weak cold front crossed the Alps followed

by an occlusion. Maritime subpolar air and lateraverage) (Baltensperger et al., 1998). The presented
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maritime subtropical air was transported towards (Weingartner et al., 1999). The total sample thus
consists of aerosols activated to cloud droplets,the Alps. Thereafter, a high-pressure system

advected maritime subpolar air masses to the JFJ aerosols scavenged by droplets, and inactivated

(interstitial ) aerosols. The second inlet system wasuntil 3 August. On the backside of the high,
subtropical air was advected. The following cold designed to only sample interstitial aerosols, using

an aerodynamic size discriminator (Round Jetfront and the deep pressure system brought mari-

time and altered subpolar air again. The air masses Impactor) operating at ambient temperature (i.e.
without any heating). This device is a conventionalhad similar properties, while several fronts crossed

the area by 9 August. On 10 August a new strong impactor where particles larger than the cut-off

size are unable to follow the airflow streamlineshigh-pressure system influenced the Alps in con-
nection with subtropical air. The observed cloud and hence impact onto a plate. The cut-off size is

given by the slit width of the impactor and thetypes were Stratocumulus and Cumulus, as deter-

mined from the general weather situation, eye flow rate. In our setup an impactor with a cut-off
diameter at 5 mm was used as the interstitialobservations and satellite records.

The median temperature for the whole cam- aerosol inlet. Once a day sampling was interrupted

and the inlet was cleaned and dried.paign was−1.4 °C, with a range of−6.5 to 4.6 °C
(Table 1). During cloudy conditions, which
occurred a total of 136 h (30% of the time) the

2.4. Measurement of aerosol size distributions
median was slightly lower with −3.5 °C. At this
temperature the majority of clouds consisted of The atmospheric aerosol was fed into the build-

ing (indoor T=20–30 °C, RH<10%) from eithersupercooled cloud droplets. The median wind
speed was 8.6 m s−1 for all conditions and the total inlet or the interstitial inlet using two

pinch-valves, and then on to a single SMPS (scan-11.4 m s−1 for clouds only. As a result of the local

JFJ orography, the prevailing wind direction was ning mobility particle sizer) system for measure-
ment of the size distribution. The SMPS consistedeither North-West or South-East. North-westerly

winds occurred with a 67% frequency when aver- of a differential mobility analyzer (DMA, TSI

3934), a bipolar charger to obtain charge equilib-aged over the whole campaign, but increased to
82% when considering only cloudy conditions. rium (krypton source, 85Kr) and a condensation

particle counter (CPC, TSI 3022A). The poly- andThe median liquid water content for all recorded

clouds was 0.23 g m−3. monodisperse aerosol flows were 0.3 l min−1 while
sheath and excess air flows (3 l min−1) were oper-
ated in a closed-loop system. The excess air outlet

2.3. T he inlet systems
of the DMA was fixed to the vacuum side of the
pump, while the air exiting the pump was cleanedAerosol particles were sampled from two differ-

ent inlet systems. The total aerosol inlet is heated from particles by a filter and used as sheath air.

The flow was held constant by a critical orificeto 20 °C and is designed to evaporate all cloud
droplets at a very early stage of the sampling positioned before the pump.

With this set-up the dry aerosol size distributionprocess. Calculations for this set-up showed that

activated droplets smaller than 40 mm can be from Dp=18–800 nm was measured at an average
ambient pressure of 650 hPa. Scanning was per-sampled up to a wind speed of 20 m s−1

Table 1. Overview over weather conditions during the measuring campaign

All conditions (455 h) Clouds only (136 h)

10% perc. median 90% perc. 10% perc. median 90% perc

Temperature (°C) −4.4 −1.4 1.6 −5.5 −3.5 −1.2
Wind speeda) (m s−1) 4.3 8.6 15.6 5.6 11.4 18.1
LWC (g m−3 ) 0.00 0.01 0.28 0.11 0.23 0.43

a)Main wind directions: 67% NW, 13% SE and 82% NW, 5% SE for all times and clouds only, respectively.
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formed in logarithmically equidistant steps with a 2.6. Instrumentation for measuring cloud
time resolution of about 6 min per scan (300 s up microphysics
scan time, 10 s down scan and 60 s wait time while

