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Physical and chemical properties of aerosol particles
and cloud residuals on Mt. Åreskutan in Central

Sweden during summer 2014
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TABEA HENNIG1, ANNICA M. L. EKMAN2, RADOVAN KREJCI1, JOHAN STRÖM1, AND
ILONA RIIPINEN1�, 1Department of Environmental Science (ACES) and Bolin Centre for Climate
Research, Stockholm University, Stockholm, Sweden; 2Department of Meteorology (MISU) and Bolin

Centre for Climate Research, Stockholm University, Stockholm, Sweden

(Manuscript Received 4 December 2019; in final form 17 May 2020)

ABSTRACT
The size distribution, volatility and hygroscopicity of ambient aerosols and cloud residuals were measured
with a differential mobility particle sizer (DMPS) and a volatility–hygroscopicity tandem differential mobility
analyser (VHTDMA) coupled to a counterflow virtual impactor (CVI) inlet during the Cloud and Aerosol
Experiment at Åre (CAEsAR) campaign at Mt. Åreskutan during summer 2014. The chemical composition
of particulate matter (PM) and cloud water were analysed offline using thermo-optical OC/EC analysis and
ion chromatography. The importance of aerosol particle size for cloud droplet activation and subsequent
particle scavenging was clearly visible in the measured size distributions. Cloud residuals were shifted towards
larger sizes compared to ambient aerosol, and the cloud events were followed by a size distribution
dominated by smaller particles. Organics dominated both PM (62% organic mass fraction) and cloud water
(63% organic mass fraction) composition. The volatility and hygroscopicity of the ambient aerosols were
representative of homogeneous aged aerosol with contributions from biogenic secondary organics, with
median volume fraction remaining (VFR) of 0.04–0.05, and median hygroscopicity parameter j of 0.16–0.24
for 100–300 nm particles. The corresponding VFR and j for the cloud residuals were 0.03–0.04 and
0.18–0.20. The chemical composition, hygroscopicity and volatility measurements thus showed no major
differences between the ambient aerosol particles and cloud residuals. The VFR and j values predicted based
on the chemical composition measurements agreed well with the VHTDMA measurements, indicating the
bulk chemical composition to be a reasonable approximation throughout the size distribution. There were
indications, however, of some more subtle changes in time scales not achievable by the offline chemical
analysis applied here. Further, online observations of aerosol and cloud residual chemical composition are
therefore warranted.

List of abbreviations: AS: ammonium sulphate; BC: black carbon; CAEsAR: cloud and aerosol experiment
at åre; CCN: cloud condensation nucleus; CPC: condensation particle counter; CVI: counterflow virtual
impactor; DMPS: differential mobility particle sizer; EC: elemental carbon; EF: enrichment factor (in CVI
measurements); ELVOC: extremely low volatile organic compound; EM: elemental mass (an estimate of BC
mass from the EC concentration); GF: growth factor; IC: ion chromatography; IM: inorganic mass; IPCC:
Intergovernmental Panel on Climate Change; LVOC: low volatile organic compound; MAAP: multi-angle
absorption photometer; NPF: new particle formation; NPOC: non-purgeable organic carbon; OC: organic
carbon; OM: organic mass; PBL: planetary boundary layer; PM: particulate matter; RH: relative humidity;
SOA: secondary organic aerosol; TD: thermodenuder; TOC: total organic carbon; TOT: thermo-optical
transmission; VFR: volume fraction remaining; VHTDMA: volatility–hygroscopicity tandem differential
mobility analyser; WSOC: water-soluble organic carbon; WSOM: water-soluble organic mass; WINSOC:
water-insoluble organic carbon; WINSOM: water-insoluble organic mass
Keywords: aerosol, cloud residual, chemical composition, volatility, hygroscopicity, thermodynamic modelling
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1. Introduction

Aerosol particles are ubiquitous in the atmosphere and
important for the Earth radiative balance. They interact
directly with radiation through scattering and absorption,
and indirectly by acting as cloud condensation nuclei
(CCN). The indirect aerosol radiative effect, through cloud
formation, generally cools the Earth system, but can also
cause local heating. According to the Intergovernmental
Panel on Climate Change (IPCC, 2013), aerosol-cloud
interactions currently represent the largest uncertainty in
estimates of the anthropogenic perturbation of the Earth’s
radiative budget. Removal by clouds and precipitation is
also the major sink of atmospheric aerosol particles and
therefore an important factor influencing regional scale air
quality and aerosol climate effect (Theobald et al., 2019).
To quantify aerosol indirect effects on climate and to better
constrain the wet deposition mechanisms of particulate
matter (PM), the complex interactions between atmospheric
aerosol particles, clouds and precipitation need to be better
understood (e.g. Ervens, 2015 and references therein).

The ability of an aerosol particle to act as CCN depends,
in favourable meteorological conditions, on the size and
chemical composition of the particle (K€ohler, 1936; Hobbs,
1993; Seinfeld and Pandis, 2006; Ervens, 2015; Lowe et al.,
2019). Therefore, the fraction of particles acting as CCN at
a certain supersaturation and thus also taken up by clouds
and precipitation can be predicted if the atmospheric aerosol
size distribution and composition are known. Owing to the
multitude of atmospheric aerosol sources, the aerosol popu-
lation in the atmosphere is generally a mixture of particles
with different sizes between a few nm and up to several mm
with varying chemical composition. The chemical complexity
is a particular challenge for the atmospheric aerosol organic
fraction, as it contains thousands of different compounds
with various molecular properties (Goldstein and Galbally,
2007; Jimenez et al., 2009). To develop general approaches
for describing aerosol-cloud interactions in various climate
or air quality applications, we need to systematically investi-
gate the roles of the size-dependent chemical composition of
aerosol particles and their number size distribution (e.g.
Dusek et al., 2006), and simplify them accordingly without
losing any necessary level of detail.

