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The Second Pallas Cloud Experiment (Second PaCE) was conducted at the Pallas-
Sodankyld Global Atmosphere Watch (GAW) station in northern Finland from 16 Septem-
ber to 6 October 2005. Measured parameters included aerosol number size distribution,
aerosol chemical composition, aerosol hygroscopic growth factor, cloud droplet number
size distribution and meteorological parameters. Air mass back trajectories were also
calculated. The particulate volume and the inorganic fraction (IO) of particulate mass
depended strongly on the air-mass history: central European air masses contain much more
particulate matter and have higher IO than marine air masses. The hygroscopic growth
factor of particles was positively correlated with the 0. Aerosol activation into cloud drop-
lets was studied for accumulation mode particles (dp > 100 nm). The activation of these
particles did not show clear dependency on the number concentration of accumulation
mode particles or on I0. These two parameters were positively correlated and their effects
on the particle activation could not be separated.

describe and predict the behavior of the current
and future climate system.

The most comprehensive investigations
related to aerosol—cloud interactions are various

interaction with clouds and the climate system
constitute the largest uncertainty in radiative
forcing (IPCC 2007). The formation, lifetime
and radiative properties of clouds depend in a
complicated manner on atmospheric aerosols,
including their loading, size distribution and
chemical composition (e.g. Koren et al. 2007,
Baker and Peter 2008, Rosenfeld et al. 2008).
Detailed information on aerosol-cloud interac-
tion is therefore needed to improve our ability to

kinds of cloud condensation nuclei (CCN) closure
studies (e.g. Snider et al. 2003, Gasparini et al.
2006, Medina et al. 2007). Much fewer experi-
mental data is available on influence of aerosols
on cloud microphysics (e.g. Henning et al. 2002,
Koch et al. 2003, Mertes et al. 2005, Wang et al.
2007, Lihavainen et al. 2008), and in only a very
few studies aerosol and cloud properties have
been measured at the same time and place.
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The Pallas-Sodankyld Global Atmospheric
Watch (GAW) station, located in a remote conti-
nental site in northern Finland, provides a suita-
ble site to investigate aerosol—cloud interactions
via ground-based measurements (Kerminen et
al. 2005, Komppula et al. 2005, Lihavainen
et al. 2007, 2008). Here, we complement our
earlier Pallas cloud studies by presenting and
analyzing data from an intensive field cam-
paign with simultaneous measurements of cloud
microphysics and aerosol physical, chemical and
hygroscopic properties. Our main objective is to
get further insight into how cloud microphysical
properties, especially cloud droplet number con-
centration, depend on aerosol physico-chemical
properties at our measurements site, and whether
significant differences in aerosol—cloud relations
can be observed between different air mass types
in the northern Scandinavian boreal and sub-
arctic regions.

Material and methods
Measurement site and conditions

The Second Pallas Cloud Experiment (Second
PaCE), an intensive three-week campaign for
measuring aerosol and cloud properties, was
conducted by the Finnish Meteorological Insti-
tute and by the University of Kuopio at the
Pallas-Sodankyli GAW station (Hatakka et al.
2003).

The station consists of several measurement
sites, of which only the main site Sammaltunturi
(67°58°N, 24°07°E, 560 m a.sl., in Muonio,
Lapland) is considered here. This site is located
slightly above the tree line on a top of a fell
(Arctic round-topped hill), which rises about
300 m above the surrounding area. The area
is mainly lowland covered with boreal forest
and swamps to the east and west of the station,
but there are higher fells north and south of the
station. The station is located inside the Pallas-
Yllastunturi national park. The area outside the
park the area is very sparsely populated. The
closest municipalities are Muonio with some
2500 inhabitants about 20 km south-west from
the station and Kittild, with about 6000 inhab-
itants, 40 km south-east from the station. The
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station is suitable for studies on aerosol-cloud
interaction measurements (Kerminen et al. 2005,
Komppula et al. 2005, Lihavainen et al. 2007,
2008), since the station is inside cloud for a sub-
stantial fraction of time. As the station is only
300 m above the surrounding area, only low
clouds can be studied.