A PVM-100 (Gerber, 1991) was used to measure
the inlet line was switched, resulting in a scanning

total LWC during the experiment. It measures the
velocity of d log D/dt=5.7×10−3 s−1 ). With this

light scattered by a cloud droplet population
scanning velocity no deformation of the size distri-

exposed to a laser beam and relates it to the LWC.
bution occurs (Weingartner et al., 2002). The

It was situated outside the building on the rail of
scanning time was synchronized with the time of

the upper platform of the building. The optics of
the pinch valve. For further data processing 1-h

the PVM-100 were cleaned just before the experi-
averages of the interstitial and total particle size

ment, secondary calibration was conducted regu-
distributions were calculated.

larly (typically every cloud-free day) as suggested

by the manufacturer.

The FSSP-100, situated 2 m away from the

PVM-100, was used for measuring cloud droplet
2.5. Calibration of the SMPS system size distributions in the droplet diameter range

between either 4.5 and 30 mm or 6.3 and 62 mm.To make sure that the aerosol size distribution
In difference to the PVM, the FSSP sizes thewas not biased by diffusion and impaction losses
single droplets one by one. The droplets are passedin the pinch valves, tests with monodisperse latex
through a laser beam corresponding to the amountspheres (nominal diameters of 91±6 nm and
of light scattered by the drops in the forward550±5 nm) were performed. A latex solution was
direction. A description of this probe can be foundnebulized, and the droplets were dried in a
in Knollenberg (1981). For ground-based meas-diffusion dryer. The particle number concentra-
urements, air is actively sucked into the samplingtions of the monodisperse size distributions were
tube to provide a constant droplet stream and ameasured before and after passing the pinch valve.
well defined sample volume.The calculated deviations of the particle number

Dye and Baumgardner (1984) and Cerni (1983)concentration between the different lines were of
report on systematic errors of the instrumentthe same order of magnitude as the inter-variance
which can be divided into two types: (a) under- orof the original aerosol size distributions. For the
oversizing of droplets due to varying opto-91 nm latex spheres the deviation at the maximum
electronical setup, and (b) counting losses causedof the distribution was 9% and the variance was
by coincidences (when there are two or morecalculated to be 7%, while for the 550 nm latex
droplets simultaneously in the laser beam) and byspheres values of 6% and 5% were found, respect-
the electronic dead-time. To correct for sizingively. Based on these results the influence of the
uncertainties, calibration with monodisperse glasstwo-way pinch valve on particles losses can be
beads was conducted before, during, and after theneglected.
campaign. Counting losses were compensated byThis experimental setup was also used to check
multiplying the measured concentrations with thethe voltage to diameter adjustment and the delay
half-empirical correction factor 1/(1−mA) pro-time of the SMPS. The measured particle size
posed by Baumgardner et al. (1985), where A isdistributions were fitted with a lognormal function.
the measured activity, i.e. the fraction of time theFor the 91 nm polystyrene particles a diameter of
probe was active processing droplet data. The90 nm with a half-width of 8 nm was detected. A
parameter m was considered to be constant anddiameter of 556 nm with a corresponding half-
set to 0.73 as proposed by the manufacturer. Inwidth of 80 nm was observed for the 550 nm
addition, the concentration was corrected for aspheres.
varying velocity acceptance ratio (Wendisch,With a slightly different experimental set-up,
1998), which was simultaneously measured. Awhere a particle filter was included in one line
comparison of different correction schemes forand ambient air was measured in the other path,
concentration measurements with the FSSP isit was shown that the waiting time of 60 s between
given by Brenguier (1989).two scans was sufficient to flush all particles from

the previous scan out of the inlet system. Wind ramming (Choularton et al., 1986) alters

