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Abstract. Physical and chemical properties of boundary
layer clouds, together with relevant aerosol properties, were
investigated during the first Pallas Cloud Experiment (First
Pace) conducted in northern Finland between 20 October and
9 November 2004. Two stations located 6 km apart from
each other at different altitudes were employed in measure-
ments. The low-altitude station was always below the cloud
layer, whereas the high-altitude station was inside clouds
about 75% of the time during the campaign. Direct mea-
surements of cloud droplet populations showed that our ear-
lier approach of determining cloud droplet residual particle
size distributions and corresponding activated fractions using
continuous aerosol number size distribution measurements at
the two stations is valid, as long as the cloud events are care-
fully screened to exclude precipitating clouds and to make
sure the same air mass has been measured at both stations.
We observed that a non-negligible fraction of cloud droplets
originated from Aitken mode particles even at moderately-
polluted air masses. We found clear evidence on first indirect
aerosol effect on clouds but demonstrated also that no simple
relation between the cloud droplet number concentration and
aerosol particle number concentration exists for this type of
clouds. The chemical composition of aerosol particles was
dominated by particulate organic matter (POM) and sulphate
in continental air masses and POM, sodium and chlorine in
marine air masses. The inorganic composition of cloud wa-
ter behaved similarly to that of the aerosol phase and was not
influenced by inorganic trace gases.
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1 Introduction

Clouds constitute perhaps the largest source of uncertainty in
predicting the behavior of the Earth’s climate system (IPCC,
2007; Baker and Peter, 2008). Many of the climatically im-
portant cloud properties, including the reflectivity, lifetime
and precipitation patterns of clouds, depend strongly on at-
mospheric aerosol particles. The essential cloud microphysi-
cal parameters in studying aerosol-cloud-climate interactions
are the total number concentration and effective radius of
cloud droplets, cloud liquid water content and the relative
dispersion of a cloud droplet population (e.g. Lu and Sein-
feld, 2006; Ekman et al., 2007; Liu et al., 2007; Bulgin et al.,
2008).

Global climate model simulations and satellite measure-
ments are ultimately the only means to determine the con-
nection between atmospheric aerosols, clouds and Earth’s
climate system. Unfortunately, both these approaches are
subject to large uncertainties at the moment. Global model
simulations suffer from our poor understanding of the under-
lying processes, as well as from the lack of computational
resources (Lohman and Feichter, 2005; Penner et al., 2006).
In case of satellite measurements multiple sources of un-
certainty exist (e.g. Koren et al., 2007; Mauger and Norris,
2007; Myhre et al., 2007), in addition to which satellites
are unable to measure cloud and aerosol properties at ex-
actly the same time and space. Reported climate forcing esti-
mates associated with aerosol-cloud interactions are usually
substantially lower for satellite-based estimates as compared
with climate model simulations (McComiskey and Feingold,
2008; Quaas et al., 2008).
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Aircraft measurements and observations at elevated sta-
tions provide a complementary way to investigate aerosol-
cloud interactions, especially what it comes to the depen-
dence of various cloud properties on the size distribution
and chemical composition of the underlying aerosol parti-
cle population. Here, we summarize our main findings from
the First Pallas Cloud Experiment (First PaCE) conducted at
a remote continental site in Northern Finland from 18 Oc-
tober to 9 November 2004. During the First PaCE, a ver-
satile set of chemical and physical measurements for both
aerosols and clouds were made simultaneously. Our main
goals in this paper are i) to demonstrate the performance
of the method developed by Komppula et al. (2005) for de-
termining the cloud droplet activating properties of aerosols
from continuous size distribution measurements, ii) to pro-
vide additional data on how particles of different size are ac-
tivated into cloud droplets in different air mass types, and iii)
to get further insight into the connections between cloud mi-
crophysics, aerosol number size distribution and associated
chemistry.

2 Measurements

2.1 Site description

Measurements were done in the Pallas GAW (Global Atmo-
sphere Watch) station hosted by the Finnish Meteorologi-
cal Institute. The two aerosol measurement sites in Pallas,
Sammaltunturi (67◦58′ N, 24◦07′ E, 565 m a.s.l.) and Ma-
torova (68◦00′ N, 24◦14′ E, 340 m a.s.l.), are located 6 km
away from each other. The higher-altitude station Sammal-
tunturi is inside a cloud during, on average, 5% of all days,
whereas the Matorova station is almost always below the
cloud layer. For a more detailed description of the site see
Hatakka et al. (2003).

2.2 Field instrumentation

2.2.1 Sammaltunturi, in-cloud station

At the Sammaltunturi station, all the air samples into the
instruments are taken from a single, main sample line. A
more detailed description of the sampling line can be found
in Komppula et al. (2005) and only brief description is given
here. The inlet of the main sampling is about 7 m above the
ground and about 3 m above the roof of the station. The inner
diameter of the stainless steel inlet nozzle and main sampling
line is 56 mm. The air flow rate in the main sampling line is
about 90 m3/h. The sampling nozzle is H-shaped, leading
to two downward- and two upward-orientated inlets with a
flow rate of about 22.5 m3/h through each of them. The outer
surface of the nozzle is heated slightly above 0◦C in order to

avoid the build up of ice and snow. There are three 90◦

turns and about 4 m of horizontal sampling line before the
air arrives to the region, from which it is drawn into the
aerosol instruments. The diameter of 50% particle transmis-
sion efficiency with this arrangement was calculated to be
about 7µm for ambient air conditions and with an average
wind speed (6.4 m/s) in data analysed here. This diameter
varied by fewµm with wind speed extremes. Calculations
were made according to the equations presented in Baron
and Willeke (2001). In the analysis described below, it was
assumed that all particles larger than 7µm in diameter were
cloud droplets. Based on the FSSP data analysis the uncer-
tainty caused by the cut off size is rather small, as the median
precentage of the cloud droplets below 7µm was about 2.5%
(average 8.3%).