The scientific understanding of aerosol-cloud interac-
tions is still limited by the lack of direct observational
data on aerosol and cloud properties with sufficient reso-
lution. This is true also for simultaneous observations of
aerosol particle and cloud residual size distributions and
chemical compositions. Besides, direct and simultaneous
chemical characterisation of aerosol particles and cloud
residuals, observations of volatility (see e.g. H€akkinen

et al., 2012 and references therein) and hygroscopicity
(see e.g. Rissler et al., 2006 and references therein) are
useful in this regard. Besides being a proxy for particle
composition, the volatility of aerosol constituents (related
to saturation vapour pressure or -concentrations) governs
phase transitions and condensational growth and is there-
fore needed in descriptions of the evolution of the size
distribution of aerosol particles (Mohr et al., 2019). The
hygroscopicity described by the parameter j (Rissler et al.,
2006; Petters and Kreidenweis, 2007), on the other hand, is
a direct proxy of the ability of a given particle (or particle
population) to take up water and act as CCN. Previous
studies with simultaneous measurements of aerosol chem-
ical composition, size distribution, volatility and hygrosco-
picity in- and out-of-cloud exist (e.g. Seifert et al., 2004;
Drewnick et al., 2006; Ditas et al., 2012; Hao et al., 2013;
Hammer et al., 2014; Kruger et al., 2014; V€ais€anen et al.,
2016), and have generally demonstrated the importance of
particle size in CCN activation: the size distributions of
ambient aerosols contain generally more and on average
larger particles than those observed in the interstitial aero-
sol. In particular, closure studies of particle number size
distributions in- and out-of-cloud, including measurements
of the cloud residuals, have provided as a valuable means
to estimate water supersaturation conditions within clouds
where direct measurements are extremely challenging. We
are not, however, aware of any measurements coupling dir-
ect measurements of the volatility and hygroscopicity of
atmospheric aerosol particles and cloud residuals (particles
remaining after evaporating the cloud water) to corre-
sponding observations of the ambient and residual size dis-
tribution and chemical composition. Such measurements
can, however, shed light on the processes and properties
governing (1) aerosol particle uptake by clouds; (2) trans-
port and scavenging of chemical species via clouds and
rain; (3) the potential aqueous phase processing of the spe-
cies present in the particles (Targino et al., 2007).

Here we present simultaneous observations of the key
physical and chemical properties of ambient aerosol and
cloud residuals during the Cloud and Aerosol Experiment
at Åre (CAEsAR 2014) campaign, which took place
between summer and early autumn 2014 at a remote site
on a mountaintop in central Sweden. We combine simul-
taneous (with time resolution of about 12min or less)
observations of aerosol particle size distributions, volatil-
ity, hygroscopicity and black carbon (BC) content with
sampling and chemical analysis of the bulk PM and cloud
water over much longer time scales. Using the collected
data sets, we investigate the similarities and differences in
the chemical composition, volatility and hygroscopicity of
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the aerosol particles and the cloud residuals, along with
the influence of the clouds on the ambient particle size
distribution. Finally, we compare the volatility and
hygroscopicity estimated based on the bulk chemical
compositions to those directly observed with the online
techniques. This comparison is used to discuss the level
of detail in aerosol size distribution and composition rep-
resentations that is needed to reproduce the ability of
aerosol particles to interact with clouds at a remote bor-
eal site like Mt. Åreskutan.

2. Method

2.1. The CAEsAR campaign at Mt. Åreskutan

Mount Åreskutan, Sweden (63�26N and 13�6E), is
located in central Scandinavia, surrounded primarily by
the boreal vegetation zone with no major cities nearby. It
provides an opportunity to study aerosols of various ori-
gins as the station is located at an intersection of e.g.
marine, boreal, polar and continental air masses (Ogren
and Rodhe, 1986; Drewnick et al., 2006; Franke et al.,
2017). At an elevation of 1250m a.s.l., the station is most
of the time located within the planetary boundary layer
(PBL) but it is frequently encompassed in clouds (Franke
et al., 2017). The closest potential source of PM and
related precursors is the village of Åre down in the valley
(�400m a.s.l.) with approximately 1500 inhabitants dur-
ing the summer.

The CAEsAR campaign took place at Mt. Åreskutan
from 27 June to 10 October 2014 (Franke et al., 2017;

Vega et al., 2019). Aerosol particle size distributions of
the ambient aerosol and cloud residuals were continually
measured during the entire campaign, PM filter samples
were collected 27 June–10 October (Franke et al., 2017)
and cloud water samples 4 July–12 September (Vega
et al., 2019). Additionally, the volatility (8–26 July) and
hygroscopicity (1 August–21 September) of the ambient
aerosol particles were measured with a VHTDMA (vola-
tility–hygroscopicity tandem differential mobility ana-
lyser) system. Further details of the measurements used in
this study are provided below.

2.2. Sampling setup and in-situ measurements

Figure 1 presents an overview of the experimental setup,
with the two main aerosol inlets (the CVI [counterflow
virtual impactor] with variable cut-off diameters as
described below and the PM10 inlet with an aerodynamic
particle cut-off diameter of 10mm) along with the PM fil-
ter (with a cut-off diameter of 10mm) and cloud water
samplers. Hereafter, ambient aerosol and cloud residuals
refer to atmospheric particulate phases sampled in-situ
behind the CVI. The material collected on the filters and
the cloud water samples were analysed offline in the
laboratory, and are referred to as PM and cloud water.
This is important to keep in mind since the CVI and
PM10 inlets have different cut-off sizes and hence collect
different parts of the atmospheric aerosol population.