Tellus 54B (2002), 1
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the droplet velocity, and hence changes the sample 2.7. Chemical aerosol analysis
volume and the droplet concentration. However,

In addition to aerosol physical properties, filter
this possible bias could not be corrected as wind

samples in two size classes (total suspended par-
sensors next to the instrument were not available.

ticles, TSP and particles with Dp<1 mm, PM1 )Laser beam inhomogeneities (Baumgardner and
for aerosol chemical analysis were obtained at the

Spowart, 1990) which systematically broaden the
total aerosol inlet. The cut-off of 1 mm was

measured droplet size distribution measured with
achieved by using the first 5 stages of the 12-stage

an FSSP (Wendisch et al., 1996), were not consid-
impactor developed by Maenhaut et al. (1996).

ered because the laser beam cross section intensity
The flow was held constant at 11 l min−1 by a

profile is not sufficiently stable.
mass flow controller, which yielded the desired

The droplet number concentration N
i
(i=

cut-off diameter of 1 mm for the PM1 line. The
1, .. . , 15, denotes the channel number) for each of

aerosol was sampled on filter packs consisting of
the FSSP size channels is obtained by dividing

a Teflon (Sartorius, Microfilter PTFE; 1.2 mm pore
the raw counts in the 15 size classes by the sampled

diameter) and a nylon (Gelman, Nylasorb, 1.0 mm
air volume. The total droplet concentration ND is

pore diameter) filter. This type of set-up was
obtained by summing up over all size classes. The

chosen to catch semi-volatile nitrate aerosol mat-
LWC and the effective radius (Reff ) are defined as:

erial on the nylon filter, which evaporated from
the Teflon filter. The sampling interval was 24 h

LWC=
p

6
rw ∑
15

i=1
N
i
D3
i

(1) during the whole campaign.
The samples were stored at temperatures of

about −8 °C and were analyzed for major anions
Reff=

1

2
∑
15

i=1
N
i
D3
iN∑15
i=1
N
i
D2
i

(2) and cations (soluble portion) by ion chromato-
graphy shortly after the campaign.

where rw is the density of water and D
i
are the

center droplet diameters in each size channel i,
3. Results and discussionattributed by the size calibration. The corrected

droplet size distribution is obtained by dividing
3.1. Size distribution of total and interstitialthe droplet number concentration N

i
by the width

aerosolof the respective size channel.
The LWC, calculated from the corrected FSSP The influence of clouds on the aerosol size

data [eq. (1)], were compared to the LWC directly distribution for a selected time period (6–9 August
measured by the PVM, which revealed the follow- 2000) is shown in Fig. 1. The measured particle
ing correlation equation (correlation coefficient R2 size distributions (Fig. 1a–c) are plotted as contour
of 0.81): plots of 1-h averages with concentrations of

dN/d log(Dp ) or dN/d log(DD) versus time. In (a)
LWC(FSSP)=LWC(PVM) the total aerosol size distribution is shown while

in (b) the interstitial aerosol size distribution is×1.484−0.009 g m−3. (3)
plotted. The shape of the particle size distribution
of the total aerosol is typically bimodal for theThe systematic underestimation of the LWC by

the PVM may be a result of decreasing sensitivity JFJ aerosol (Weingartner et al., 1999). During

cloudless periods it is virtually identical to that ofof the PVM with increasing droplet diameter as
reported by Arends et al. (1992), Wendisch et al. the interstitial distribution. During in-cloud

periods aerosol particles are activated to cloud(1998) and Wendisch (1998), but may also be

explained by a varying sample volume of the droplets and thus removed from the interstitial
particle size distribution. This is illustrated inFSSP. Wind tunnel tests of the airborne version

of the PVM (the PVM-100A) have also shown a Fig. 1d, where the difference in the number concen-
tration (Ntot−Nint , with Ntot being the total par-decreasing sensitivity of the PVM with increasing

droplet diameter (Wendisch et al., 2001). In the ticle number concentration of scavenged plus

interstitial aerosol and Nint the total number ofresults section the LWC measured by the PVM
was used, if not mentioned otherwise. interstitial aerosol particles) between both inlet
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Fig. 1. Contour plots of the total (a) and interstitial (b) aerosol size distributions, droplet size distribution (c), droplet
number concentration and the difference between total and interstitial aerosol number concentration (d), and the
liquid water content of the ambient air (e). The presented data for the period 6–9 August 2000 0:00 LST are 1-h
averages (a, b, d, e), 20-min averages (c), while the crosses in (e) are 5-min values.