Cloud droplet number size distributions (3–32µm or 3–
47µm) were measured with a model SPP-100 Forward Scat-
tering Spectrometer Probe (FSSP, Particle Measuring Sys-
tems Inc, USA) with upgraded electronics (Droplet Measure-
ment Technologies, Boulder, Colorado, USA). A more de-
tailed description of the instrument can be found for example
in Brenguier (1989). The FSSP was placed onto a rotating
platform, so that the inlet was always against the wind. Su-
percooled cloud droplets blocked the flow laminator of the
FSSP, so it needed periodical cleaning and could not be run
continuously. The cleaning of the laminator after about ev-
ery 15 min can be seen from the raw data. Measured number
concentrations started to decrease within a few minutes after
the cleaning, which is a sign that the laminator started to get
blocked and flow through the system decreased. The block-
ing was also visually observed. For the final analyses pre-
sented later, only the data measured right after the cleaning
was taken into account. The FSSP was operational from 25
October to the end of the campaign. Since droplet concentra-
tions during the operation of FSSP were low (<300 cm−3),
the FSSP data was not corrected for coincidence or dead-time
losses (Baumgardner et al., 1985). The FSSP was calibrated
after the campaign.

Cloud water was collected for chemical analysis using a
fog water collector (Korhonen and Viisanen, 1995). The fog
collector utilizes a single stage Teflon impactor plate with a
rectangular inlet throat. The throat dimensions of the col-
lector are 12×1.4 cm and the jet-to-plate distance is 2.1 cm.
The flow rate used in the collector was about 130 m3/h. The
calculated minimum collected diameter of the fog water col-
lector was 7µm. During this campaign, temperatures were
often below the freezing point. This caused that in this in-
strument, supercooled cloud droplets froze onto the collec-
tion plate. This changed the cut off diameter to lower par-
ticle sizes. After enough “ice” was collected onto the plate,
the fog water collector was sealed and taken inside the sta-
tion to melt. The cloud water samples were collected with an
average collection time of about 1 h and 10 min.
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2.2.2 Matorova, below-cloud station

At the Matorova station, the air sample was drawn straight
to the DMPS through a stainless steel tube having a 1-inch
inner diameter. The sample was taken about 2 m above the
roof and 4 m above the ground. There was a PM10 nozzle at
the top of the sample line.

Aerosol samples for chemical and gravimetic analysis
were collected at the Matorova station. A filter aerosol sam-
pling system similar to that in Saarikoski et al. (2005) was
used in this study. Briefly, ambient air samples were col-
lected using a modified virtual impactor (VI) similar to that
in Loo and Cork (1988), as well as using a small deposit
area impactor (SDI, Maenhaut et al., 1996). The VI divides
aerosols by their aerodynamic diameter into two size frac-
tions, fine (<1.3µm) and coarse (1.3–10µm). Air samples
for the VI were collected onto filters for weighting and ionic
analysis. The filter material was PTFE (Millipore Fluoro-
pore, 3.0µm 47 mm). The 12 stages of the SDI have aerody-
namic cut-off diameters of 0.045, 0.086, 0.153, 0.231, 0.343,
0.591, 0.796, 1.06, 1.66, 2.68, 4.08 and 8.5µm. Substrates
for the SDI stages were manufactured from an aluminum
foil that was covered with a polycarbonate film (poreless
film from Nuclepore Inc., thickness 10µm). A thin layer
of Apiezon L vacuum grease was used to minimize the par-
ticle bounce from the impactor substrate. A similar system
(VI and SDI) was used to collect samples for a subsequent
analysis of organic (OC) and elemental carbon (EC) by us-
ing quartz fiber filters as a sampling matrix (Whatman QMA,
diameter 47 mm).

Denuders were used to remove interfering organic gases
from the sample in the carbon aerosol sampling. Unfor-
tunately, this system may cause diffusion and particle im-
paction losses. Since this part of the study was focused on
aerosol mass and since diffusion losses concern mainly ul-
trafine particles having a low mass concentration, the dif-
fusion losses were neglected in our analysis. Particles with
an aerodynamic diameter larger than 5µm have wall looses
in sharp angles (Haglund and McFarland, 2004). This ef-
fect increases with an increasing particle size (McFarland et
al., 1997). All the instruments were connected to the same
sample line. This system included two 90◦ bends. During
the campaign snow and ice covered the terrain and therefore
coarse particle concentrations were relatively small. Sam-
pling periods alternated from 2 to 4 days. Relatively long
sampling periods were necessary due to the low concentra-
tions of particles.