A ground-based CVI (Bretchel Inc., GCVI, model
1205) was used to collect cloud residuals for size distribu-
tion measurements and in-situ volatility and

Fig. 1. Inlet system and instrumental setup during the CAEsAR campaign. PM10 refers to particulate matter with aerodynamic
diameters smaller than 10mm and CVI to counterflow virtual impactor, which were the two main aerosol inlets. DMPS refers to
differential mobility particle sizer, VHTDMA to volatility and hygroscopicity tandem differential mobility analyser, measuring at the
initial diameter (Dinit.), MAAP to multi-angle absorption photometer, measuring the black carbon (BC) content at the wavelength (k),
and EM to elemental mass (an estimate of BC derived from EC).
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hygroscopicity analysis. The CVI allows separation of
aerosols and cloud elements by their inertia (Noone
et al., 1988). In this experiment the aerodynamic particle
cut-off diameter was 6.3± 0.8 mm (mean± standard devi-
ation) when the CVI was on, hence sampling hydrome-
teors and aerosol particles larger than this diameter. The
measurements were corrected with a setting-dependent
enrichment factor of EF ¼ 8.5± 1.2 (see e.g. Shingler
et al., 2012). After collection, the hydrometeors were
quickly evaporated in the dry particle-free carrier air and
transported to various instruments operating downstream
of the CVI inlet. The CVI was controlled via a visibility
sensor and turned on automatically during periods with
visibilities below 1 km. During periods with visibilities
above 1 km, the CVI inlet was operated as a normal total
aerosol inlet, sampling the majority of the ambient aero-
sol population.

Size distributions of 10–600 nm ambient aerosol and
cloud residual particles were measured with a time reso-
lution of about 6min using a differential mobility particle
sizer (DMPS) located downstream the CVI. The sample
flow was dried to relative humidity (RH) ¼ 20.4± 9.6%
using a combination of dried pressurised air and Nafion
dryers (Perma Pure, model MD-110-12S-4), and brought
to charge equilibrium using a Ni-63 source before enter-
ing the DMPS. The DMPS consists of a custom-built
Vienna-type differential mobility analyser (DMA) oper-
ated at RH ¼ 9.8± 2.9% (using Nafion dryers, Perma
Pure, model PD-100T-12MSS), and a condensation par-
ticle counter (CPC; TSI, model 3010). The ambient aero-
sol particles and cloud residuals were also characterised
for their BC content using a multi-angle absorption pho-
tometer (MAAP, Thermo Fisher Scientific Inc., model
5012). The MAAP measures the intensity of attenuated
and scattered light (wavelength k¼ 637 nm; M€uller et al.,
2011) by particles deposited on a glass micro-fibre filter,
and derives the equivalent BC (hereafter referred to as
BC) mass concentration using a fixed mass absorption
coefficient with a time resolution of about 1min. The
ambient aerosol size distributions 10–500 nm were simul-
taneously sampled through a PM10 inlet with a second
DMPS system, with a time resolution of about 10min
(see Franke et al., 2017 for a more detailed description).
Size distributions measured with both DMPS systems
were corrected for multiple charge effects and diffusion
losses using the Particle Loss Calculator developed by
von der Weiden et al. (2009). All measurements used in
this study are given at ambient conditions.

Particulate matter (PM10) was also collected over inter-
vals of 72 h on micro-quartz fibre filters (Munktell and
Filtrak GmbH, model T293, 47mm, heated at 800 �C for
12 h before sampling) using a low-volume reference sam-
pler (Leckel GmbH, model LVS3 Small Filter Device).

The substrates were stored at þ4 �C until chemical ana-
lysis was performed (Franke et al., 2017). Cloud water
samples were collected using a custom-built single-stage
Caltech Active Strand Cloudwater Collector (see e.g.
Demoz et al., 1996; Vega et al., 2019). At RH > 80%, a
fan was turned on causing a flow through the system
trapping cloud droplets on Teflon strings through inertial
impaction. The cloud droplets were then collected in pre-
cleaned glass bottles (Vega et al., 2019), and the collected
cloud water was further filtered into glass bottles through
micro-quartz fibre filters and stored at �20 �C until
chemical analysis. The sampling periods varied between
23 and 395 h depending on the amount of col-
lected water.

2.3. Chemical analysis of PM and cloud
water samples

The chemical composition of the PM10 filter samples was
characterised using a combination of a thermo-optical
transmission (TOT) method (Sunset Laboratory B.V, see
Birch and Cary, 1996; Wall�en et al., 2010 for more
detailed descriptions) and ion chromatography (IC,
Thermo Scientific, model Dionex ICS-2000) to determine
the organic carbon (OC) and elemental carbon (EC) con-
tent and inorganic mass (IM, here the sum of the domin-
ant inorganic ions; Naþ, NH4

þ, Kþ, Ca2þ, Mg2þ, Cl–,
NO3

–, SO4
2–), respectively. The chemical composition

measurement and analysis of the PM filters are described
in detail by Franke et al. (2017). The PM characterised
by the TOT and IC corresponded to about 80% of the
total PM10 mass, the rest being likely mineral dust from
local sources (Franke et al., 2017).

The cloud water samples were filtrated through micro-
quartz fibre filters to separate the water-soluble organic
carbon (WSOC) from the water-insoluble organic carbon
(WINSOC) and EC. The filtrates were analysed for
WSOC using a total OC analyser (Shimadzu, model
TOC-LCPH), which determines the non-purgeable
organic carbon (NPOC) with infrared gas detection after
acidification, sparging and high-temperature catalytic
combustion (Campos et al., 2007). The IM (here the sum
of the dominant inorganic ions; Naþ, NH4

þ, Kþ, Ca2þ,
Mg2þ, Cl–, NO3

–, SO4
2–) was analysed using IC

(Metrohm, model ProfIC850, Vega et al., 2019). The
material left on the filters was considered to solely consist
of WINSOC and EC, whose concentrations were deter-
mined using the TOT.