systems is plotted. These values should correspond period and the relation can be described as:

with the droplet number concentration ND . Only
C(Ntot−Nint )=C(FSSP)×0.83−15.3 cm−3.

insignificant differences in the number concentra-
(4)

tions are found for cloudless periods, and values

up to 500 cm−3 for thick clouds (LWC plotted in This good agreement is an experimental con-
firmation of the theoretical calculationFig. 1e), which is a typical droplet number con-

centration for this cloud type (Martinsson et al., (Weingartner et al., 1999) showing that the total

aerosol inlet samples the majority of cloud drop-1999; Wendisch, 1998). In Fig. 1c the droplet size
distribution measured by the FSSP is shown lets under the prevailing conditions. Since the

SMPS data vary between over- and underestima-as a contour plot of 20 min average values. Data

were obtained in the FSSP size range 1 tion of the droplet number concentration, the
difference between both instruments does not(6.3<DD<62 mm) from 6–7 August, and range 2

(4.5<DD<30 mm) after 7 August. appear to be systematic and may be caused by

the sensitivity of the FSSP to higher wind speedIn Fig. 1d the droplet number concentration
measured by the FSSP is also plotted. The concen- or to a variation in the droplet spectra.

As typical examples of an in-cloud and cloudlesstrations calculated from the SMPS differences and
the directly measured droplet number concentra- period the data from the two marked dates in

Fig. 1 are shown in more detail in Fig. 2, wheretions agree well for the plotted example as well as

over the whole 3-week measuring period. The the 1-h averages of the total and interstitial aerosol
size distributions are plotted. In Fig. 2, the cloudcorrelation coefficient (R2 ) is 0.85 for the whole

Tellus 54B (2002), 1
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3.2. Calculation of the scavenging ratio

To compare our data with previous results, a
first analysis is performed for the activated fraction
of particles with a diameter larger than a certain

threshold, x:

F
N,D
p
>x
=
(Ntot,D

p
>x
−Nint,D

p
>x
)

Ntot,D
p
>x

, (5)

where Ntot,D
p
>x

is the total number concentration

of particles with Dp>x nm and Nint,D
p
>x

is the
total number of interstitial aerosol particles above
the threshold.

Median values of F
N,D
p
>x

of 0.49, 0.65, 0.7, 0.8,
0.83 were observed for x=50, 80, 100, 170 and
300 nm, respectively. A mean activated fraction

of F9N,D
p
>170 nm=0.7 (standard deviation 0.3) is

found over all in-cloud periods, which is compar-

able to Gillani et al. (1995), where values between
0.19 and 0.96 are given, and Baltensperger et al.
(1998) with 0.48 for x=100 nm and 0.83 for

x=200 nm.
From the measured size distributions of the

total and interstitial aerosols the size-resolved

scavenged fraction for each particle diameter F
NFig. 2. Averaged size distributions of the total (circles) (Dp) is calculated in the following way:

and interstitial (up triangles) aerosol during a cloud
event (a) and without cloud (b). In (a) the cloud droplet

F
N
(Dp)=

[Ntot(Dp)−Nint (Dp)]
Ntot(Dp )

. (6)size distribution is also plotted. The given LWC values
were measured by the PVM.

