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Abstract The Aerodyne aerosol mass spectrometer (Q-AMS) was coupled with a
counterflow virtual impactor (CVI) for the first time to measure cloud droplet residuals
of warm tropospheric clouds on Mt. Areskutan in central Sweden in July 2003. Operating
the CVI in different operational modes generated mass concentration and species-resolved
mass distribution data for non-refractory species of the ambient, interstitial, and residual
aerosol. The ambient aerosol measurements revealed that the aerosol at the site was mainly
influenced by long-range transport and regional photochemical generation of nitrate and
organic aerosol components. Four different major air masses were identified for the time
interval of the experiment. While two air masses that approached the site from northeastern
Europe via Finland showed very similar aerosol composition, the other two air masses from
polar regions and the British Islands had a significantly different composition. During cloud
events the larger aerosol particles were found to be activated into cloud droplets. On a mass
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basis the activation cut-off diameter was approximately 150 nm for nitrate and organics
dominated particles and 200 nm for sulfate dominated particles. Generally nitrate and
organics were found to be activated into cloud droplets with higher efficiency than sulfate.
While a significant fraction of the nitrate in ambient particles was organic nitrates or
nitrogen-containing organic species, the nitrate found in the cloud droplet residuals was
mainly ammonium nitrate. After passage of clouds the ambient aerosol size distribution had
shifted to smaller particle sizes due to the predominantly activation of larger aerosol
particles without a significant change in the relative composition of the ambient aerosol.

Key words AMS - aerosol activation - CVI - scavenging

1 Introduction

Aerosol—cloud interactions are the basis for a number of fundamental processes in the
atmosphere. Although the influence of aerosol particles on climate forcing is widely
recognized, the magnitude of this contribution is still unknown and is one of the largest
uncertainties in the prediction of anthropogenic influences on climate change (Houghton
et al., 2001). Currently it is assumed that the combination of aerosol direct and indirect
effects contributes to climate forcing potentially in the same magnitude but in opposite
direction as greenhouse gas forcing. Aerosol climate forcing splits into direct and indirect
effects with the major uncertainty lying in the latter category. Direct effects are scattering
and absorption of incoming and outgoing radiation by aerosol particles while indirect
effects are interaction of radiation with clouds, which are largely influenced by aerosol
properties. Cloud droplets form on pre-existing particles, known as cloud condensation
nuclei (CCN). As a consequence, anthropogenic activities that increase aerosol concen-
trations may lead to more reflective clouds by increasing the amount of CCN and therefore
of cloud droplets (Twomey, 1977). In addition increased concentrations of CCN and as a
consequence more but smaller cloud droplets could delay the formation of precipitation,
which would increase the lifetime of the clouds (Albrecht, 1989).

In order to reduce the uncertainty of the climate impact of aerosol particles, the details of
the hydrological cycle need to be investigated in detail. All individual cloud droplets start
their life as aerosol particles. Thus, at the most fundamental level, understanding the
processes that determine cloud properties—both physical and chemical-requires understand-
ing which particles, out of all those that are present in the atmosphere, actually form cloud
droplets under various different conditions.

A major challenge in acquiring this understanding is the fact that cloud droplets are the
result of water vapor condensing on individual aerosol particles. Understanding what
controls cloud properties like albedo or precipitation development requires, as a first step,
knowing what causes certain particles to activate and form cloud droplets, while other
particles in the same cloud do not. Therefore, aerosol—cloud interactions need to be
investigated on a very fundamental level.

Experimental studies to acquire information about aerosol-cloud interaction have often
used a Counterflow Virtual Impactor (CVI) to separate cloud droplets from the interstitial
aerosol (Ogren et al., 1985; Noone et al., 1988; Gieray et al., 1989; Hallberg et al., 1994;
Noone et al., 2000). In recent years, on-line aerosol mass spectrometry has advanced to
become a powerful tool in the physical and chemical analysis of individual aerosol particles
and small particle ensembles. An example of these instruments is the Aerodyne aerosol
mass spectrometer (Q-AMS) that is capable of quantitatively measuring the non-refractory
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aerosol composition of sub-micrometer particles and species-resolved mass distributions of
these components (Jayne et al., 2000; Jimenez et al., 2003a).

An experiment to determine microphysical and chemical interactions between aerosol
particles and cloud droplets was carried out during July 2003 at Mt. Areskutan in central
Sweden (SOACED, sources and origin of atmospheric cloud droplets). Here, for the first
time an Aerodyne aerosol mass spectrometer (Q-AMS) was coupled to a Counterflow
Virtual Impactor in order to measure cloud droplet residuals. The aim of this project was to
compare the chemical and physical properties of ambient, interstitial, and residual aerosol
particles to better understand the processes that determine the uptake of particles into cloud
droplets. Here we report on the results of the aerosol mass spectrometer measurements from
this campaign.

2 Instrumentation and Measurements

The measurements presented here were performed in a cabin operated by the Institute of
Applied Environmental Research of Stockholm University on Mt. Areskutan (63.43°N,
13.08°E) at an elevation of 1,270 m a.s.l.. Mt. Areskutan is located in Jdmtland in central
Sweden about 100 km west of Ostersund and 600 km northwest of Stockholm. The
mountain is surrounded by other mountains of similar or slightly less elevation with
extended forests below the timberline (1,000 m a.s.l.) and small lakes in the valleys. The
area has almost no industry or other significant anthropogenic emitters of particulate matter.
The closest village is Are with about 1,000 inhabitants, in the valley approximately 850 m
below the site. This village is crossed by the E14, the only larger road in that region that
connects Ostersund and Trondheim (Norway). The only near-site source of anthropogenic
emissions is the kitchen of a small restaurant, which is located in the top station of an
electrical cable car, about 100 m east and 10 m above the sampling station. However, the
emissions from this source should typically pass over the sampling probes of the site and
could only reach the station at wind directions between 70° and 110°, which were rarely
observed during the campaign.