2.2.3 Instruments at both stations

Similar DMPS (Differential Mobility Particle Sizer) systems
are used at both sites for nanometre particle sizing for the
dry particle diameter range of 7–500 nm. The DMPSs are
built up with a 28-cm-long Hauke-type differential mobility
analyser (DMA) (Winklmayr et al., 1991) with a closed loop

sheath flow arrangement (Jokinen and Mäkel̈a, 1997) and a
condensation particle counter (CPC 3010, TSI Inc., USA).
Before sizing, the aerosol is neutralised with a 370 MBq
Nickel-63 beta source. The used sheath air flow rate is about
11.0 l min−1 and sample aerosol flow rate is 1.0 l min−1. The
measured particle size range is divided into 30 discrete bins.
The DMPS systems are equipped with sensors for the sheath
air temperature, pressure and relative humidity. The sheath
air is kept at a relatively low and constant humidity (less than
20%) with a silicagel dryer. One particle size spectrum takes
around five and a half minutes to be measured (30 bins times
10 s plus decreasing the voltage from highest value to zero).
The daily temperature and pressure means are used to im-
prove the accuracy of result calculations. Before the mea-
surements were started, the instruments were calibrated with
silver particles at the University of Helsinki with a method
similar to that presented by Aalto et al. (2001).

With the DMPS setup described above, we were able to
measure simultaneously the cloud interstitial particle size
spectrum from the in-cloud station and residual particle size
spectrum from the nearby below-cloud station. The number
concentration and fraction of activated particles for all size
bins could be estimated by comparing the in-cloud and out-
of-cloud size spectra. Total particle number concentrations
(particles with diameter,d, larger than 10 nm) were also mea-
sured at both stations using condensation particle counters
(CPC 3010, TSI inc., USA).

Weather parameters were measured at both stations using
an automatic weather station. The measured parameters were
the temperature, pressure, relative humidity, and wind speed
and direction. At the Sammaltunturi station, there were also
sensors for present weather and total global radiation.

2.3 Chemical analysis of the samples

Aerosol samples were analysed for ions by using two ions
chromatographs (ICs; Dionex 500). OC and EC were de-
termined with the thermal-optical transmission method us-
ing a carbon analyser developed by Sunset Laboratory Inc.,
Oregon. The analytical methods for the aerosol samples are
described in detail by Saarikoski et al. (2005). The detec-
tion limits for OC, EC, methanesulfonic acid, chloride, ni-
trate, sulfate, oxalate, sodium, ammonium, potassium, mag-
nesium and calsium analyzed from the aerosol samples were
48, 36, 1.27, 0.27, 0.14, 2.8, 0.17, 0.29, 0.25, 0.13, 0.44 and
2.1 ng/m3, respectively. Similar to the aerosol samples, the
cloud water was analysed with the ICs for the major inor-
ganic ions.

2.4 Data processing

Hourly averages of particle number size distributions were
calculated from both stations. The number concentration
of activated particles,Atot (cm−3), was calculated by sub-
tracting the interstitial particles number size distribution
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measured at the in-cloud station from the total particle num-
ber size distribution measured at the below-cloud station.
The subtraction was done separately for each size bin. If
the subtraction resulted in a negative value, the value was set
to zero to avoid unphysical situation. The effect of this pro-
cedure to total number of activated cloud droplets was tested
and it fell well within the uncertainities in aerosol particle
concentrations resulting from the accuracies of the DMPS
systems themselves. The sum of particle number concentra-
tion in the subtracted bins was then the total number concen-
tration of activated particles. From the same data, the acti-
vated (or scavenging) fraction of particles in each size bin
was calculated by dividing the number of activated particles
in that bin by the total number of particles in the same bin.
The diameter of 50% activation efficiency (D50) was defined
as the size at which the activated fraction rose over 50%.
The number concentration of activated particles and acti-
vated fraction were also estimated for the different modes, in-
cluding the nucleation mode (10–25 nm), Aitken mode (25–
95 nm) and accumulation mode (95–500 nm). The nucleation
mode was not included in calculating the total cloud droplet
number concentration, since particles in this mode are nor-
mally too small to be activated into cloud droplets, and since
this mode can be affected significantly by scavenging and
growth processes.

The measured air masses in the two stations were not nec-
essarily always the same because of the distance between the
stations and because of the orographic features of the sur-
roundings. Careful analyses of the size distributions and to-
tal number concentrations were done to assure that the mea-
sured air mass in the analyses presented here was approx-
imately the same at both stations. First, the data with ob-
served rain was left out from the analysis. Second, when
comparing the DMPS-evaluated properties of activation to
directly-measured cloud droplet number concentrations with
the FSSP, the DMPS data were excluded if the hourly-
averaged size distributions in the range 20–40 nm were dif-
ferent by more than 30% between the measurement sites.
The outcome of this latter procedure did not change signif-
icantly when using a lower percentage limit. In the case
studies the size distributions and total number concentrations
should be quite stable during the event. While the above
screening procedures cannot guarantee that the air masses
measured at the two stations were the same, we believe the
resulting uncertainties in the analyses presented later are mi-
nor.

The cloud droplet effective radius,Reff, and cloud liquid
water content (LWC) were calculated from the FSSP data by
using the following equations:
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1
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whereDi andNi are the cloud droplet size and number of
cloud droplets in the bin numberi, respectively, andρw is
the density of liquid water. The FSSP was calibrated after
the campaign and the results were corrected accordingly.

The indirect effect (IE), or aerosol-cloud interaction
(ACI), was calculated using the following relation (Mc-
Comiskey and Feingold, 2008):

ACI=
1

3

d lnNd

d lnα
(3)

whereNd is number concentration of cloud droplets andα in
some proxy for the aerosol burden, such as the aerosol optical
depth, number concentration of aerosol particles or aerosol
light scattering coefficient. We used the total particle num-
ber concentration for this proxy, calculating it as the sum of
measured cloud droplet number concentration and interstitial
particle number concentration at the in-cloud station.