The calculated scavenging ratio as a function
of Dp for the example from Fig. 2 is shown indroplet size distribution is also given. At the total
Fig. 3. The activated aerosol fraction clearlyaerosol inlet, Aitken (20<Dp<100 nm), and
increases with increasing diameter, approaching 1accumulation mode particles (100<Dp<800 nm)
for Dp�250 nm. Significant scatter at the lowerwere observed in both cases, with mean diameters
end of the size distribution is due to low particleof 65 and 150 nm, respectively, for the cloud event,
number concentrations in this size range. Theand 90 and 200 nm, respectively, for the cloudless
diameter where 50% of the aerosol particles areperiod. The corresponding interstitial size distribu-
scavenged is called D50 . In the presented exampletions indicate complete scavenging of the accumu-
this diameter is about 100 nm. To calculate D50 ,lation mode aerosol during the cloud passage,
the data were empirically fitted using the hyper-while the Aitken mode remained essentially unac-
bolic tangent functiontivated. This is also seen in the number concentra-

tions, with 500 cm−3 for the total and 238 cm−3
F
N
(Dp)=

[1+tanh (a× (Dp−D50 )]
2

. (7)for the interstitial aerosol. The nearly complete
activation of the accumulation mode leads to the

conclusion that the ambient aerosol at the JFJ is Due to the scatter of the data points at the
lower end, only data for particle diameters largermostly internally mixed with respect to its activa-

tion behavior. The droplet number concentration that 30 nm were included into the fitting process.
From these fits, D50 was calculated for all 1-hof 316 cm−3, calculated from the FSSP data, also

shows reasonable agreement with a value of averages of the campaign. The results are plotted

in Fig. 4 along with the LWC (measured by the262 cm−3, being the difference of the total and
interstitial aerosol concentrations. PVM) of the cloud over the whole measuring

Tellus 54B (2002), 1
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Fig. 3. Calculated scavenging ratio for the cloud event from Fig. 2a. The solid line is a fit with a hyperbolic tangent,
and the diameters of 25%, 50% and 75% activation are marked.

Fig. 4. Diameter of 50% scavenging (a) in comparison with the liquid water content (b) over the whole measuring
period. As parameter of the steepness of the activation the diameters of 25% and 75% activation are added as
bars (c). The activation diameter is only plotted for LWC 15th percentile >0.02 g m−3.

campaign. Due to the high variability of clouds, Due to the variability of the cloud also within
1 min, this criterion might not be able to com-an activation diameter is only shown for stable

conditions, i.e., when the PVM indicated a cloud pletely eliminate all cloud-free conditions.

However, if there had been cloud-free conditionswith an LWC larger than 0.02 g m−3 during 85%
of the time (i.e., LWC 15th percentile>0.02 g m−3). for a substantial fraction of time, this would result
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in a decrease of the activated fraction also for the 3.3. Dependence of D
50

on other parameters

largest particles. The median of the activated
From Fig. 4a it is concluded that there is a

fraction for particles Dp>500 nm was 0.91 for
correlation between the LWC of the cloud and the

conditions with LWC>0.1 g m−3, so that this
calculated D50 . This is shown in more detail in

effect is assumed to be relevant only for
Fig. 5. For low LWC up to 0.25 g m−3 D50LWC<0.1 g m−3.
decreases with increasing LWC. Above this value

In Fig. 4a, the time series of D50 is plotted along D50 stabilizes around 100 nm, where other para-
with the error bars given by the fitting procedure. meters seem to influence the value of D50 .The fitting procedure worked well for higher LWC To check if the accumulation mode particle
values, where the error bars are small and the number concentration influences D50 , the SMPS
calculated D50 consistently is around 100 nm. For spectra were integrated over the 100–800 nm par-
less dense clouds D50 increases up to 700 nm. ticle diameter range. Figure 6 shows D50 as a
These high values can be explained by the fact function of the accumulation mode number con-
that 1-h averages were used for the fitting proced- centration again for stable cloud conditions (LWC
ure. In the following only D50 are considered with 15th percentile >0.02 g m−3). For accumulation
a calculated error less than 10 nm (in addition to mode particle concentrations Ntot,D

p
>100<the criteria of LWC 15th percentile). 100 cm−3, D50 appears to be lower, while above