The measurement site on Mt. Areskutan is a well-characterized location for investigation
of clean continental clouds (Ogren et al., 1989; Noone et al., 1991), which can be expected
to be within clouds on a frequent basis during the summer months. In addition the aerosol
and cloud measurements at this location were supported by local meteorological measure-
ments at the summit of Mt. Areskutan (WMO measurement site #02215), approximately
1 km northeast and 150 m above the measurement site.

The measurement cabin was a wooden construction with a size of 3.6x5.1 m. The cabin
was equipped with two main aerosol inlets: an interstitial inlet and the CVI inlet. The
interstitial inlet consisted of a radial impactor that was designed to remove particles larger
than 5 pm in diameter. During cloud events the cloud droplets were removed by the
impactor and only the interstitial aerosol was measured. During the remaining time the
ambient aerosol (smaller than 5 pum) was measured. The second sampling inlet was
the Counterflow Virtual Impactor (CVI, Noone et al., 1988). The CVI wind tunnel and
probe were located at a height of approximately 4 m above ground level 30 cm below a
1.5 m? plate. Here the collected air was accelerated to a velocity of 100 m s ' before it was
directed onto the CVI probe. The probe consists of two concentric tubes, joined at the probe
tip. The outer probe is solid, and the last 10 cm of the inner tube are porous. The centerline
of the probe is oriented parallel to the trajectories of the droplets in the wind tunnel.
Filtered, dried, and heated air is pumped through the annular space between the two tubes
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and passes through the porous inner tube. Part of this flow leaves the inner tube in the
opposite direction of the arriving aerosol particles and forms the counterflow that separates
large particles from those below a cut-off diameter. The remaining part of the flow makes
up the sample flow in which the sampled cloud droplets evaporate and the remaining
residual particles were transported to the connected instruments. During this experiment the
flow rates of the CVI were selected such that particles or cloud droplets with diameters of
5 um or more were collected and smaller particles were removed by the counterflow. By
turning off the wind tunnel and the counterflow the CVI can be used as ambient aerosol
inlet. During cloud events in this sampling mode cloud droplets were removed from the
sampled aerosol by impaction onto the walls of the bends in the sampling line, so that
effectively the interstitial aerosol was collected.

The CVI sample flow was split into sub-flows to serve a number of instruments that
measured physical and chemical aerosol parameters, including particle number concentra-
tion (CPC), particle size distribution (SMPS), optical particle properties (nephelometer and
soot photometers) and size-resolved chemical composition of the particles (Q-AMS). Here
we focus on real-time measurements of species- and size-resolved aerosol mass
concentrations performed with the Aerodyne aerosol mass spectrometer (Q-AMS) and of
particle number concentration measurements using a TSI Model 3025 condensation particle
counter.

The aerosol mass spectrometer (Q-AMS) used during SOACED collects and focuses
particles in the size range of d}, = 40 to 1,000 nm into a narrow beam using an aerodynamic
lens assembly. After passing through a particle time-of-flight chamber and an aperture the
particles impact onto the vaporizer, a porous tungsten surface, heated to approximately
530 °C. The non-refractory particle components flash-evaporate and the evolving vapor is
ionized by electron impact (E = 70 eV). The ions are extracted into a quadrupole mass
spectrometer and detected after mass analysis using an electron multiplier. A comprehen-
sive description of the Q-AMS is given in (Jayne et al., 2000 and Jimenez et al., 2003a), a
description of the vaporizer and the ionizer is given in (Drewnick et al., 2005).

The Q-AMS measures in two modes of operation: In the mass spectrum (MS) mode the
particle beam completely passes to the vaporizer for 5 s and then is completely blocked for
another 5 s. During each of these time intervals the whole mass spectrum (1-300 amu) is
scanned 15 times by the quadrupole mass spectrometer, measuring the average aerosol and
background mass spectra. The aerosol mass spectrum is then determined by calculating the
difference of these spectra. From this difference spectrum the mass concentrations of non-
refractory aerosol components sulfate, nitrate, ammonium and total organics are calculated
using the inversion algorithm described by Allan et al. (2004).

The second mode of operation is the time-of-flight (TOF) mode, where particle time-of-
flight measurements are used to determine particle size. In this mode the particle beam is
chopped with a frequency of ~100 Hz using a chopper wheel at the beginning of the
particle time-of-flight chamber. The chopper has two radial slits comprising 2% of the
wheel area, defining a common starting time for all particles at each chopper cycle.
The quadrupole mass spectrometer is set to measure at an individual m/z and synchronized
with the chopper rotation so that the detector signal is recorded as a function of particle
flight time. Using a particle time-of-flight (P-ToF) calibration the particle flight time is
converted into a vacuum aerodynamic diameter, resulting in a mass size distribution for the
measured m/z of the species that are related to this m/z. The vacuum aerodynamic diameter
dy, is defined as the aerodynamic equivalent diameter measured in the molecular flow
regime. Due to the proportionality of the Cunningham slip correction C, to the inverse of
the particle diameter in this flow regime, d,, is directly proportional to the ratio of particle
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density to particle shape factor — while the classical aerodynamic diameter is proportional to
the square root of this ratio. A detailed description and derivation of the vacuum
aerodynamic diameter can be found in (Jimenez et al., 2003b, and DeCarlo et al., 2004).