3 Results

3.1 Overview of the results

The measurement campaign took place between 20 October
2004 and 9 November 2004 (day of the year: 294–314). The
meteorological conditions at the measurement site during the
campaign were affected by passages of several depressions
from the South-West with associated overcast and variable
winds for most of the time. High pressures and fair skies over
at the measurement site were present in only few occasions.
During the campaign, the Sammaltunturi station was inside
a cloud for about 75% of the time. The average tempera-
ture was−3◦C and varied between−8◦C and +5◦C. Figure 1
shows the total particle number concentration (Ntot, particle
diameter>10 nm) at the two stations and the number con-
centration of cloud droplets (Atot), as measured directly with
the FSSP and derived from the DMPS systems. The overall
average particle number concentration at the Matorova sta-
tion was 260 cm−3, with hourly averages varying between
30 and 1200 cm−3 depending on the history of the measured
air mass. Low particle number concentrations were related
to air masses coming almost directly from the Arctic Ocean,
whereas high particle number concentrations were associated
with continental air masses coming from west and south or
with air influenced by the Kola Peninsula industrial area in
Russia 350–400 km east of our measurement site.

Direct cloud droplet concentration measurements from the
FSSP were compared with those evaluated from the DMPS
measurements (Fig. 2). The comparison was made for one-
hour averages. The FSSP was operational from 25 October
(day of the year: 299) to the end of the campaign but it could
not be run continuously (see Sect. 2.2.1). As it can be seen,
the two methods of determining the cloud droplet number
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Fig. 1. Variation of aerosol and cloud droplet population during the campaign.Atot is concentration of activated particles calculated from
DMPS size distributions and cloud droplets is directly measured with FSSP. In cloud CPC measured the number concentration of interstitial
aerosols and Below cloud CPC the total aerosol number concentration.

concentration agreed very well despite their totally different
approach and 6-km distance between the below- and in-cloud
stations. This confirms that the DMPS-based measurement
approach introduced by Komppula et al. (2005) is valid as
long as we are measuring approximately the same air masses
at the two stations.

3.2 Aerosol population and cloud droplets

Four cloud events with stable conditions were identified from
the measured aerosol data. Although the total particle num-
ber concentrations varied slightly during all the events, the
measured air masses were the same at the two stations, as
were also the shapes of the particle number size distributions
(Fig. 3). For each event, average aerosol and cloud droplet
activation properties are presented in Table 1, while corre-
sponding meteorological conditions are summarized in Ta-
ble 2. The FLEXTRA trajectory model (e.g. Stohl and Seib-
ert, 1998) was used to investigate the history of air mass for
each event up to 120 h prior to arrival of air at the measure-
ment site.

During the first event continental air masses originating
from west Russia, and travelling to the measurement site
through southern Finland and northern Sweden, were pre-
vailing. The accumulation mode was very dominant dur-
ing the event, which might be indicative of scavenging of
smaller particles by rain during the transport. Due to the
low value ofD50 and dominating accumulation mode, the
overall activated fraction was quite high (70%). In the ac-
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Fig. 2. Comparison of concentration of directly measured cloud
droplets and DMPS evaluated concentration of cloud droplets,Atot.
The solid line is a linear fitting to the data, the fitting formula is
presented in the figure.

cumulation mode this fraction was 89% and in the Aitken
mode it was only 12%. During the second event the mea-
sured air masses originated from the Arctic Ocean but trav-
elled through Sweden and Finland before arriving at our
site. The particle number size distribution was bimodal hav-
ing about equal Aitken and accumulation modes. The to-
tal particle number concentration was the highest of the four
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Fig. 3. Size distribution in four selected events during the campaign period. Notice different scaling of vertical axis.

Table 1. Average aerosol and cloud droplet activation properties for the different events.Ntot is total particle number concentration,D50
is the dry diameter of aerosols at which the activated fraction exceeds 50%,Ai is the number concentration of activated particles (=cloud
droplets) andAf i is the fraction of activated particles. The subscripts tot, acc and Ait refer to the total aerosol, accumulation mode and Aitken
mode, respectively.

Ntot D50 Atot Af tot Nacc Aacc Afacc NAit AAit AfAit Time period
(cm−3) (nm) (cm−3) (%) (cm−3) (cm−3) (%) (cm−3) (cm−3) (%) (day of year)

1 229 94 162 70 173 155 89 53 7 12 294.79–295.21
2 1001 83 470 48 413 370 90 549 39 18 304.71–304.92
3 409 137 97 24 112 65 58 283 23 9 309.54–309.83
4 114 58 55 49 27 25 92 63 27 41 311.54–311.75

events. The total activated fraction was 48%. During the
third event air masses came from the Northern Atlantic to
the measurement site and the particle number size distribu-
tion was dominated by the Aitken mode. The activated frac-
tion was the lowest and the value ofD50 was the highest of
the events considered here. This could be explained by the
low wind velocity compared with the other events (Table 2).
A low wind velocity is indicative of a low updraft velocity
in an orographic cloud, resulting in a low supersaturation
during the cloud droplet activation (see the analysis below).
The fourth event represented very clean air mass coming di-
rectly from the Arctic Ocean. As one might expect, the to-

tal particle number concentration was very low. The overall
activated fraction was 49% and even for the Aitken mode it
was 41%. The value ofD50 was the lowest (58 nm) of all the
four cases.