The measurements were conducted from 16
September to 6 October 2005. This time of the
year was chosen to maximize the chances of
the station being inside a cloud. During the first
third of the measurement period, the air masses
were mostly coming from the North Atlantic or
the Arctic Ocean. The rest of the measurement
period was characterized by air masses coming
from south or south-west over central Europe or
the British Islands and Scandinavia. The ambient
temperature at 570-m altitude a.s.l. varied from
—42°C to +11.3 °C during the measurement
period, and average and standard deviation of
temperature were +4.7 °C and 3.0 °C, respec-
tively. The temperature was below 0 °C for 10%
of the time. The average (+ SD) ambient pres-
sure and wind speed were 940 + 8 hPa and 7.4 +
2.7 m s7', respectively. During the measurement
campaign the station was inside cloud (visibil-
ity below 200 m) for 25% of the time, but only
12% of the time was there any rain. Low clouds
typically appeared during nights and disappeared
around noon.

Instrumentation

The instruments used to measure the particle and
cloud droplet properties are listed in Table 1.

Differential mobility particle sizer (DMPS)

Two differential mobility particle sizers (DMPS)
were used to measure the aerosol number
size distribution. Both DMPSs had the struc-
ture described by Komppula et al. (2005). One
DMPS (DMPS ) was attached to a so-called
total air inlet, which lets in all particles includ-
ing cloud droplets (but not rain drops). The
cloud droplets were then evaporated, and the dry
cloud-condensing nuclei (CCN) were measured
among the non-activated particles. The other
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(AMS) (Jayne et al. 2000, Allan et al. 2003, Can-
agaratna et al. 2007). Inorganic species ammo-
nium (NH,"), sulfate (SO,?) and nitrate (NO,")
were measured, as well as the organic matter. The
instrument is not capable of measuring sea salt,
black carbon or crustal material because they do
not evaporate at the temperature of 600 °C used
to vaporize the particles in the instrument. The
measured concentrations of non-sea-salt chlo-
ride (nss-Cl") and polycyclic aromatic hydrocar-
bons (PAH) were within the noise, and were not
included in the analysis.

Rural and background aerosols contain
mainly oxidized organic aerosol (OOA) species
(Zhang et al. 2007). According to Lanz et al.
(2007), there are two OOA types so that type 1
(OOA-1) is processed, aged and highly oxidized
and type 2 (OOA-2) is less processed and oxi-
dized OOA fraction. When organic matter is
composed of OOA-1 and OOA-2, peaks caused
by organic matter at m/z = 44 and m/z = 43 origi-
nate mostly from OOA-1 and OOA-2 species,
respectively. These peaks are also present in the
mass spectra of aerosols from wood burning and
fresh traffic emissions (Lanz et al. 2007), but no
indication of that type of emissions were found.
Therefore, ratio of the peaks at m/z = 44 and m/z
=43 is indicative of OOA-1 and OOA-2 concen-
tration ratio and thereby organic aerosol oxida-
tion state and age.

The transmission efficiency of the AMS is
practically 100% in the size range 60—600 nm.
Particles smaller than 60 nm in diameter have
usually only a minor contribution to the mass
concentration of any species. Although the AMS
can measure some particles with diameters up
to 1500 nm (Drewnick et al. 2009), because
the transmission efficiency of the AMS is low
for such large particles, the AMS measures
approximately the PM1 size fraction. Particle
volume-size distributions were calculated from
the DMPS data, and most particulate volume
always was in particles with diameter below
350 nm. No indication of another particle mode
with higher diameter was found. Based on this,
we can assume that the AMS measures approxi-
mately the same particle size range that the
DMPSs described above measure.

The mass concentrations measured with the
AMS depend largely on the mass calibration
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of the instrument. The calibration was not per-
formed at the measurement site, even though
it would have been the normal procedure. The
concentrations of all species are multiplied by
the same calibration value, so an incorrect cali-
bration value has the same relative effect on all
mass concentrations, but does not affect the mass
fractions of each species.