During the measurements presented here the Q-AMS was operated in an alternate mode,
switching between MS- and TOF-mode every 20 s. Averaged mass spectra and size
distributions were saved every 10 min. The m/z (and related species) selected in TOF-mode
were 16/17 (ammonium), 18 (water), 28 (air, used for monitoring the multiplier
performance), 30/46 (nitrate), 48/64 (sulfate), and 43/44/55/57/69/71 (organics). The Q-
AMS measurements started in the afternoon of July 1st and were terminated in the morning
of July 29. During the week from the evening of July 9 until the morning of July 16 no
measurements have been made with the Q-AMS due to a failure of the ion source power
supply. In addition during several nights the Q-AMS measurements have been interrupted
to avoid overheating of the pump system, because the measurement cabin was not equipped
with any active air-cooling. During daytime cooling was provided by opening the windows
or the cabin door. These interruptions together with data loss during times where the CVI
was operated in undefined states or switched between operation modes within a 10-min
Q-AMS cycle resulted in a useful data coverage of 46% of the total time of the campaign.

For quality assurance of the Q-AMS measurements a series of calibrations have been
performed before and during the campaign. The ionization and transmission efficiency of
the Q-AMS ionizer was calibrated in the laboratory before transport to the measurement
site; at the site the gain of the electron multiplier was calibrated before the beginning of the
measurements and several times during the campaign. Because the inlet flow characteristics
of the Q-AMS are changed under the reduced pressure conditions on Mt. Areskutan
compared to the lab conditions an inlet flow calibration that relates the pressure measured in
the inlet system and the inlet flow rate was performed at the measurement site before the
measurements started. Also the particle time-of-flight calibration that is used to calculate
the particle vacuum aerodynamic diameter from the measured flight time depends on
ambient pressure. Since this calibration could not be performed at the site the P-TOF
calibration parameters have been calculated from pressure-dependent particle time-of-flight
measurements, performed in the laboratory (Schneider et al., 2006a).

The main uncertainties in the quantification of the Q-AMS mass concentration
measurements are the ionization and transmission efficiency calibration and the correction
for particle losses in the instrument due to bounce from the vaporizer (collection efficiency,
CE = 0.5), resulting in an overall uncertainty of the absolute Q-AMS mass concentrations
in the order of 25%. However, since both factors, ionization efficiency and collection
efficiency affect all measurements in the same manner, the reproducibility and thus the
relative mass concentrations determined with the Q-AMS have a much lower uncertainty in
the order of 5% with slightly larger uncertainties in the ammonium measurement due to
significant contribution of water- and air-related signal to the ammonium fragment m/z. In
this study mainly relative mass concentrations are used to extract conclusions and thus the
latter uncertainty is relevant to these measurements. Minimum detection limits for the
individual species are mainly determined by counting statistics and electronic noise. In
earlier campaigns the 10-min average detection limits have been estimated to be in the order
of 0.1-0.25 pg m > for the inorganic species and around 1 pg m > for the organics, which
have a significantly higher noise level due to the large number of m/z contributing to this
species (Drewnick et al., 2004). The uncertainty of the particle size measurement is mainly
determined by the finite opening time of the chopper wheel (2% duty cycle), the time
resolution of the data acquisition (50 ps, ~1% of particle time-of-flight) and the uncer-
tainties of the P-TOF calibration (~5%), resulting in an overall uncertainty of the measured
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Figure 1 Time series of nitrate, sulfate, ammonium, and organics mass concentrations measured with the Q-
AMS (upper traces) and particle number concentrations measured with a CPC (lower trace). The time axis is
cut to avoid large empty space due to Q-AMS ion source power supply failure in the middle of the campaign.
During the Q-AMS measurements four distinguishable air masses were identified (#1, 2, 4, and 5). A set of
back trajectories with one trace for each day is shown for the four air masses at the bottom of the panel.

particle sizes in the order of slightly more than 5%. Uncertainties in the particle flight time
measurement due to the finite evaporation time of the particles are accounted for by the P-
TOF calibration for typical aerosol components. Due to the low chopper duty cycle (2%)
and the distribution of the measured ions into approximately 80 size bins the detection
limits for the size distributions are somewhat larger than those for the mass concentrations.
Taking into account the different timing scheme in the P-TOF measurements compared to
the MS measurements the size distribution LODs are estimated to be in the order of 2-5 ug/
m® for the individual species for 10-min averaged size distributions.

3 Results and Discussion
3.1 The ambient aerosol at Mt. Areskutan

As an overview time series of the sulfate, nitrate, ammonium, and total organics mass
concentrations measured with the Q-AMS during the whole campaign are shown in
Figure 1 together with total aerosol number concentrations measured with the CPC. The
individual species concentrations showed no distinct diurnal variation, suggesting that no

@ Springer



J Atmos Chem

Table I Description of the five air masses that arrived at the measurement site during the campaign

Air mass # Arrival time Description of path

1 07/01-07/04 NE Europe — S-Finland

2 07/05-07/07 Polar Sea — across Norway

3 07/09-07/15 North Atlantic — across Norway
4 07/16-07/20 NE Europe — S-Finland

5 07/21-07/29 British Islands

local particle production or local wind patterns existed that generated or advected increased
particle concentrations at any time of the day on a regular basis.

The aerosol mass concentrations displayed in Figure 1 show variations on time scales of
several days, indicating that the aerosol is largely influenced by regional or long-range
transport rather than local effects. Back trajectories calculated for every day for a 12:00
UTC arrival time at the measurement site using the McGrath (1988) model of the European
Center of Medium-range Weather Forecasts revealed that the air at the site could be roughly
divided into five air masses of different origin. The five air masses and their arrival time
intervals at the measurement site are described in Table I. Since significant data of Q-AMS
measurements only exist during air mass #1, 2, 4, and 5 we will only use these air masses
for further discussion. For each of these air masses a set of back trajectories (one for each
day) is included in Figure 1.