The OC and EC concentrations of the PM10 and cloud
water samples were converted to total organic mass (OM)
and elemental mass (EM) (the latter of which is an esti-
mate of BC based on the EC concentration) and added
to IM to determine the total analysed mass and the
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corresponding mass fractions of the analysed species.
Concentrations were multiplied with the following con-
version factors to account for atoms other than carbon,
where water-soluble organic mass (WSOM) was assumed
to contain more heteroatoms than water-insoluble
organic mass (WINSOM): EM ¼ 1.05�EC, WINSOM
¼ 1.3�WINSOC, TOM ¼ 1.8�TOC and WSOM ¼
2.1�WSOC (Turpin and Lim, 2001; Franke et al., 2017).
The EM concentration determined from the chemical
analysis might be representative of somewhat different
material than the BC measured using the MAAP which
can, for instance, include also non-elemental absorbing
material (Andreae and Gelencser, 2006).

2.4. Volatility and hygroscopicity tandem DMA

The tandem differential mobility analyser (TDMA, first
introduced by Liu et al., 1978), is a commonly used tech-
nique for measuring a change in particle size due to phys-
ical or chemical processes. The custom-built TDMA used
in this work combines evaporation and humidification to
characterise particle volatility and hygroscopicity
(VHTDMA, see e.g. Tritscher et al., 2011) and was meas-
uring ambient aerosols and cloud residuals downstream
of the CVI (see Fig. 1). Before the sample flow entered
the VHTDMA system, the particles were brought into
charge equilibrium using a Ni-63 source. The first DMA
selected a monodisperse aerosol at RH ¼ 11.7 ± 2.7%
(using Nafion driers, Perma Pure, Model PD-100T-
12MSS), with a time resolution of 12min and the median
electrical mobility diameter set to either 100, 200 and
300 nm, hereafter referred to as D100, D200, D300, respect-
ively. The monodisperse aerosol was then either heated to
300± 3 �C in a 30 cm long custom-built thermodenuder
(TD) with a residence time of 1.6 s, or humidified to RH
¼ 80–95% using a custom-built humidifier combining
Gore-tex tubing and Nafion driers (Perma Pure, model
PD-100T-12MSS). The resulting size distribution was
measured using a second DMPS system (one for volatility
and one for hygroscopicity each). From the change in
particle diameter, distributions of the aerosol volume
fraction remaining (VFR) or hygroscopic growth factor
(GF) were obtained as:

VFR ðD, T, DinitÞ ¼ D Tð Þ3
Dinit:

3 (1)

GF ðD, RH, DinitÞ ¼ D RHð Þ
Dinit:

(2)

where Dinit. is the initial diameter, and D(T) and D(RH)
are the measured and humidified particle diameters. The
RH in the HTDMA was calibrated using ammonium sul-
phate (AS) particles (Topping et al., 2005). The geometric
mean mode diameters of the heated and humidified size

distributions were estimated by using a bimodal lognor-
mal fit function, and used for the VFR and GF calcula-
tions as values representative of the whole heated or
humidified size distribution.

Quantitative estimates of the volatility of the PM were
obtained using a kinetic model that simulates the evapor-
ation of monodisperse aerosol particles in a TD (Riipinen
et al., 2010; H€akkinen et al., 2012; Hong et al., 2017).
The analysed PM and cloud water composition along
with the initial particle diameters D100, D200 and D300

were used as the model inputs. The saturation concentra-
tion c� (in mg m�3) of the organic fraction was then esti-
mated by matching the measured and calculated VFR,
assuming AS to represent the inorganic components pre-
sent in the mixture (see Franke et al., 2017) with its c�
estimated in the same manner as in Hong et al. (2017).
EM was assumed to be completely non-volatile.

The measured GF was used to determine the hygrosco-
picity parameter j (Petters and Kreidenweis, 2007):

j ¼ GF3 � 1ð Þ 1� Sð Þ
S

exp
4rs=aMw

RTqwDd

� �
(3)

where rs/a is the surface tension of the surface/air inter-
face, Mw is the molecular weight of water, R is the uni-
versal gas constant, T is the temperature, qw is the
density of water, Dd is the droplet diameter and satur-
ation ratio S ¼ RH/100%. The exponential Kelvin term
can be omitted for diameters larger than about 100 nm
and was not included in the present analysis. Using the
determined j values, the HTDMA scans (with RH ¼
80–95%) were then converted back to RH ¼ 90% for
comparisons. The hygroscopicity of the PM and cloud
residuals was also estimated using the analysed chemical
composition of the PM and cloud water samples. The
total hygroscopicity was estimated for each sample as

j ¼
X
i

eiji (4)

where ei and ji are the mass fraction and hygroscopicity
parameter of each chemical component i. The IM fraction
of aerosol particle- and cloud water samples was domi-
nated by AS, so jAS ¼ 0.53 was used to represent the IM
hygroscopicity parameter (Franke et al., 2017). The OM
and EM were represented by jorg. ¼ 0.01–0.3 and jEM ¼
0, respectively (Petters and Kreidenweis, 2007).

3. Results and discussion

3.1. Physical and chemical properties of aerosol
particles, PM and cloud water during the
CAEsAR campaign

An overview of the physical and chemical properties of
the aerosol particles and cloud water during the
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CAEsAR campaign is presented in Fig. 2, together with
information on when the station was engulfed in clouds
as well as the data availability from the VHTDMA. The
total particle number concentrations for particles with
diameter above 10 nm were 342–817 cm–3 (quartiles) with
a median concentration of 584 cm–3. The size distributions
generally consisted of accumulation and/or Aitken modes,
with occasions of nucleation mode linked to new particle
formation (NPF) events (on e.g. 17 August, see Fig. 2a).