Hygroscopicity Tandem Differential Mobility
Analyzer (H-TDMA)

Hygroscopic properties of the dried aerosol popu-
lation were measured with a Hygroscopicity-Tan-
dem Differential Mobility Analyzer (H-TDMA)
(Joutsensaari et al. 2001). In this instrument, the
dried aerosol flow goes first through one DMA-
unit. Next, the selected size fraction is led to
humidifier, a chamber with controlled relative
humidity. From the humidifier the moist aerosol
is the led to another DMA-unit without drying,
and is classified according to its wet diameter.
The controlled growth of a narrow size fraction
allows the calculation of growth factors for parti-
cles having different dry diameters.

In our measurements, the humidifier was
kept at about 90% relative humidity, and the
measured dry diameters were 30, 50, 80, 100
and 150 nm. The relative humidity of the aerosol
flow in the second DMA was kept about 2%—-3%
lower than that of the sheath flow.

Other measurements

Other than aerosol parameters, meteorological
conditions were also measured at the site. The
measured meteorological parameters were the
temperature, dew point, relative humidity, air
pressure, visibility, wind speed, wind direction,
global solar radiation and rain intensity and type.
The wind parameters were measured at 6 m
above ground, temperature and relative humidity
at 4 m above ground and pressure at 2 m above
ground. (Hatakka et al. 2003) The presence of
clouds was estimated from measured visibility,
from relative humidity, and verified from photo-
graphs of the site taken automatically every 30
minutes during the day.
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The air mass history was evaluated by cal-
culating the five-day back trajectories using the
HYSPLIT (HYbrid Single-Particle Lagrangian
Integrated Trajectory) model (http://www.arl.
noaa.gov/ready/hysplit4.html), which calculates
the trajectory of a single pollutant particle with-
out any dispersion. The data were manually clas-
sified according to the air mass history into three
categories: continentally-influenced European,
marine and “mixed” air masses that have spent
considerable amount of time both over sea and
land. In order to be classified as marine, the air
mass had to originate from the North Atlantic or
the Arctic Ocean, and could not have passed over
central Europe, the British Islands or southern
Scandinavia. The European air masses had to
originate from central or eastern Europe, and
had to spend less than 10 hours after leaving
these regions before entering Pallas. All other air
masses were classified as mixed cases.

Data processing

All data were converted into 1-h averages. If
there were data from less than 30 minutes of any
given hour, that data were excluded from the
averaging, except for the data form the HTDMA,
which measures about 10 minutes for each size
class. The different aerosol data sets were also
checked for contamination caused by people
entering the site with vehicles. Such periods
produced sharp peaks that were removed from
the data. The six smallest size fraction (diameter
7-15 nm) of the DMPS data were not included
in the total particle number calculations or in the
cloud activation calculations, because the count-
ing efficiencies of the DMPSs differed from each
other in that size range.

Results

General characteristics of the aerosol
population

The 1-h average particle number concentration
(measured with DMPS ) varied in the range
56-3900 cm™ with a median of 710 cm™ and
average of 920 cm™. The number concentra-
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tion time series consisted of a base level below
500 cm™ and frequent peaks reaching above
1000 cm™. Such peaks could be seen in all air
mass types, but the low number concentration
periods were typically associated with marine
air. The number concentration of accumulation
mode (N, , particle diameter dp > 100 nm) par-
ticles had a good correlation with the air mass
type as well, being clearly lowest in marine air
and highest in European air masses. In European
air masses the number concentration of accu-
mulation mode particles was on average even
higher than that of Aitken mode (N it 20 nm < dp
< 100 nm) (Table 2).

The particle volume concentration was also
calculated from the DMPS  data by assuming
that all particles were spherical. These data were
then compared with the PM1 aerosol mass con-
centration data measured with the AMS (Fig. 1),
and a good correlation (R =0.99, p < 0.001) was
found. The median ratio of mass to volume was
1.07 g cm™, and 82% of the mass to volume
ratios were in the range from 0.5 g cm™ to 1.5
g cm™. The mass concentration measured with
the AMS showed the same peaks and low con-
centration periods as the volume concentration
calculated from the DMPS_ results. During the
concentration peaks the AMS showed slightly
lower values than the DMPS. This might be
explained by a higher fraction of non-volatile
materials, such as black carbon, in particles
during high mass concentration periods, but no
data on non-volatile material were available in
this study. During the low concentration periods
the AMS values were about the same or slightly
higher than those from the DMPS.