The average composition of the non-refractory aerosol measured with the Q-AMS was
determined for each of the air masses individually. The mass concentrations for each of the
species are given in Table II. The largest mass concentrations are found in air mass #1 and
4, the two air masses that approached the measurement site via northeast Europe and
Southern Finland. The lowest mass concentrations were found in air mass #2, which was
composed of polar air that traveled across Norway before it arrived at the site. The relative
composition of each of the air masses is shown in pie charts in Figure 2. Again the two air
masses that had similar origin and had the largest mass concentrations — air mass #1 and 4 —
are very different from the other air masses and very similar to each other. These two air
masses both have an extremely high organic mass fraction of 80% or larger, while for the
air masses #2 and 5 the organic mass content is 52% and 49%, respectively. Accordingly
the sulfate and ammonium content in air masses #1 and 4 are low compared to those in the
other two air masses. The nitrate content is in the order of 2%-3% in all air masses.

The average compositions of the aerosol in the four air masses as shown in Table II and
Figure 2 show that all three air masses that passed over continental Europe or the British

Table II Mass concentrations for each of the non-refractory species measured with the Q-AMS during the
time intervals of the four air masses

Air mass #1: 7/01-7/04 #2: 7/05-7/07 #4: 7/16-7/20 #5:7/21-7/29
S-Finland, NE-Europe Polar Air, Norway S-Finland, NE-Europe British Islands
(ngm?) (ngm™) (ngm™) (ngm™)

Nitrate 0.9 0.1 1.0 0.4

Sulfate 3.2 1.2 3.8 5.4

Ammonium 1.6 0.5 1.5 1.9

Chloride 0.04 0.02 0.04 0.01

Organics 24 2.0 39 7.3

Total 29 3.9 46 15

@ Springer



J Atmos Chem

Air Mass # 1 Air Mass # 2
Nitrate Nitrate
3.2% Sulfate 3.6%

[ 11.0%

Ammonium

Sulfate

.49 y
_Crﬁor{jde S0:A%
0.1% Organics
51.9%
mmonium
Organics 13.9%
80.2%
’ Chloride
0.4%
Air Mass # 4 Air Mass #5
Nitrate  Sulfate Nitrate
2.2% 8.4% Ammonium 2.6%
3.3%
~_ Chloride Sulfate
0.1% Organics 35.7%
48.9%
Organics Chloride Ammonium
86.0% 0.03% 12.8%

Figure 2 Composition of the ambient aerosol during each of the four air masses. Air mass #1 and 4 both
approached the measurement site coming from Eastern Europe via Finland; air mass #2 consisted of polar air
that only crossed through Norway; air mass #5 came over the British Islands.

Islands had significant sulfate concentrations; however, in the two air masses that passed
over Southern Finland extremely large organics mass concentrations were found, resulting
in a domination of the aerosol by organic compounds. This might be due to generation of
organic particles or condensational growth of particles as a result of photooxidation of
terpenes and other vapors known to be emitted in large amounts by the Finnish forests
(Kulmala et al., 2004). In addition, the aerosol in all four air masses contains a significant
fraction of organic material. This constantly high organics content in the measured aerosol,
independent of the origin of the air masses could be the result of photochemically generated
aerosol from vapors emitted from the forests on the Scandinavian peninsula.

This assumption is also supported by an observation during air mass #2. As shown in
Figure 1, the lowest particle number concentrations were measured during the beginning of
this time interval, down to a few hundred particles per cubic centimeter. Later during this
time interval, in the afternoon of July 6, the particle number concentrations increased
rapidly to approximately 3,500 cm > while the aerosol mass concentrations increased only
slightly. This behavior of the measured aerosol suggests that on this afternoon particle
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nucleation occurred upwind in the vicinity of the measurement site, generating a large
amount of very small particles, similar to those events observed also with a Q-AMS by
Allan et al. (2006) in a rural location in Southern Finland. In Figure 3 the species-resolved
mass distributions for the species measured with the Q-AMS are shown, averaged for the
first and second half of this day. While during the first half of the day the measured size
distributions barely exceed the noise level of the Q-AMS, during the second half of the day
a distinct size distribution is found for organics and sulfate with mode diameters at 180 and
230 nm, respectively. The peak in the organics size distribution in Figure 3a seems to be
caused by a few randomly measured individual particles that accidentally had similar
particle sizes. Especially total organics shows a prominent size distribution in the afternoon
with very low mode diameter, compared to the remaining time of the measurements,
suggesting that photooxidation of emitted organic vapors—very likely supported by
condensation of sulfuric acid—is mainly involved in the generation and growth of the new
particles. However, due to the fact that the Q-AMS does not measure particles in the lower
nanometer range with sufficient sensitivity, one cannot conclude from these measurements
whether the actual particle nucleation was caused by sulfuric acid or organic species or a
combination of them.

The aerosol in the four time intervals was further characterized by analyzing the
contributions of individual m/z to the total signal of some of the species. Pure ammonium
nitrate particles generate a nitrate fragmentation pattern that consists mainly of signal at m/z
30 and 46 at a ratio of approximately 2:1 (Allan et al., 2003; Hogrefe et al., 2004).
Laboratory experiments have shown a larger m/z 30:46 ratio for other inorganic nitrates,
organic nitrates or organic nitrogen-containing species (Alfarra, 2004; Drewnick, 2002;
Allan et al., 2006). For each averaging interval the ratio of the nitrate signal at m/z 30 to the
nitrate signal at m/z 46 was calculated and the average ratio as well as the standard
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Table IIT Parameters calculated for the aerosol of each of the four air masses for detailed characterization

Parameter Air mass #1 Air mass #2 Air mass #4 Air mass #5
m/z 30/46 ratio (5%—-95%) 49+24 35+55 44+15 2.8+3.1
m/z 44—organics ratio (5%-95%) 0.08 £0.01 0.11 £0.09 0.08 £0.01 0.09 +0.04
Nitrate — mode diameter/nm 270 295 320 305