The average total PM concentration analysed from the
filter samples during the CAeSAR campaign was
2.5± 1.9mg m�3, and OM dominated the aerosol compos-
ition with the exception of the period at the end of the
campaign when IM was a major aerosol component (Fig.
2b, Table 1). Franke et al. (2017) used back trajectories

to identify several pollution events during which air
masses arrived from central Europe, such as 3–12 July.
The second highest mass concentration measured during
the campaign, 2–5 August, originated from a major wild-
fire outbreak in the county of V€astmanland (Lidskog and
Sj€odin, 2016). During 22–28 September, the air masses
originated over the Atlantic ocean, bringing emissions
from the degassing of the Bardarbunga volcano on
Iceland (Grahn et al., 2015) and coinciding with a domin-
ant Aitken mode (Fig. 2a) and distinct NPF events as a
result of the increased sulphuric acid concentrations
(Olenius et al., 2018).

The cloud water composition follows the temporal
variation of the analysed PM composition. Overall, there
is little difference in the bulk chemical composition

Fig. 2. Overview of the ambient particle size distribution and chemical composition of PM10 and cloud water during the CAEsAR
campaign. (a) Ambient size distribution measured behind the PM10 inlet; (b) and (c) the chemical composition of the analysed fraction
of PM10 (inidicated by the black lines, see below) and cloud water, respectively. The analysed chemical composition is comprised of total
organic mass (TOM, with water-soluble and water-insoluble OM for the liquid phase), elemental mass (EM) and inorganic mass (IM).
The black lines represent the total mass concentrations inferred from the sum of analysed chemical species, and the purple line the total
(sub-10 mm) PM mass inferred from the particle size distribution measurements assuming a particle density of 1500kg m�3. Blue circles
above panel (a) mark the times when the station engulfed in cloud and the CVI inlet was on. The red and blue lines below panel (c)
mark the times when the VHTDMA was running in volatility and hygroscopicity mode, respectively.
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between PM and cloud water (Fig. 2 and Table 1), in line
with earlier studies at Mt. Åreskutan (Drewnick et al.,
2006), except for EM, which is enriched in the PM. This
is in agreement with the general low hygroscopicity of
EM (Liu et al., 2013), but could also indicate an enrich-
ment of EC in the Aitken mode. The small differences in
the chemical composition indicate that (a) the average
aerosol particle chemical composition represents also the
average chemical composition of the cloud residuals, and
therefore is also related to the composition of particles
acting as CCN; (b) most of the analysed particulate mass
can be taken up and scavenged by clouds and thereafter
potentially also deposited by precipitation. The similarity
of the chemical signature of the cloud water and the
ambient particles is most likely linked to the remote
nature of the measurement site and hence the aerosol
being relatively aged and therefore e.g. subject to previ-
ous cloud processing.

Interestingly, WINSOM is present in a significant pro-
portion in the cloud water (Table 1), indicating that even
compounds with extremely low water solubility can enter
the cloud phase. This observation could be explained by
recent results on phase separation behaviour (Rastak
et al., 2017) and surface activity (e.g. Ruehl et al., 2016)
of secondary organic aerosol (SOA) from monoterpene
oxidation, which show that compounds of low solubility
can be present on the droplet surfaces, hence lowering the
surface tension and enhancing CCN activation (e.g.
Ruehl et al., 2016; Ovadnevaite et al., 2017).
Monoterpene oxidation products are expected to be the
dominant SOA compounds present at the Åre station
(Tunved et al., 2006). In general, the organic fraction can
be deemed representative of a boreal background station,
albeit with influence from anthropogenic activities, mar-
ine air and even forest fires and volcanic emissions in the
overall chemical composition (Jimenez et al., 2009; Grahn
et al., 2015; Lidskog and Sj€odin, 2016; Hong et al., 2017).

3.2. Aerosol particle and cloud residual number size
distributions

The change in the ambient aerosol size distributions as a
result of presence of clouds at the station during 8

July–22 September is presented in Fig. 3. The figure also
includes the size distribution of cloud residuals, based on
in total 197 h of in-cloud measurements behind the CVI.

The overall median size distribution (the black dotted
distribution in Fig. 3) was generally monodisperse with
the mode around 100 nm, based on a total of 823 h sam-
pling time (8232 DMPS scans). Before the cloud events,
the aerosol particle size distribution (green line in Fig. 3a)
resembled the average ambient aerosol particle size distri-
bution (dotted lines in Fig. 3) with also comparable total
number concentration of particles. After the cloud events,
the ambient aerosol size distribution changed shape
towards a bimodal distribution with an Aitken mode
around 50 nm and an accumulation mode around 100 nm,
in line with the expected size dependence of CCN activa-
tion and previous measurements at Mt. Åreskutan
(Drewnick et al., 2006). The appearance of the distinct
Aitken mode after cloud cover may, however, also be
related to the ability of clouds to clean the air from larger
particles and hence enhance the effect of NPF along the
trajectory of the airmass arriving at the station. As
expected for size-limited CCN activation, the measured
size distribution of the cloud residuals is shifted towards
larger particle sizes as compared with the average ambi-
ent distribution (Fig. 3c). The results are qualitatively
consistent with previous literature reporting measure-
ments of aerosol particle size distributions in- and out-of-
cloud at a number of European background sites (e.g.
Ditas et al., 2012; Hammer et al., 2014; Kruger et al.,
2014). While these studies have investigated interstitial
aerosol instead of direct measurements of cloud residuals,
they also show the enrichment of smaller particles in the
interstitial aerosol as compared with the overall particle
population, and report average CCN activation diameters
between roughly 50–150 nm depending on conditions –

which is also generally consistent with our observed cloud
residual size distributions (see Fig. 3c). We observe, how-
ever, a small contribution of very small (<50 nm in diam-
eter) Aitken mode particles in the cloud residual size
distribution. Aitken-mode particles within cloud residuals
have been observed previously by e.g. Schwarzenboeck
et al. (2000) and are also theoretically confirmed to be
plausible CCN at low particle concentrations or high

Table 1. Mean chemical composition (±standard deviation) of PM10 and cloud water, based on 37 and 16 samples collected during
2520 and 1682 h, respectively.