The relation between the measured below-cloud particle
number concentration, either the total number concentration
(particles>10 nm in dry diameter) or accumulation mode
number concentration (>95 nm), and the number concentra-
tion of activated particles (cloud droplets) are presented in
Figs. 4 and 5 for each event, together with similar data from
other investigations. The aircraft measurements by Twohy
et al. (2005) were conducted in northeastern Pacific Ocean,
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Table 2. Average values of meteorological parameters at the Sam-
maltunturi station during the selected cloud events.T is the temper-
ature,P is the pressure,Wsis the horizontal wind speed andWd is
the horizontal wind direction.

T P Ws Wd Time period
(◦C) (hPa) (m/s) (◦C) (day of year)

1 −3.8 943 6.8 236 294.79–295.21
2 −3.5 943 10.3 210 304.71–304.92
3 −1.0 935 3.8 93 309.54–309.83
4 −0.9 944 9.3 24 311.54–311.75

while those by Martin et al. (1994) were made in four dif-
ferent locations: over eastern Pacific ocean off the coast off
the southern coast of California, in the South Atlantic, over
the sea areas over the British Isles and in the North Atlantic
in the vicinity of Azores. Of mountain top measurements,
we have included those by Henning et al. (2002) conducted
in a high-alpine site Jungfraujoch, Switzerland, and those by
Martinsson et al. (1999) conducted in the northwestern part
of England. The measurements by McFarquhar and Heyms-
field (2001) were made during the INDOEX experiment over
Indian Ocean. We can easily see that no simple relation be-
tween the cloud droplet number concentration and total or
accumulation mode particle number concentration applica-
ble to all situations can be derived. For example, at accu-
mulation mode number concentration of 400 cm−3, the max-
imum difference in the number of cloud droplets between
the different studies is over 80%. Twohy et al. (2005) noted
that the differences between their study and that by McFar-
quhar and Heymsfield (2001) might be partly related to dif-
ferent vertical velocities at the cloud base. Our study and
that by Henning et al. (2002) showed cloud droplet number
concentrations that were higher than accumulation mode par-
ticle number concentrations, which indicates cloud droplets
originating from Aitken mode particles.

Besides the aerosol number concentration, the number
concentration of cloud droplets is expected to depend on the
updraft velocity of the air forming the cloud, on the shape
of the particle number size distribution and on the hygro-
scopic properties (water solubility) of the aerosol particle
population. In order to shed some light on this, we simu-
lated each cloud event using a simple adiabatic cloud parcel
model (Anttila and Kerminen, 2002; Korhonen et. al, 2005).
As model inputs, we took the measured particle number size
distributions and assumed that the water-soluble fraction of
all aerosol particles was equal to 50%. This soluble fraction
is rough estimate for the whole campaign based on available
chemical data (see Kivekäs et al., 2008). The air updraft ve-
locities that gave the best prediction for the observed values
of D50 andAtot were about 0.3, 0.7, 0.1 and 0.5 m/s for the
cloud events 1, 2, 3 and 4, respectively. The corresponding
maximum supersaturations reached by the clouds were equal
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Fig. 4. Relationship of cloud droplet number concentration,Atot,
on total aerosol number concentration,Ntot, (d>10 nm in dry di-
ameter). Four events are from this study, error bars are represents
standard deviation during the event. The grey line is data by Twovy
et al. (2005) and grey circles are data by Henning et al. (2002).

to 0.2, 0.3, 0.2 and 0.5%. These values are comparable to
what has usually been observed in stratiform clouds (e.g. Se-
infeld and Pandis, 2006). The air updraft velocities obtained
for the cloud events are proportional to horizontal wind ve-
locity, so that at higher horizontal wind velocities the updraft
velocity was higher. This explains the high value ofD50 for
event 3 as compared with the other events considered here, as
well as the apparent discrepancy of this event from the other
measurements in Fig. 4. The very high cloud droplet number
concentration for event 2 was ascribed to the combination of
very high air updraft velocity and relatively large number of
accumulation mode particles. Although the updraft velocity
was the second lowest in event 1, the activation fraction was
the highest because the particle number size distribution was
dominated by the accumulation mode, with 76% of particles
being located in this mode.

Cloud droplet effective radius,Reff, is an essential cloud
microphysical parameter that can be related to the Twomey
effect (Twomey, 1974; McComiskey and Feingold, 2008), or
the first aerosol indirect effect, and to the initiation of warm
rain processes (e.g. Rosenfeld and Lensky, 1998). In line
with the Twomey effect, the general decrease inReff with an
increasing aerosol burden has been detected by in situ ob-
servations (e.g. Henning et al., 2002), aircraft measurements
(e.g. Twohy et al., 2005; Freud et al., 2008), and various re-
mote sensing methods (e.g. Feingold et al., 2003; Bulgin et
al., 2008). Since only few FSSP measurement were done
in parallel to acceptable aerosol measurements (see Fig. 2),
we took a slightly different approach in linking cloud droplet
and aerosol particle concentrations. We plotted the relation
betweenReff and aerosol burden by adding together the con-
centrations of cloud droplets and cloud interstitial particles
(>10 nm) at the in-cloud station (Fig. 6). The data were
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Fig. 5. Formed cloud droplets as a function aerosol concentration
accumulation mode in different events, error bars are represents
standard deviation during the event. As a comparison are also mea-
surement by Twohy et al. (2005), Martinsson et al. (1999), Henning
et al. (2002), MacFarquhar and Heymsfield (2001), and Martin et
al. (1994).

further divided into three classed according to the measured
LWC. As one might expect,Reff was larger for higher val-
ues of LWC and decreased clearly with the increasing total
aerosol number concentration for each LWC category. The
observed value range ofReff was relatively large, ranging
from 3.7 to 14.9µm. Overall, our findings are in qualitative
agreement with those made in other ground-based or aircraft
studies (Henning et al., 2002; Twohy et al., 2005; Freud et
al., 2008).