The measured mass-to-volume ratio (density)
was lower than that observed in some other stud-
ies (McMurry et al. 2002, Saarikoski et al. 2005,
Kannosto et al. 2008). However, there were sev-
eral factors influencing our measurements. The
AMS is unable to measure sea salt, black carbon
or dust, which are measured by the DMPS and
therefore included in the volume calculations,
lowering the mass to volume ratio. However, the
main reason for the low mass-to-volume ratio
is probably the uncertainties related to the mass
calibration of the AMS.

The total PM1 mass concentration (m, ) of
particulate matter differed between the different
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tration of all measured
particles (m_) meas-
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air masses. In marine air masses the m,_ was very
low, being below 1.0 pg m™ for 96% of the time.
The mean value of m_, in marine air masses was
0.35 pg m=. These concentrations are close to
the AMS detection limit of about 0.1 g m~. In
European air masses, m,  reached values as high
8.29 ug m=, and was less than 1.0 g m™ for only
10% of the time. The mean value of m_, in Euro-
pean air masses was 4.62 yg m. As expected, the
mixed air masses fell between these two extremes,
having a mean m_ of 1.51 pg m™.

The inorganic fraction (IO) of m_, followed
the air mass type as well. In marine air masses,

Table 2. The number concentrations of accumulation mode particles (N,

ured with AMS and with
DMPS,,, assuming spheri-
cal particles and constant
density of 1 gcm™=.

277 279 281

the mean 10 was 23%, whereas it was 37% in
mixed and 44% in European air masses. The
inorganic fraction consisted of 12% NO,~, 64%
SO,* and 25% NH,* (median values). The rela-
tive contribution of different inorganic species
did not depend on air mass type. In marine air
masses some of the mass concentrations were
below the detection limits of the instrument
(Drewnick et al. 2009) so the relative contribu-
tions could not be calculated reliably.

The particle hygroscopic growth factors (GF)
at 90% relative humidity were measured for
particles having dry diameters of 30, 50, 80, 100

), Aitken mode particles (N,,) and total

cC:

particle population (7 nm < dp <500 nm, N, as well as the total volume concentration (V, ) calculated from the

tot:

DMPS data and the total mass concentration (m_) from the AMS data during the Second PaCE measurement

campaign.

Air mass Value N, (cm™) N,, (cm®) N, (cm™) V., (umé cm) my, (ug m=)

Marine Mean 70 779 1041 0.29 0.35
Median 55 366 535 0.24 0.26

Mixed Mean 322 733 1090 1.61 1.58
Median 278 549 1063 1.12 1.50

European Mean 965 561 1531 6.13 4.62
Median 1015 502 1576 6.53 5.00

Total Mean 221 573 916 1.19 1.51
Median 73 421 712 0.31 0.64
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Fig. 2. Growth factors in 90% relative humidity for dry diameter classes 30 nm (upper left), 50 nm (upper right),
100 nm (lower left) and 150 nm (lower right) as a function of inorganic fraction of the total particulate mass. The
more oxidized (the ratio between the peaks at m/z = 44 and m/z = 43 was larger than 1.75), and the less ozidized
(the ratio between the peaks at m/z = 44 and m/z = 43 was smaller than or equal to 1.75) aerosol populations are

shown.

and 150 nm. The growth factors varied from
about 1.1 to 1.5 for all the particle sizes. The
average growth factor increased systematically
with an increasing dry particle diameter (Table
3). The size dependency of GF can be at least
partially explained by the increased Kelvin effect
in small particles.

In all size classes, the value of GF increased

smaller size classes the effect of the oxidation
state was not as clear (Fig. 2).