Aerosol particles TOM EM IM

Conc. (mg m�3) 1.56 ± 1.40 0.07± 0.06 0.88± 0.64
Mass frac. (�) 0.62 0.03 0.35
Cloud water WSOM WINSOM EM IM
Conc. (mg L�1) 10.20± 8.46 2.80 ± 3.46 0.06± 0.12 7.87 ± 12.23
Mass frac. (�) 0.49 0.13 <0.01 0.38
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updrafts (e.g. G�er�emy et al., 2000; Korhonen et al.,
2008). At Mt Åreskutan, Targino et al. (2007) also previ-
ously observed cloud residuals smaller than 25 nm which
were believed to originate from biogenic organic aero-
sol sources.

3.3. Volatility of ambient aerosol particles and
cloud residuals

The temporal evolution of the volatility of ambient aero-
sols and cloud residuals is presented in Fig. 4. The VFR
distributions for D100, D200, D300 (Fig. 4a–c) generally dis-
played a monomodal shape, indicating internal mixing of
the particles. The median VFR values corresponding to
the fitted mode diameters were 0.036–0.053 for the ambi-
ent aerosol populations and 0.036–0.046 for the cloud
residuals (Table 2). VFR increased, hence volatility
decreased, with increasing Dinit. for the ambient aerosols.
In contrast, the average VFR of the cloud residuals
slightly decreased for increasing Dinit. Both of these
trends, however, are within the standard deviations of the
recorded VFR values. The temporal variation in the VFR
of the ambient aerosols was relatively small (see black
lines in Fig. 4), and consistent among the three diameters.
The VFR never dropped below 0.01 and exhibited less
variability with increasing particle size, indicating some
contribution from essentially non-volatile material (e.g.
BC, Fig. 4d) throughout the campaign. One clear
bimodal event was identified in the early morning on 13
July. The event appeared simultaneously for all Dinit. and
coincided with a brief bimodal event in the ambient size
distribution (not visible in Fig. 2a due to the time reso-
lution), indicating externally mixed aerosols due to a shift
in the local wind direction. The observed values of the
VFR are in a reasonable agreement with the studies by
H€akkinen et al. (2012) and Hong et al. (2014), which
report a VFR of about 0.05–0.09 for boreal forest

summer aerosol for a comparable BC fraction of about
0.04 but somewhat lower TD temperature of 280 �C.

In general, only few cloud events took place at the
measuring site during the month of July. However, one
long-lasting stratiform cloud event occurred on the 14
July. During 22 h, the station was covered in clouds the
measured VFR of the cloud residuals decreased simultan-
eously for all Dinit., by 52%, 50% and 59% for D100, D200

and D300, respectively. There are several potential explan-
ations for the increasing volatility for the cloud residuals
during this cloud event. The most likely explanation is
the decreasing fraction of BC in the cloud residuals dur-
ing the cloud event, coinciding with the drop in the VFR.
Other potential explanations are increased evaporation
rates due to fragmentation as a result of heterogeneous
chemistry in the cloud droplet (Romonosky et al., 2017),
or co-condensation of semi-volatile vapours during the
evolution of the cloud (Topping et al., 2013), or that the
more volatile fraction is more efficiently taken up by the
clouds due to e.g. size-dependent chemical composition.
It is unclear however why this would result in the time-
dependent change in the volatility instead of a consistent
difference between cloud residuals and ambient aerosols.

Figure 5 presents the VFR calculated from the PM
composition as a function of Dinit. and fitted c� (see
Section 2.4) together with the measured VFR. The meas-
ured and calculated VFR are systematically higher than
the EM mass fraction throughout the period, indicating
that while EM is an important component explaining the
fraction remaining after the TD, it does not account for
all of the non-volatile material. Since the inorganics in
the submicron fraction are expected to evaporate at tem-
peratures lower than used in this experiment (e.g. ammo-
nium nitrate and AS are reported to fully evaporate at 60
and 180 �C, respectively, Villani et al., 2007), the remain-
ing part is assigned to organics. The temporal evolution
of the VFR predicted from the PM composition captures

Fig. 3. Median size distributions, with shaded areas presenting the quartiles, of the ambient aerosol (a) 2 h before and (b) 2 h after
cloud events together with (c) the median size distribution of the cloud residuals (rightmost y-axis, marked in blue) measured behind the
CVI. The overall median ambient aerosol particle size distribution is presented as the dotted line in all three panels. Numbers in
parentheses mark the number of DMPS scans included in each median and the black dash-dotted lines mark the diameters analysed in
the VHTDMA.
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the measured decreasing trend during the first half of the
period remarkably well, while it slightly overestimates
VFR in the end of the period, indicating that the overall
volatility of the organic fraction decreased somewhat
over the course of the measurement period. The organic
saturation concentrations corresponding to the measured
VFR were c�(D100) ¼ 1.9� 10�4mg m�3, c�(D200) ¼

4.1� 10�4mg m�3 and c�(D300) ¼ 6.5� 10�4mg m�3.
These values correspond to those of extremely low vola-
tile organic compounds (ELVOC) and low volatile
organic compounds (LVOC), expected to originate from
boreal forests (Mohr et al., 2019). During 22 h, cloud
event on 14 July the change in the VFR was equal to, or
even smaller than, the change in BC – suggesting that the

Fig. 4. Measured VFR distributions as a function of time and Dinit. (a–c) together with the (d) BC mass fraction from the MAAP.
The black lines represent the median VFR and the white circles mark cloud events (CVI in operation, VFR of cloud residuals). BC
fraction of the cloud residuals during the longer cloud event are marked with a blue rectangle in panel d.