We calculated also the aerosol indirect effect (IE), or
aerosol-cloud interaction (ACI), by using Eq. (3) and ob-
tained the value of 0.24 (R2 of the fitting was 0.61). This
can be compared to values reported for several different stud-
ies and platforms by McComiskey and Feingold (2008), in
which ACI covers nearly the range between 0.02 and 0.33.
Many of the reported values of ACI are significantly less than
the value of 0.27 proposed by Twomey (1974). The value ob-
tained by us is very close to that by Twomey (1974) as well as
the values reported by Gultepe et al. (1996) for aircraft mea-
surements near Yarmouth in Nova Scotia (0.23), Martin et
al. (1994) (0.25; for sites see above) and Twohy et al. (2005)
(0.27; for sites see above). All these studies represent in situ
airborne measurements.

3.3 Chemistry of the aerosol phase

The inorganic ion concentrations of the collected aerosol
samples are presented in Table 3 for two size fractions.
The total particle mass concentrations ranged from 1.0 to
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6.1µg m−3 with collection times from two to four days. The
VI results were compared to the SDI results, and the mea-
sured concentrations were in good agreement. The maximum
differences were 11 and 7% for the SO2−

4 and NH+

4 concen-
tration, respectively. The chemical mass closure (the ratio
between the chemically-derived and gravimetric mass of par-
ticles) for the fine size fraction varied between 0.92 and 1.32
when using a factor of 1.6 for converting the OC concentra-
tion into particulate organic matter (POM). This factor was
slightly higher than that used by Saarikoski et al. (2005) for
a background area. In the coarse size fraction, the mass clo-
sure was not as good because of larger amounts of insoluble
crustal matter that was not analysed. Methane sulfonic acid
and oxalate are not reported here, since their concentrations
were close to the detection limits.

The rather long collection times prevented us from divid-
ing the results into different source areas, yet some general
features can be found. During the first and third sampling
periods (19–21 and 23–27 October, respectively), continen-
tal air masses prevailed according to the air mass trajecto-
ries. This can also be seen from the chemical aerosol com-
position. Gravimetric mass concentrations were high during
these periods, SO2−

4 was the dominant ionic species, and Cl−

and Na+ concentrations were low. During the second and
four sampling periods when marine air masses from Arctic
Ocean were prevailing, gravimetric mass and SO2−

4 concen-
trations were low and both Cl− and Na+ were abundant in
the coarse size fraction. In general, POM was clearly the
dominant component in marine background cases, whereas
in continental cases SO2−

4 dominated the aerosol composi-
tion.
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Fig. 7. The major inorganic ions in the collected cloud water sam-
ples. For each component, the median is shown, as well as 25th
and 75th, and 10th and 90th percentiles as boxes and vertical bars,
respectively. The red horizontal line denotes detection limit, calcu-
lated as three times the standard deviation of field blanks.

3.4 Chemistry of the liquid phase

An overview of the concentrations of the major inorganic
ions in cloud water is presented in Fig. 7. The detection
limits were mostly governed by the field sampling proce-
dure, and were determined as three times the standard de-
viation of field blanks, which were taken during each cloud
event. The detection limits are 390µg/l for SO2−

4 , 440µg/l
for Cl−, 220µg/l for Na+, 620µg/l for K+, 320µg/l for
Ca2+, 50µg/l for NH+

4 and 20µg/l for Mg2+. The total ionic
content (TIC) ranged from 0.61 to 37.37 mg/l with a median
of 3.41 mg/l and standard deviation of 7.33 mg/l. The median
concentration corresponds to 99.7µeq/l, which is close to the
liquid water content weighted average of 98µeq/l measured
at Jungfrauhoch, Switzerland (Baltensperger et al., 1998) but
lower than the median TIC of 11 mg/l found in Puy de Dôme
(Marinoni et al., 2004). Substantially larger values of TIC
have been reported for sites closer to urban areas (see Bal-
tensperger et al., 1998, and Marinoni et al., 2004, for refer-
ences).

The changes in the total ionic content and relative contri-
butions from different ions were minor throughout the cloud
events. In general, sulphate (SO2−

4 ) was the most abundant
ion with a median concentration of 767µg/l, followed by
chloride (Cl−) and sodium (Na+) with median concentra-
tions of 479 and 308µg/l, respectively. Although the concen-
trations of potassium (K+) and Calcium (Ca2+) were quite
high (356 and 236µg/l, respectively), they fell below the de-
tection limit, being indicative of a positive artefact during
sampling. As a result, the measured concentrations of these
species should be taken with caution. Ammonium (NH+

4 )
and magnesium (Mg2+) had median concentrations of 135
and 37µg/l, respectively.

Fig. 8. Chemical composition of the cloud water during three differ-
ent cases. Upper figure, absolute ion concentrations; lower figure,
equilibrium percentage of main inorganic ions.

Due to the operational problems with the FSSP (see
Sect. 2.2.1), only 17 data points were left for comparison
with the cloud water chemical composition and FSSP data.
Thus we present only shortly how TIC correlated with dif-
ferent parameters. It has been proposed, and also experimen-
tally supported, that TIC should be inversely proportional to
LWC (Junge, 1963; M̈oller et al., 1996; Elbert et al., 2000).
We found a weak correlation (R2=0.38) between these two
quantities. In fact, TIC correlated best withReff (R2=0.5).
No correlation between the total aerosol load and TIC was
observed. The cloud droplet number concentration varied
only little between these 17 cases and no correlation between
that quantity and TIC was found.