In Fig. 4c the diameters of 25%, 50% and 75% Ntot,D
p
>100#100 cm−3 the activation diameter

activation (D25 , D50 and D75 ) are shown which stays more or less constant around 100 nm. As a
give an impression of the activation steepness. D25 result it is concluded that for low number concen-
and D75 were again calculated from the fitting trations, particles with diameters smaller than
function. There are two possible reasons why the 100 nm are also activated, pointing to a higher
activation curve is not a step function: either due supersaturation in those cases (see Section 3.4).
to the variability of the supersaturation or due to Apparently, the low particle number concentra-
an external mixture of the aerosol. The first tion results in a less efficient flux of the available
assumption is more likely because the latter is water to the particles resulting in a higher
refuted by hygroscopicity measurements at this supersaturation.

LWC and Ntot also have an influence on thesite (see below).
effective droplet radius Reff . This parameter isAssuming a similar chemical composition of the
defined in eq. (2) and is a mean radius of the cloudparticles over the measured size range and thus
droplet size distribution, which is often used tointernal mixture with respect to its activation
parameterize cloud optical properties (e.g. opticalbehavior, the width of the activation curve, i.e. the

difference between 75% activation and 25%, gives

a measure of the variability in supersaturation. In

general the observed activation diameters are sim-

ilar to those of other authors (Table 2), who

reported D50 values between 0.09 and 0.31 mm.

Generally, activation diameters from sites close to

emission sources appear to be higher than in areas

with lower emissions. There are two possible

reasons for this: on the one hand, the aerosol is

usually more hydrophobic at sites close to emis-

sion sources, and on the other hand, the higher

particle number concentration may reduce the

maximum supersaturation of the cloud, both

resulting in an increase of D50 . Similar low D50
values down to 70 nm were observed in less pol-

Fig. 5. Activation diameter (10th, 25th, median, 75th, 90th
luted air masses (Schwarzenboeck et al., 2000). percentile) versus LWC classes for the whole measuring
Generally the effective radii observed at the JFJ campaign for stable cloud times (LWC 15th percentile

>0.02 g m−3 ).(about 10 mm) are larger than at the other sites.
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line) the measurements are well described by
eq. (8). The droplet effective radius decreases with
increasing Ntot,D

p
>100 and thus confirms the

expected microphysical relation predicted by the
Twomey effect, in agreement with observations by
others (Raga and Jonas, 1993). For lower values

of Ntot,D
p
>100 smaller Reff were found than pre-

dicted by this model. Most probably particles with
Dp<100 nm also become activated in these cases,

as already indicated by Fig. 6. It should be men-
tioned that such an analysis is a strong simplifica-
tion of the multidimensional activation process in

the real atmosphere. Nevertheless, it is believed
that it delivers valuable information that may be

Fig. 6. Diameter of 50% activation (10th, 25th, median,
used as input in future models.75th, 90th percentile) plotted versus total number concen-

tration of particles with a diameter greater than 100 nm.
Only activation diameters for 15th percentile of LWC

3.4. Critical supersaturation for the JFJ aerosolhigher than 0.02 g m−3 were used for calculation.

During another intensive measuring campaign
at the JFJ station (CLACE: Cloud and Aerosolthickness). The relation between the accumulation
Characterization Experiment in the Freemode particle concentration Ntot,D

p
>100 and Reff Troposphere, February/March 2000), hygroscopic(measured by the FSSP) for different LWC classes

growth measurements under ambient temper-is plotted in Fig. 7. The theoretical description of
atures (−10 °C) were performed with a hygro-the relationship is given by:
scopicity tandem differential mobility analyzer
(H-TDMA) (Weingartner et al., 2002). In additionLWC=rwNtot,D

p
>100

4p

3
R3eff , (8)

to the growth factors for three different dry particle
diameters (D0=50, 100, 250 nm) at RH=85%,in which an activation of all particles larger than
several humidograms between 10<RH<85%100 nm is assumed. The lines in Fig. 7 are the
were also measured. These data pairs (Dwet/D0 asresults of fitting three LWC classes with this model.
a function of RH) were fitted with a modifiedIt can be seen that above the ‘critical’ value of
Köhler model as described by Brechtel andNtot,D