Sulfate — mode diameter/nm 375 280 410 375
Ammonium — mode diameter/nm 340 280 370 350
Organics — mode diameter/nm 280 220 335 300

The m/z 30:46 ratio gives additional information on the nature of the measured nitrates; the m/z 44 —organics
ratio is a measure for the oxidation level of the aerosol; for calculation of both ratios only the 5%-95% data
were used to avoid biases by ratios calculated from very low mass concentration data; mode diameters of the
size distributions give information on the age of the particles. The uncertainties of the mode diameters are 5%
in all cases, resulting in uncertainties ranging from 10 to 20 nm.

deviation of the ratios were calculated for every time interval individually (Table III). The
ratios of the two nitrate fragments were in the range of 3.5 to 4.9 for air masses #1, 2, and 4
with a large uncertainty in air mass #2, where the absolute concentrations were very low.
Air mass #5, where air influenced by the British Islands was measured had an average ratio
of 2.8. A systematic bias of the nitrate fragmentation pattern due to fragments of the
intensive organic contribution to the mass spectra can be ruled out. Therefore we assume
that a fraction of the nitrate signal is generated by organic nitrates or other nitrogen-
containing organic species (e.g., amines), similarly as observed by another group that used
a Q-AMS to measure the ambient acrosol in Southern Finland a few months before these
measurements (Allan et al., 2006) and similar to Q-AMS measurements in smog chamber
experiments (Alfarra et al., 2006). The large amount of scatter in the ratios indicates that the
fraction of ammonium nitrate and organic nitrates varies during the measurements. The low
m/z 30:46 ratio for air mass #5 could be due to an increased ammonium nitrate content and
less influence by Scandinavian forests in this air mass, such that a smaller fraction of the
measured nitrate is organic nitrate that was generated by photochemical processes on the
Scandinavian Peninsula.

Additional information on the aerosol composition was drawn from the analysis of the
m/z 44 content of the organic aerosol fraction. The signal at m/z 44 is typically identified as
CO3, which is a fragmentation product of oxidized organic species (Zhang et al., 2005).
The larger the m/z 44 content of the organic aerosol, the larger the level of oxidation of the
aerosol. The average m/z 44 to organics ratio for each of the air masses is also given in
Table III. In air mass #1 and 4 approximately 8% of the organics signal is found at m/z 44;
in air mass #2 the average fraction is 11% and in air mass #5 it is 9%. Thus the aerosol in
the two air masses that contain the very large fraction of organics seems to be slightly less
oxidized than the organic aerosol fraction in the other air masses. This could also be a
consequence of relatively freshly generated organic aerosol, for example from organic
vapors emitted by Scandinavian forests.

Generally the m/z 44 to organics ratio found for all four air masses is at a medium level,
compared to other Q-AMS measurements. The lowest ratios are found in fresh diesel
exhaust with about 5% m/z 44 of total organics (Schneider et al., 2006b). Ratios in the order
of 8% to 10% were found in various studies at semi-urban and urban locations like Mainz,
Germany or New York City. The most oxidized aerosol was found in the free troposphere
and in remote areas in measurements on the Mt. Jungfraujoch in the Alps and on Crete
(Schneider, 2005) with about 20% of the organics signal found at m/z 44.
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Average species-resolved mass distributions were calculated for nitrate, sulfate,
ammonium, and organics for each of the four time intervals individually and compared to
each other. For direct comparison of distribution parameters monomodal log-normal
distributions were fitted to each of the size distributions. The mode diameters, extracted
from the fits to the distributions are also presented in Table III. For each of the air masses
the mode diameter of the ammonium size distribution is found between those for nitrate and
sulfate. This is a consequence of the fact that ammonium typically either appears as
ammonium sulfate or ammonium nitrate and therefore its size distribution is related to the
distributions of both species. The lowest mode diameter is found for the nitrate and organics
size distributions for all air masses with the exception of air mass #2, where the nitrate
distribution has the largest mode diameter of all species. This general trend indicates that
nitrate and organic particles are typically the youngest particles of the sampled aerosol.
Only in air mass #2, where most of the aerosol was very likely generated relatively freshly
and therefore is found at small particle diameters, the nitrate mode is found above the mode
diameters of the other species even though it is found at a similar diameter as in the other
time intervals.

This general behavior of the size distribution of the individual species suggests that
nitrate and organics are typically species from particles probably generated relatively
shortly before being measured on Mt. Areskutan. Very likely these species are the result of
photooxidation processes of organic vapors, emitted from the forests in central Scandinavia
or in Southern Finland. We assume that a significant fraction of the observed nitrate is
either organic nitrates or other organic nitrogen-containing species. Sulfate on the other
hand seems to be an older part of the ambient aerosol, which was not added in significant
amounts to the aerosol in the region around the measurement site. Most of the sulfate is
assumed to be introduced into the aerosol while the air masses passed over Eastern Europe
or over the British Islands.

3.2 Cloud activation of aerosol particles

During several cloud events, i.e., times when the measurement station was within clouds,
the composition of cloud droplet residuals was analyzed with the Q-AMS using the CVI to
sample and evaporate only the cloud droplets. During parts of these cloud events the
interstitial aerosol was also investigated by operating the CVI without the wind tunnel and
the counterflow. During the whole campaign a total of 33.5 h of residual particle
measurements were performed. This equals 5% of the total time of the campaign. Most of
the cloud events occurred during the last week of measurements when air mass #5 was
sampled. A minor fraction of the residual particle data was collected during air mass #2.