Table 2. Mean and median measured VFR, together with the standard deviation and quartiles, of the ambient aerosols and cloud
residuals, with total sampling times of 194 and 33 h, together with the estimated organic c� (mg m�3) and the predicted VFR of the
PM, based on 7 filter samples.

Ambient aerosols Cloud residuals

VFRmeas. � 102 (�) VFRmeas. � 102 (�)

Mean Std. 25% Median 75% Mean Std. 25% Median 75%

D100 3.7 1.0 2.9 3.6 4.4 4.2 1.5 3.1 4.0 5.1
D200 4.5 1.2 3.5 4.6 5.5 3.2 1.1 2.4 2.9 3.9
D300 5.1 1.2 3.9 5.3 6.1 3.9 1.4 1.4 3.3 5.1

VFRPM. � 10�2 (�) c� (mm m�3)
Mean Std. 25% Median 75%

D100 3.9 0.5 3.9 3.9 4.4 1.9� 10�4

D200 4.5 0.6 4.2 4.5 5.1 4.1� 10�4

D300 5.1 0.8 4.6 5.3 5.9 6.5� 10�4
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observed trend in VFR could result from a corresponding
trend in BC.

3.4. Hygroscopicity of ambient aerosol particles and
cloud residuals

The temporal evolution of the hygroscopic GF of the
ambient aerosols and cloud residuals for D100, D200 and
D300 is presented in Fig. 6, with the mean and median GF
and j values given in Table 3. The GF distributions were
generally monomodal, indicating internally mixed aerosol
populations, with median ambient aerosol GF and corre-
sponding j value ranging 1.35–1.47 and 0.16–0.24. The
hygroscopicity of the cloud residuals falls within the same
GF- and j-ranges (Table 3). The hygroscopicity is slightly
higher in cloud residuals compared to the ambient aerosols
for D100, but lower in cloud residuals for D200 and identical
for D300 (see Table 3). These results could support the idea
that chemical composition and hygroscopicity play a more
important role for the activation of smaller particles as
compared with the more CCN-active larger particles (Fig.
3 and e.g. Dusek et al., 2006). However, all values are
within the standard deviation for both the measured GF
and j values, indicating the differences between the cloud
residuals and ambient aerosol particles to be small – much
like the differences between the chemical composition of
the PM and cloud water (Table 1).

The overall temporal evolution of GF reveals no clear
trends, apart from a few specific events. For instance, the
GF was lower than average (around 1.2 for all sizes) on 7
August, when the station was influenced by the fire
plume, and higher than average (around 1.5–1.6) on
10–16 September, when IM concentrations increased as a
result of the volcanic emissions.

The average j values of the ambient aerosols, j(D100)
¼ 0.18, j(D200) ¼ 0.26 and j(D300) ¼ 0.24 (see Table 3),
agree relatively well with a study in the boreal forest in
Hyyti€al€a, Finland, performed by Hong et al. (2014) who
report j values of 0.17, 0.28 and 0.22 for 70, 102 and
203 nm. The results are also at least qualitatively consist-
ent with the study by V€ais€anen et al. (2016), who infer
the hygroscopicity of the cloud residuals based on the dif-
ference between the hygroscopicity of ambient aerosol
(out-of-cloud) and interstitial aerosol at a semi-urban site
at Puijo, Eastern Finland. While we observe primarily
monomodal aerosol size and hygroscopicity distributions,
V€ais€anen et al. (2016) report the presence of a more and
a less hygroscopic mode, assigning the less hygroscopic
particles to local anthropogenic influence. While our
aerosol is somewhat less hygroscopic (with median j val-
ues of 0.16–0.24 for 100–200 nm particles, see Table 3)
than the hygroscopic mode observed by V€ais€anen et al.
(2016) who report typical j values of about 0.3–0.4 for
120–150 nm particles, both studies observe only minor
differences in the hygroscopicity of ambient aerosols and
cloud residuals.

Figure 7 presents the time series of j values predicted
from the PM and cloud water chemical composition
(Equation (4)) together with the j values calculated from
the measured GF(Dinit.) of the ambient aerosol and cloud
residuals. The measured j values are independent of Dinit.

at the beginning of the period, indicating relatively homo-
geneous hygroscopicity with particle size. After the 17
August, the hygroscopicity becomes different for D100

resulting in lower j values, lasting for the rest of the period.
Overall, the j values calculated from the PM composition
capture the trend in the measured j values rather well,
hence corroborating the assumption that the organic frac-
tion is representative of aged boreal forest SOA – in line

Fig. 5. Predicted VFR as a function of time and Dinit. Dashed lines represent the measured VFR as a function of time and Dinit. The
black line illustrates the EM mass fraction in the PM10 and the dashed black line the BC mass fraction behind the CVI.
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with what was observed with the volatility as well. The
chemical composition of the cloud water resulted in slightly
higher j values compared to the values derived from the
PM. This is due to the lower EM but mainly due to higher
IM fractions compared to the aerosol particles (see Table

1). On the 14 August, the predicted j values of the particle
samples decreased while the predicted j value of the cloud
sample remained high, suggesting that the more hygro-
scopic material (IM) was scavenged by the cloud leaving
the less hygroscopic fraction (OM and EM) in the particle

Fig. 6. Measured hygroscopic GF as a function of time and Dinit. (a–c). The black line represents the median GF and the white circles
mark the cloud events (CVI in operation, GF of cloud residuals).