p
>100#100 cm−3 (marked with a dashed

Kreidenweis (2000a, b). By fitting the humido-
grams with the model the chemical composition
was parameterized, which allowed the critical

supersaturation Sc required for particle activation
to be determined. The critical supersaturation Sc
was also calculated for pure ammonium sulfate

particles at −10 and 20 °C (Fig. 8). For a D50=
100 nm Fig. 8 yields a critical supersaturation of
about 0.2%.

It can be seen that the JFJ aerosol particles
require a slightly higher supersaturation compared
to the value of Sc required to activate pure ammo-

nium sulfate particles. The fact that the JFJ aerosol
exhibits similar behavior to ammonium sulfate

particles is reasonable in the light of the measured
chemical composition. The concentration of major

Fig. 7. Effective droplet radius versus total number con-
ions in the summer of 1998 and 2000 are given incentration of particles with diameters greater than
Table 3. During the 1998 summer campaign addi-100 nm for three LWC classes, along with the fit functions

from eq. (8). tional chemical parameters were analyzed
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(Krivacsy et al., 2001). Based on the fact that the
fractional composition of the major inorganic ions
(sulfate, ammonium and nitrate) was found to be

similar for both years (50–60%), it is reasonable
to assume that the total soluble fraction of the
accumulation mode aerosol at the JFJ under

summer conditions is about 80%.

4. Conclusions

Aerosol size distributions of the total and inter-
stitial aerosol were measured at the high-alpine

station JFJ during a 3-week campaign in summer Fig. 8. Critical supersaturation for JFJ aerosol at ambi-
ent temperature, and ammonium sulfate at −10 and2000. During cloudless periods identical size spec-
20 °C calculated with the model from (Brechtel andtra were observed for the different inlet types.
Kreidenweis, 2000a).When clouds were present, the complete accumu-

lation mode was usually activated. Good agree-

ment was found between droplet number
Table 3. Amount of sulfate, ammonium, nitrate,concentrations derived from the SMPS aerosol
water-soluble organic substances (WSOS) andsize distributions and those measured by the FSSP.
water insoluble organic substances (WINSOS)From the measured aerosol and droplet size distri-
given as absolute values and as fraction of the finebutions the scavenging ratio for each particle
particulate matter for the summer campaigns 1998diameter and the 50% activation diameter (D50) and 2000was calculated over the whole campaign. The D50

was found to be influenced by the available
Summer 1998a) Summer 2000

amount of liquid water and accumulation mode

number concentration below a certain threshold. (mg m−3 ) (%) (mg m−3 ) (%)
Above this threshold other parameters appeared

TSP 6.62b) 3.53b)to influence the D50 more effectively. A decrease
PM2.5 3.12 100 1.66c) 100of the effective drop size Reff with increasing
Sulfate 1.07 34.3 0.42 25.5number concentration of the accumulation mode
Ammonium 0.34 10.9 0.12 7.0

particles gave experimental evidence for the micro-
Nitrate 0.30 9.6 0.25 14.9

physical part of the Twomey effect. Furthermore, WINSOS 0.64d) 20.4
a modified Köhler model was used to study the WSOS 1.20e) 38.4
critical supersaturation for the JFJ aerosol. From

a) Krivacsy et al. (2001).the derived supersaturation curve and the calcu-
b) Source: Swiss Agency for the Environment, Forestslated D50 , ambient supersaturations were deter-
and Landscape (BUWAL)/Swiss National Monitoring

mined. The reasonable value of Sc=0.2% for a
Network for Air Pollutants (NABEL).

D50 of 100 nm is obtained. c) Assuming the same TSP/PM2.5 ratio for summer 2000
as for summer 1998 (Krivacsy et al., 2001).
d) Applying a correction factor of 1.2 to calculate
WINSOS from the water insoluble organic carbon
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