The average composition of the ambient, interstitial and residual aerosol during air mass
#2 and 5 are shown in Table IV. Since in different air masses the aerosol was found to be
significantly different from each other all measurements of residual particles, interstitial
aerosol, and ambient aerosol were averaged for each air mass time interval separately.
However, since ambient, interstitial, and residual aerosol were measured at different time
intervals, the sum of interstitial and residual aerosol concentration does not have to be
identical to the measured ambient concentration.

The mass concentrations of the residual aerosol, shown in Table IV, are calculated from
the measured mass concentrations during CVI operation, divided by 11, the average
enrichment factor of the CVI. During both time intervals the average residual particle mass
concentration is about 3%—4% of the average total ambient aerosol mass concentration.
Thus only a minor fraction of the total aerosol mass is activated to cloud droplets larger

@ Springer



J Atmos Chem

Table IV Average mass concentrations of several non-refractory aerosol components for the ambient,
interstitial and residual aerosol, measured with the Q-AMS during time interval #2 and 5

Ambient Interstitial Residual

Air Mass #2
Nitrate 0.14 pg m> 3.6% 0.19 pgm > 4.1% 0.006 ug m> 4.5%
Sulfate 1.15 ug m™> 30.3% 1.6 pgm> 34.0% 0.018 ug m™> 13.6%
Ammonium 0.55 ug m > 14.0% 0.75 pg m > 15.9% 0.012 ug m™> 9.1%
Organics 2.0 ugm > 52.1% 2.1 ugm> 46.0% 0.10 uyg m > 72.8%
Total 38 pgm° 100% 47 pgm> 100% 0.13 pg m > 100%
Number Conc. 900 cm 290 cm - 1.2 cm™? -

Air Mass #5
Nitrate 039 ugm> 2.6% 033 pgm > 2.9% 0.05 pg m > 10.5%
Sulfate 54 pgm> 35.7% 47 pgm> 41.0% 0.12 pg m > 23.8%
Ammonium 19 uygm 12.8% 1.55 ygm? 13.6% 0.06 ug m > 12.3%
Organics 73 ugm> 48.9% 48 ugm> 42.5% 027 ugm > 53.4%
Total 15.0 pg m™> 100% 114 ug m> 100% 0.5 ug m>> 100%
Number Conc. 920 cm 830 cm > - 10 cm —

Average particle number concentrations for each aerosol type and time interval, measured with the CPC. The
residual concentrations were calculated from the measured concentrations by dividing with 11, the average
CVI enrichment factor. The absolute mass concentration data have an uncertainty of ~25%, the relative
concentrations have an uncertainty of ~5%.

than approximately 5 pm diameter. In terms of particle number concentration the situation
is slightly different: During air mass #2 only about 0.13% of the particles are activated (by
number) while during air mass #5 about 1.1% of the particles are found to be activated,
indicating that during this time interval a smaller fraction of very small aerosol particles
existed, that contained only a very small mass fraction while making up a significant
fraction of the number concentration.

During both time intervals only very minor differences are found between the absolute
and relative composition of the particles of the ambient and interstitial acrosol. However, in
addition to the fact that the total mass concentrations of the residual particles are much
lower than those of the ambient aerosol, also the average relative composition of the
residual particles is significantly different from those of the ambient particles, indicating
that some of the species end up in cloud droplets with higher probability than others. For
both air masses the nitrate fraction found in the residual particles is larger than that found in
the ambient aerosol. While in air mass #2 only a slight enhancement of the nitrate content is
found, in air mass #5 the residual nitrate fraction is more than four times larger than the
ambient nitrate fraction. Also for organics, which was typically the most prominent ambient
aerosol component an increase in the relative content was found in the residual particles,
compared to the ambient composition. As a consequence of the increase in relative nitrate
and organics fraction the sulfate fraction was lower in the residual particles compared to the
ambient aerosol for both time intervals.

These results suggest that nitrate as well as organic aerosol particles are more efficiently
activated to form cloud droplets than sulfate particles. If we assume (partial) internal
mixture of these species we have to express this more carefully: particles that contain a
large amount of nitrate or organic species are more efficiently activated into cloud droplets
than particles that contain a large amount of sulfate. An alternative process that would result
in enhanced nitrate and organics fraction in the residual particles would be enrichment of
these species in the cloud droplets by scavenging of their vapors. However, as we will see
in the aerosol cloud processing section, this process can be ruled out as cause of this enhancement.

@ Springer



J Atmos Chem

Figure 4 Correlations of the a)
nitrate fragments at m/z 30 and 1.2 © ——Ambient  miz46=032"m/z30 -
m/z 46 for the ambient and :E_ A ——Residual miz 46 =049 *miz 30
residual particle measurements > 10 3
(a), and for the organics fragment > 0.8 —
at m/z 44 versus total organics for < 06
both aerosol types (b). Both cor- E
relations were calculated for the - 0.4
time interval of air mass #5. ® 0.2
o
£ 00

0.0 0.5 1.0 1.5 2.0
Nitrate atm/z 30/ pgim?
) | | 1 ] 1 g |
O i bient mizd44=0101*0rg -
2.5 = 4 ——Residual =

miz44=0110"0rg

2.0 -

=1 (=] —_ —_
o o o o
1 1 1

Organics at miz 44 [ pg/m® o

0 5 10 15 20 25
Total Organics / ugim?