Table 3. The average growth factors (GF) and the
corresponding 25% and 75% values during the meas-
urement campaign for particles in five different size
classes.

with an increasing inorganic fraction of the parti- Dry diameter Average Lower Upper
X (nm) GF 25% 25%

cle mass. In the two largest size classes (d = 100

nm and dp = 150 nm) the growth factor depended 30 1.16 1.1 1.20

also on the oxidation state of the organic spe- 50 1.22 1.14 1.28

cies in the particles: when organic species were 80 1.26 1.16 1.37

highly oxidized, the growth factor was high 100 132 122 141

’ > 150 1.44 1.36 1.46

even when the inorganic fraction was low. In the
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Relations between aerosol and cloud
droplet properties

Uncertainties related to determining cloud
droplet number concentration

The number concentration of activated particles
was calculated from the difference between the
two DMPSs. This concentration difference can
be assumed to equal the cloud droplet number
concentration (CDNC) in freshly formed clouds
(Komppula et al. 2005). The CDNC was also
measured directly with the FSSP. The FSSP
was operational only for a little more than two
days, so relatively few FSSP data were avail-
able for comparison. From the DMPS and FSSP
data, the ratio of the CDNC measured with the
FSSP to that calculated from the DMPS data had
a median value of 1.05, being in the range of
0.75-1.25 for 63% of the time.

The method of getting the activated particles
by subtracting one DMPS size distribution from
the other is sensitive to errors in either one of the
size distributions. This method also does not dis-
tinguish between activated particles and particles
scavenged by cloud droplets. These errors can
lead to uncertain and even non-physical values
of different activation parameters. In order to
study the effect of these uncertainties, the frac-
tion of accumulation mode (particle diameter dp
> 100 nm) particles that was activated into cloud

results as function of vis-
ibility.

droplets (Act
of smaller (50 nm < dp < 100 nm) particles (Act,))
were plotted against visibility at the measurement
site (Fig. 3). The particles with diameters smaller
than 50 nm were not taken into account in the

100) and the corresponding fraction

activation calculations, because differences in
the size distribution at this size range are caused
mainly by processes other than cloud droplet acti-
vation (Komppula et al. 2005).

As expected, Act,, decreased with increas-
ing visibility. The highest values of Act  (up
to 90%) were measured during periods when
visibility was below 200 m. At higher visibilities
Act,, decreased towards zero. There was vari-
ability in Act,, resulting from the uncertainties
in the method for calculating ACtloo’ as men-
tioned above. Even when the visibility was 50
km (maximum) the calculated Act , varied from
—15% to +20%.

The value of Act varied from -10% to
+20% almost independent of visibility. This
means that the activation of sub-100 nm parti-
cle, if occurring, was buried under measurement
uncertainties in this data set. As a result, no fur-
ther analysis on Act, was made in this paper.

Particle activation into cloud droplets

The 1-h average data were divided into three
categories according to visibility at the measure-
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ment site. These categories had visibilities < 200
m (cloud, 23% of time), 200—-3000 m (indeterm-
minate, 7% of time) and > 3000 m (no cloud,
70% of time). The first two categories did not
differ much from each other in number concen-
trations of Aitken or accumulation mode parti-
cles, in inorganic fraction of particle mass, or in
air mass type (Table 4). The third category (no
cloud) had typically much lower particle concen-
trations in the accumulation mode and also lower
inorganic fraction than the two other categories.
The “no cloud” cases were also typically associ-
ated with marine air masses, whereas the other
two types (cloud and unclear) were more often
associated with mixed or European air masses.
The number concentration of accumulation
mode particles (N, ) was positively correlated
(R =0.61) with the inorganic fraction of particle
mass (IO). This dependency made it difficult to
separate the effects of these two factors on cloud

Inorganic mass fraction

droplet activation. There were no cases in which
IO was low and simultaneously N__ was high
(Fig. 4). For any given value range of 10, cloudy
cases were restricted to the highest values of N .
When 10 was high and N, was low, no clouds
were present.

When clouds were present, the average acti-
vated fraction of accumulation mode particles
(Act,,) was 66%, and 10- and 90-percentiles
of the activated fraction were 43% and 82%,
respectively. There was a weak dependency
between Act,, and N_, with Act, decreasing
slightly with increasing values of N_ . Act,
did not show any systematic dependency on the
soluble fraction of particle mass.

The finding that smaller Act,, at was associ-
ated higher particle number concentration can
be explained by the amount of water vapor
available for condensation. With a high number
concentration of particles, the maximum super-

Table 4. The visibility criteria for the three categories, and median values of accumulation mode (N, ) and Aitken

mode (N,,) number concentration, activated fraction of accumulation mode particles (Act

of particle mass (10).