Three cases with different air mass origin are presented in
Fig. 8 and summarized below:

CASE 5: continental air mass (26 October, day of the year:
300.38–300.99). A low total ionic concentration of 3.7 mg/l
was measured. SO2−

4 dominated the equivalent distribution,
with contribution of 53.1 eq.%. Other ions were distributed
quite evenly. The liquid water content, effective radius, total
aerosol number concentration and cloud droplet number con-
centration were equal to 0.25 g cm−3, 9µm, 260 cm−3 and
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Table 3. The concentrations of mass, OC, EC and inorganic ions for the two aerosol size fractions in ng/m3. Samples were taken at the
below cloud station.

Fine (<1.3µm)
Sample Mass OC EC Cl− NO−

3 SO2−

4 Na+ NH+

4 K+ Mg2+ Ca2+

293–295 2401 627 b.d. 95 19 1202 94 197 11 1 41
295–297 790 466 b.d. b.d. 2 248 b.d. 29 1 b.d. b.d.
297–301 1809 329 b.d. b.d. 4 1018 5 79 1 b.d. b.d.
301–304 560 206 b.d. 42 17 164 34 43 4 3 8

Coarse (1.3–10µm)
Sample Mass OC EC Cl− NO−

3 SO2−

4 Na+ NH+

4 K+ Mg2+ Ca2+

293–295 3675 767 89 b.d. 44 72 26 23 4 3 b.d.
295–297 351 b.d. b.d. 118 3 13 72 3 6 b.d. 75
297–301 463 579 64 1 7 73 4 6 b.d. 1 b.d.
301–304 447 266 b.d. 110 20 23 68 2 1 10 b.d.

b.d. below detection limit

85 cm−3, respectively. The total aerosol number concentra-
tion was calculated by adding together the number concen-
tration of cloud droplets and cloud interstitial particles at the
in-cloud station.

CASE 6: Mixed/arctic air mass (30 October, day of the
year: 304.50–304.71). Arctic/mixed air masses went over
northern Sweden prior to entering the measurement site. The
total ion concentration in the cloud water was very high
(27.2 mg/l), and Na+ and Cl− dominated the cloud water
composition with contributions of 36.8 and 32.5 eq.%, re-
spectively. The liquid water content, effective radius, total
aerosol number concentration and cloud droplet number con-
centration were equal to 0.10 g cm−3, 5µm, 730 cm−3 and
200 cm−3, respectively. These physical cloud parameters ex-
plained the high total ionic content.

CASE 7: arctic air mass (7 November, day of the year:
312.47–312.74) This case was characterized by a low total
ionic concentration of 3.2 mg/l. Na+ and Cl− dominated the
equivalent distribution, with 29.3% and 28.1% contributions.
The Na+ to Cl− concentration ratio of 1.05 was not very
far from that in sea water (0.86), which indicates that the
sea-salt particles activated into cloud droplets had not been
significantly affected by various acid displacement reactions
prior to entering the measurement site (see, e.g. Song and
Carmichael, 1999). Mg2+ had a higher than average contri-
bution with 7.6 eq.%. Lower than average equivalent con-
tributions were measured for NH+4 (6.9%), SO2−

4 (8.6%) and
K+ (6.3%). The liquid water concentration, effective radius,
total aerosol number concentration and cloud droplet number
concentration were equal to 0.12 g cm−3, 8µm, 230 cm−3

and 55 cm−3, respectively.

3.5 Comparison of the aerosol and cloud water chemistry

Comparing aerosol and cloud water compositions was not
straightforward, since the collection periods of the aerosol
samples were longer than those of the cloud water sam-
ples, and since the aerosol collection was also made dur-
ing clear-sky conditions. In addition, gas phase species may
have been contributed to the chemistry of the cloud wa-
ter, in which case the solubility of different species plays a
role. In Fig. 9 a comparison between aerosol and cloud wa-
ter samples for SO2−

4 , NH+

4 and Na+ are presented. The
values of equivalent-% were calculated by using the total
mass of components that were analysed from cloud water.
The general features of these two time series agreed reason-
ably well with each other. A clear exception for this pat-
tern was the period covering the days of the year 298–301,
during which the cloud water concentrations of SO2−

4 and
NH+

4 went down and the corresponding aerosol concentra-
tions showed clearly higher values. During the same pe-
riod Na+ (and Cl−) behaved in an opposite way. In both
VI and SDI data, very low concentrations of all species in
the coarse size fraction were observed during this period.
According to air mass trajectories, there were two prevail-
ing air mass origins during this period: during the first part
of the period (days of the year: 298–299) Arctic air masses
were dominant, whereas during the latter part of the period
continental air masses prevailed. On the latter part only few
cloud water samples were obtained. The total aerosol con-
centrations were clearly higher during the latter part of the
period compared with the first part of it, reaching more than
two time higher values for the accumulation mode. This
probably caused the observed difference. On day 300 there
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Fig. 9. Equivalent-% concentrations of various species in aerosol
phase and cloud water during the campaign. On top is sulphate, in
the middle ammonium and at the bottom sodium.

was some rain throughout the day (0.1–0.6 mm h−1), which
might have scavenged larger particles at the below-cloud sta-
tion. During the days 298–301 of year, no cloud-free periods
were observed.