More information about the composition of the residual particles was again drawn from
the relative contribution of individual m/z to certain species mass concentrations. In
Figure 4 correlation plots of the nitrate fragments m/z 30 and 46 and of the organics
component m/z 44 versus total organics are shown for the ambient aerosol measurements
and the residual particle measurements during air mass #5. As shown in Figure 4a we find a
significant difference in the correlations of the nitrate fragments for the ambient and
residual particles. As discussed before the average ratio of m/z 30 to m/z 46 signal is about
3:1 for the ambient particles during this time interval, indicating that a significant fraction
of the nitrate signal is generated by organic nitrates or other organic nitrogen-containing
components. However, for the residual particles the m/z 30 to m/z 46 signal ratio is about
2:1, the ratio that is expected for ammonium nitrate. This finding that ammonium nitrate is
found with higher efficiency in the cloud droplet residuals than in the ambient particles
suggests that ammonium nitrate particles or particles that contain a large fraction of
ammonium nitrate are activated with significantly higher efficiency than particles that
contain organic nitrates or other organic nitrogen-containing components. This is in good
agreement with solubility data of ammonium nitrate and various organic components (Lide,
1999). Also in this case the possibility exists that ammonium nitrate is generated inside the
cloud droplets from organic nitrates by scavenging of ammonia vapor. However, as we will
see in the discussion of aerosol cloud processing below, this process can be ruled out.

A slightly different situation is found for the correlations between the organics signal at
m/z 44 and the total organics signal as shown in Figure 4b. Here only a small and
insignificant difference is found between the correlations for the ambient and the residual
particles. For both aerosol types about 10%—-11% of the organics is found at m/z 44,
indicating that no part of the organic aerosol is incorporated into the cloud droplets with
higher efficiency. However, this does not allow us to conclude that all organic aerosol
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components are activated into cloud droplets with the same efficiency since differences in
the activation efficiency for different organic aerosol components could be covered by
internal mixing of the components in the aerosol particles or by differences in the size
distributions for the different components.

Some information about the size-dependency of aerosol cloud activation for the
individual species can be extracted from the species-resolved aerosol mass distributions.
Since only during time interval #5 sufficient measurements of residual particles were
obtained to allow calculation of average size distributions, only these data were used for
further analysis. In Figure 5 the average species-resolved mass distributions for ambient,
interstitial, and residual particles are shown. Monomodal log-normal distributions were
fitted to the size distribution of each species for each aerosol type. The mode diameters and
geometric standard deviations (GSDs) of the distributions calculated from these fits are
presented in Table V.

According to Table V no clear trend is found for the width of the mass distributions:
while for the ammonium distribution the GSD for the residual particles does not differ from
those of the interstitial or ambient aerosol, for the other species a slightly smaller
distribution width is found for the residual particles. This could be due to the activation of
only the larger particles within the initial (ambient) size distribution. A more consistent
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Table V Mode diameters and geometric standard deviations for each species and each aerosol type,
calculated from monomodal log-normal distributions fitted to the average measured mass distributions for
time interval #5

Ambient Interstitial Residual

Mode (nm) GSD Mode (nm) GSD Mode (nm) GSD
Ammonium 350 1.64 355 1.63 365 1.64
Nitrate 305 1.88 320 2.00 360 1.79
Sulfate 375 1.73 380 1.70 440 1.65
Organics 300 2.00 330 1.91 400 1.60

The uncertainties of the mode diameters are in the order of 5% (15-20 nm); the uncertainties of the GSDs are
+0.05.

behavior is found for the mode diameters. For all species a slight increase of the mode
diameter is found from the ambient to the interstitial mass distributions, ranging from 5 nm
for ammonium and sulfate to 30 nm for organics. This increase in mode diameter could be
caused by limited water uptake by the non-activated aerosol particles during cloud events or
by collision scavenging of the smallest unactivated particles by the cloud droplets (Noone
et al., 1992). Another larger difference in mode diameter is found between the interstitial
particles and the residual particles. This difference is at average 45 nm, ranging from 10 nm
for ammonium up to 70 nm for organics.

We assume that these differences in mode diameter between the interstitial aerosol and
the residual aerosol are caused by preferential activation of larger aerosol particles into
cloud droplets. We are not able to extract exact activation cut-off diameters from the data,
however, from the mass distributions presented in Figure 5¢c we can estimate lower cut-off
diameters above which a significant amount of aerosol mass is activated into cloud droplets.
From these distributions we estimate this mass-based cut-off diameter to be approximately
dy, = 150 nm (vacuum aerodynamic diameter) for organics and nitrate and d,, = 200 nm
for sulfate. Since ammonium is associated with both nitrate and sulfate we do not provide
an extra activation diameter for this species. Again these findings suggest that particles that
contain large amounts of nitrate or organics are activated into cloud droplets with higher
efficiency than particles that contain large amounts of sulfate.

3.3 Cloud processing of the ambient aerosol

For investigation of aerosol cloud processing the ambient acrosol was compared for time
intervals just before and just after cloud events. During the campaign, two cloud events
were observed where the ambient aerosol was measured before as well as after the cloud
surrounded the measurement station. Cloud event #1 was observed on July 23 between
10:00 and 12:00 local time. The second cloud (cloud event #2) was observed on July 26
between 22:00 and July 27 10:30 local time (Figure 1). While we do not have any
information about the nature of the first cloud, the second cloud had its base only slightly
below the measurement site and some drizzle was observed during this cloud event. For
determination of the ambient aerosol compositions always the 5 h of ambient measurement
before and after the cloud event were used.

The absolute mass concentrations of the non-refractory species, measured with the Q-
AMS and the relative composition of the aerosol before and after the two cloud events are
shown in Figure 6. The uncertainty of the absolute mass concentration measurement with
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Figure 6 Mass concentrations and relative composition of sulfate, nitrate, ammonium and total organics for
the ambient aerosol before and after two cloud events (see text).

the Q-AMS is in the order of 25%, the uncertainty of the relative mass concentration data is
approximately 5% of the measured value for nitrate, sulfate, and organics, and slightly more
for ammonium. While after cloud event #1 (Figure 6a, b) the total aerosol mass concen-
tration dropped to almost a third of its pre-cloud value, it decreased only by 16% during the
second cloud event (Figure 6¢, d). This could be due to intensive rain during cloud #1 or
due to a change in air mass between the pre- and post-cloud aerosol for this event.