100) @nd inorganic fraction

Category Visibility (m) e N, Act,, (%) 10 (%)
(em™) (em™)

Cloud 0-200 293 500 65 42

Indeterminate 200-3000 503 536 26 45

No cloud > 3000 54 372 4 30
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Fig. 5. The diameter in which 50% of particles with
that diameter activate (D,) as function of the activated
fraction of accumulation mode (d, > 100 nm) particles
measured with DMPS, .

saturation reached by the air parcel is decreased,
making the smaller and less hygroscopic parti-
cles less likely to be activated (e.g. Nenes et al.
2001, Chuang 2006). Particles with a high inor-
ganic mass fraction (soluble particles) should
be activated at low supersaturations according
to Kohler theory (Kohler 1936). In our data set,
however, a high inorganic fraction was associ-
ated with a high number concentration of accu-
mulation mode particles, having the opposite
effects on the activation probability. It looks
like the particle loading had a larger influence of
cloud droplet activation than the chemical com-
position of particles during our measurements.
The solubility of the organic fraction of m_ also
affects the activation in the same way as the inor-
ganic fraction of particle mass, and this weakens
the dependency between Act, , and 1O.

The diameter at which 50% of particles with
that diameter activate (D, ) is a parameter suit-
able for simplified cloud activation parameteri-
zations (e.g. Kivekds et al. 2008), as it roughly
separates the activating particles from those that
do not activate. When D_ is above 100 nm,
it should behave roughly inversely to Act,,
assuming that the particle hygroscopicity is not
size-dependent in that size range. In this study
D,, did not show any clear relation to the number
concentration of accumulation mode particles,
or to the inorganic fraction of particle mass. As
expected, however, there was a clear inverse
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relation between D and Act,, (Fig. 5). When
the activated fraction was high, D, was low and
vice versa.

Summary and conclusions

Aerosol and cloud parameters were measured
at Pallas-Sodankyld GAW station from 16 Sep-
tember to 6 October 2005 as part of the Second
Pallas Cloud Experiment (Second PaCE). The
1-h average particle number concentration
ranged from 56 to 3900 cm™ with a median of
710 cm™ and average of 920 cm™. The average
PM1 mass concentrations (m, ) measured with
an AMS depended strongly on air mass type,
varying from 0.35 yg m= in marine air to 4.62
pg m> in European air masses. European air
masses had also higher mass fractions of inor-
ganic matter. Hygroscopic growth factor of parti-
cles increased with increasing inorganic fraction
of particle mass and with increasing particle size.
A higher oxidation state of the organic matter
also increased the particle hygroscopicity.

The number concentration of activated parti-
cles was calculated from the difference between
the distributions measured with two DMPSs sim-
ilar to Komppula et al. (2005). The average frac-
tion of accumulation mode particles that activated
(Act,,)) was 66 % when clouds were present. The
activated fraction of smaller (50 nm < dp < 100
nm) particles was clearly lower and less than the
random error caused by the method of calculat-
ing the number of activated particles. Act,, was
slightly smaller when the accumulation mode
number concentration was high and the particles
had to compete for the available water. In such
cases the inorganic mass fraction was also high,
but apparently not enough to cancel the effect
of the large particle number concentration. The
solubility of the organic mass fraction might also
have been different in these cases. These effects
led to no apparent relation between the activated
fraction and the inorganic mass fraction. The D,
activation diameter did not show any system-
atic dependency on the number concentration of
accumulation mode particles nor on the inorganic
fraction of the particle mass. However, the value
of D was dependent on Act, being smaller
when Act, , was higher.
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In this study, the observed particle number
size distribution, chemical composition of par-
ticles and particle hygroscopic properties were
related to each other, as they were all dependent
on the air mass origin. The number of activated
particles was determined by all these three prop-
erties combined, and distinguishing the contribu-
tion of any individual property was not possible.
The vast majority of studies on aerosol-cloud
interactions have, however, relied on either
chemical or physical aerosol measurements, not
both together. This can lead to erroneous con-
clusions on the aerosol—cloud interactions in a
system where the physical, chemical and hygro-
scopic properties of aerosols are related to each
other.
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