The total ionic contents of aerosol and cloud water sam-
ples are presented in Table 4. In the aerosol phase, the val-
ues of equivalent-% were calculated by using the total mass
of components in Table 4. The cloud water concentrations
were averaged over the aerosol sampling time. Generally,
the aerosol samples contained clearly more SO2−

4 than the
corresponding cloud water samples, except for the last sam-
ple period. The largest differences could be seen for the
third sampling period (days of the year: 298–301), noticed
already in Fig. 9. K+ showed much higher concentrations
in cloud than aerosol samples, which might be due to con-
tamination of the cloud water. The cloud water samples con-
tained generally more Ca2+ and Mg2+ than the correspond-
ing aerosol samples. A similar observation was made by
Decesari et al. (2005) in measurements made at Jeju Island.
They suspected that Ca2+ was from the marine boundary-
layer aerosol but would have been delivered within the liquid
phase. It is interesting to notice that for the last sampling pe-
riod the aerosol and cloud water concentrations were close
to each other, even for SO2−

4 , although half of the sampling
period was free of clouds.

4 Summary and conclusions

This paper presents an overview of the results from the First
Pallas Cloud Experiment (First PaCE), a three-week mea-
surement campaign in fall 2004. The purpose of the First
PaCE was to characterize the microphysical and chemical
properties of aerosols and clouds and to find out how aerosol
and cloud properties were connected to each other at back-
ground site in northern Finland. In situ ground-based mea-
surements were made by taking the advance of having two
measurements sites located 6 km apart at different altitudes.
We found that our measurement approach is valid but that the
results must be carefully screened in order to make sure that
the same air masses are being measured at the two stations.

Our measurements demonstrate that different air mass
types (e.g. marine vs. continental) have great influences not
only on aerosol physico-chemical properties at a given mea-
surement site, but also on cloud microphysics and chem-
istry over the same site. Clear indications of the Twomey
effect were found: cloud droplet number concentration in-
creased and cloud droplet effective radius decreased with an
increasing aerosol amount. On the other hand, cloud droplet
numbers concentrations were affected also by other quan-
tities, such as the air updraft velocity controlled largely by
the horizontal wind speed. When accumulation mode parti-
cle number concentrations were low, Aitken mode particles
gave a significant contribution to the cloud droplet number
population.
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Table 4. Ionic composition of the aerosol and cloud samples in equivalent-%. Aerosol samples were taken at the below cloud station and
cloud water samples in cloud station.

Aerosol sample Doy Cl− NO−

3 SO2−

4 Na+ NH+

4 K+ Mg2+ Ca2+

293–295 5.31 2.02 52.67 10.35 24.20 0.73 0.61 4.10
295–297 18.82 0.46 30.69 17.71 10.05 1.03 b.d. 21.24
297–301 0.14 0.61 80.75 1.47 16.81 0.08 0.15 b.d.
301–304 24.93 3.45 22.47 25.63 14.37 0.73 6.17 2.25
Cloud samples Doy Cl− NO−

3 SO2−

4 Na+ NH+

4 K+ Mg2+ Ca2+ No. of samples

293–295 11.68 2.22 22.07 17.03 19.35 10.27 3.88 13.49 3
295–297 18.51 2.28 10.60 18.49 10.26 b.d. 6.99 19.34 13
297–301 11.56 4.33 46.42 10.94 6.85 b.d. 2.23 b.d. 11
301–304 20.02 3.26 21.98 20.17 9.84 b.d. 5.61 b.d. 4

b.d. below detection limit

The chemical composition of the fine particle fraction was
dominated by sulphate and POM in continental air masses,
whereas in marine air POM was the dominant component
in the fine particle fraction and sodium and chlorine in the
coarse particle fraction. The inorganic chemistry of the cloud
water was dominated by sulphate in continental air and by
sodium and chlorine in marine air. The total inorganic ionic
concentration of the cloud water correlated weakly with the
inverse of the cloud liquid water content, but slightly better
with the cloud droplet effective radius. The chemical com-
positions of aerosols and cloud water were in a quite good
agreement, which indicates that gaseous compounds had not
interfered significantly with the cloud water during the mea-
surement period.

Although adiabatic cloud parcel simulations have demon-
strated that cloud droplet number concentrations are affected
by a number of factors (Kulmala et al., 1996; Nenes et
al., 2001; Ervens et al., 2005; Romakkaniemi et al., 2005;
Sorjamaa and Laaksonen, 2006), many large-scale models
still rely on very simple relations between the aerosol amount
and cloud droplet number concentration. A compilation of
field experiments presented here shows that such simplis-
tic approaches fail frequently, probably as a result of nat-
ural variations in air updraft velocity, shape of the particle
number size distribution and aerosol chemical composition.
Clearly, refined cloud droplet activation parameterizations,
such as those by Abdul-Razzak and Ghan (2000) and
Fountoukis and Nenes (2005), should be used whenever the
atmospheric model carries some information on aerosol
number size distribution and chemical composition.

Excluding remote marine areas (see, e.g. Hoppel et al.,
1986), it has been traditionally though that Aitken mode par-
ticles can be neglected when considering the cloud droplet
population. This study, together with some earlier obser-
vations (e.g. Henning et al., 2002; Komppula et al., 2005),
point out that Aitken mode particles may contribute sig-
nificantly to cloud droplet number concentrations in clean

and moderately-polluted continental air, even at relatively
low air updraft velocities typically encountered in strati-
form clouds. This indicates that in the global atmosphere,
cloud properties will be affected not only by primary parti-
cle emissions but also by atmospheric new-particle formation
(see Spracklen et al., 2008).
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