A similar situation is found for the changes in relative composition of the ambient
aerosol from before to after the cloud event: while for cloud #1 the relative composition
changes significantly, no considerable change of the composition of the ambient aerosol is
found for cloud event #2. After cloud #1 the organics content has increased from 38% to
55% while the sulfate fraction decreased from 44% to 29%. Ammonium followed the
sulfate trend and the nitrate fraction has remained almost constant. These numbers suggest
that ammonium sulfate was ‘consumed’ by the cloud with higher efficiency than organic
species. However, these results have to be taken with care since an air mass change cannot
be excluded for this cloud event and no such change was apparent for cloud #2. We
therefore conclude that we cannot find proof for any change in the relative composition of
the ambient aerosol as a consequence of a cloud passing through the measurement site.
However, using these findings we can exclude that the enhancement of nitrate or organics
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Table VI Parameters of the species-resolved size distributions of the ambient aerosol before and after cloud
event #1 and 2

Cloud event #1 Cloud event #2

Before cloud After cloud Before cloud After cloud

Mode (nm) GSD Mode (nm) GSD Mode (nm) GSD Mode (nm) GSD

SO, 395 1.73 305 (123) 375 173 360 1.65
NO;  (280) (136) - - 335 1.86 310 1.69
HN, 335 198 - - 345 1.66 335 1.54
Org (390 (120)  (245) 6.03) 325 193 335 1.78

During cloud event #1 the particle mass concentrations were so low that only uncertain (values in
parenthesis) or no log-normal distributions could be fitted to the size distributions.

found in the residual particles is caused by scavenging of vapors by cloud droplets as
hypothesized above.

Comparison of the nitrate fragmentation pattern before and after the cloud events did not
show a significant increase of the signal ratio at m/z 46 to m/z 30 of about 1:3 before and
after the cloud events. Thus the hypothesis that ammonium nitrate is enriched in the cloud
droplets compared to the ambient aerosol as a consequence of scavenging of ammonia can
also be excluded.

Average size distributions were calculated for the same time intervals before and after
the two cloud events for each of the species individually. In order to compare the size
distributions before and after the cloud monomodal log-normal distributions were fitted to
each of the distributions. The mode diameter and the width (GSD) of the distributions are
given in Table VI. The uncertainties of the mode diameters are in the order of 5% (15—
20 nm); the uncertainties of the GSDs are +£0.05. For some of the size distributions of cloud
#1 the aerosol mass concentrations were so low that the calculated parameters of the
distributions are either uncertain (parameter given in parenthesis) or that it was even not
possible to generate a meaningful fit to the data (no parameter given).

The parameters presented in Table VI show that the mode diameters of the individual
size distributions tend to be smaller after the cloud event, compared to before the event.
Parallel to this development the widths of the size distributions decreases over the cloud
event for all species. These results indicate that preferentially large particles are activated
into cloud droplets and disappear from the aerosol as a consequence of precipitation. With
increasing particle size the activation efficiency increases such that very large particles are
removed by the cloud with high probability and as a consequence the width of the size
distribution is reduced.

4 Summary

The combination of the Aerodyne aerosol mass spectrometer (Q-AMS) with the CVI inlet
deployed during the study on Mt. Areskutan has proven to be a valuable tool for measuring
the ambient aerosol and cloud droplet residuals. The ambient aerosol at the measurement
site showed to be mainly influenced by the origin of the air masses advected to the area.
During the measurement campaign four air masses were distinguished and further analyzed.
The aerosol measured during two time intervals where the air masses originated in
northeastern Europe and approached the measurement site via Finland were similar in
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composition while the aerosol of the two other air masses was significantly different. In all
air masses the organic aerosol fraction dominated the total mass, while nitrate comprises
only a minor fraction. The analysis of the nitrate fragmentation pattern revealed that a
significant but varying fraction of the measured nitrate is not ammonium nitrate but organic
nitrates or other nitrogen-containing organic species. The mass concentration measurements
as well as the measurements of species-resolved mass distributions indicate that a
significant fraction of the ambient nitrate and organics is relatively freshly generated,
possibly as secondary aerosol from emissions from Scandinavian forests, while the sulfate
component seems to be a more aged component of the aerosol that was mainly found when
the air masses passed continental Europe or Great Britain. Generally the organic aerosol
component shows, compared to other Q-AMS measurements, a medium level of oxidation
with approximately 10% to 11% of the organics signal found at m/z 44, which is
comparable with measurements made in semi-urban or urban locations.

Measurements of residual particles showed that about 3.5% of the ambient aerosol mass
was incorporated into cloud droplets larger than 5 um diameter during the two cloud events
that were analyzed in more detail. Comparison of Q-AMS mass concentration measure-
ments with particle number concentration measurements as well as species-resolved mass
concentrations revealed that mainly the larger aerosol particles are activated into cloud
droplets. Activation diameters were estimated on a mass basis to be dy, = 150 nm for
nitrate and organic dominated particles; for sulfate-dominated particles an activation
diameter of d,, = 200 nm was estimated. Also the composition of the residual particles
indicated that nitrate and organics were more efficiently incorporated into cloud droplets
than sulfate. The analysis of the nitrate fragmentation pattern showed that the nitrate found
in the cloud droplets is mainly ammonium nitrate, different than the nitrate found in the
ambient aerosol.

Cloud processing of the aerosol was investigated by comparison of the ambient aerosol
composition and size distributions just before and after cloud events. This analysis did not
show any clear changes of the ambient aerosol composition as a consequence of cloud
passage. However, the size distributions showed a significant reduction in mode diameter
and distribution width as a consequence of preferential activation and removal of larger
aerosol particles by precipitation.
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