Table 3. Mean and median measured GF and corresponding hygroscopicity parameter, j, (together with the standard deviation and
quartiles) for ambient aerosols and cloud residuals, with total sampling times of 235 and 87 h, respectively, presented together with the
predicted j values of the aerosol particles and cloud water, based on 19 filter samples and 7 water samples.

Ambient aerosols Cloud residuals

GF (�) GF (�)

Mean Std. 25% Median 75% Mean Std. 25% Median 75%

D100 1.35 0.18 1.22 1.35 1.47 1.39 0.19 1.27 1.38 1.49
D200 1.47 0.19 1.33 1.47 1.59 1.42 0.20 1.27 1.40 1.55
D300 1.43 0.23 1.27 1.40 1.58 1.43 0.23 1.28 1.40 1.52

jmeas. (�) jmeas. (�)
Mean Std. 25% Median 75% Mean Std. 25% Median 75%

D100 0.18 0.13 0.09 0.16 0.24 0.20 0.13 0.12 0.18 0.25
D200 0.26 0.15 0.15 0.24 0.34 0.23 0.15 0.12 0.19 0.30
D300 0.24 0.21 0.11 0.19 0.32 0.24 0.23 0.12 0.20 0.28

jpred. (�) jpred. (�)
Mean Std. 25% Median 75% Mean Std. 25% Median 75%
0.20 0.08 0.14 0.19 0.24 0.22 0.08 0.15 0.23 0.29
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phase. This was a period of persistent cloud cover at the
measurement station (see Figs. 2b,c).

3.5. Comparing the observed VFR and j values to
those predicted from PM and cloud water
composition

A comparison of measured VFR and j values with those
predicted from the PM (for VFR and j) and cloud water
(for j only) composition (Table 1) are presented in Fig.
8. The measured j value was derived from the observed
GF. A weak to intermediate linear correlation between
predicted and measured volatility and hygroscopicity is
observed (cf. Figs. 4 and 7), with R2 ¼ 0.27 for VFR, R2

¼ 0.39 for j (ambient aerosol vs. PM) and R2 ¼ 0.60 for
j (cloud residuals vs. cloud water).

The volatility displayed a systematic change in pre-
dicted VFR with time (Figs. 5 and 8a), changing from
over- to underestimation in the volatility from the begin-
ning to the end of the period, suggesting a change in the
chemical composition. However, if this change was to be
explained by a changing volatility of the organic PM frac-
tion, the corresponding difference turns out to be
c�(D100) ¼ 1.7–2.0� 10�4mg m�3, c�(D200) ¼
3.6–4.4� 10�4mg m�3, c�(D300) ¼ 5.6–7.1� 10�4mg m�3,
which still remains in the ELVOC range (vertical error
bars in Fig. 8a). No significant changes in the IM com-
position were evident either (see Franke et al., 2017).

Figure 8b reveals a general overestimation in the
hygroscopicity derived from the chemical composition as
compared with the measured j value. The most plausible
explanation to these discrepancies is probably an uncer-
tainty in the pure component hygroscopicity and the dif-
ferent time resolution between the chemical sampling and

the VHTDMA measurement. The least well-known com-
ponent of the PM composition is the organic matter,
which can contain species with highly varying water solu-
bility. The expected jorg. at Mt. Åreskutan could range
from about 0.05 (corresponding to e.g. monoterpene
SOA in sub-saturated conditions) up to as high as 0.2
(see e.g. Mikhailov et al., 2013; Pajunoja et al., 2015;
Rastak et al., 2017). However, uncertainty in jorg. is not
likely to explain the overprediction – as the jorg. values
required to match the observations would be well below
0.05 assuming the composition of the PM. Uncertainty in
the IM hygroscopicity is also an unlikely explanation to
the missing low-hygroscopity material, as the IM
throughout the campaign was dominated by AS (Franke
et al., 2017), whose hygroscopicity is well known. A
plausible explanation for the missing low-hygroscopicity
material could be an enrichment of the EM (or the OM)
in the submicron particle range as compared with the
larger particles, therefore resulting in larger insoluble
mass fractions at the size range covered by the
VHTDMA than in the bulk sample. Another potential
explanation could be mineral dust, which has been shown
to likely to contribute to the overall undetermined frac-
tion of the total particulate composition (Koehler et al.,
2009; Franke et al., 2017).

As a summary, the general agreement between the
measured VFR and j and the values derived from bulk
chemical composition measurements is promising. There
is, however, still room for improvement in (1) under-
standing the exact properties of the various chemical
components; (2) measuring the chemical composition of
the aerosol particles and cloud hydrometeors – especially
on time resolutions higher than achievable here.

Fig. 7. Hygroscopicity parameter, j, determined from measured GF as a function time and Dinit. (red, blue and green dashed lines for
D100, D200 and D300, respectively) together with the j values predicted with Equation (4) based on the chemical composition of the PM10

and cloud water samples (orange and grey solid lines, respectively).
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4. Summary and conclusions

The size distributions, volatility and hygroscopicity of
ambient aerosol particles and cloud residuals have been
characterised as part of the CAEsAR campaign, per-
formed at Mt. Åreskutan during summer to early autumn
in 2014. These observations were compared with chemical
analysis of PM filter samples and cloud water collected at
the same site. Located in central Scandinavia, the meas-
urement site is a good representation of the remote boreal
background, albeit with some influence of airmasses of
various origins. This was manifested in e.g. organic com-
pounds dominating the chemical composition and a
monomodal average size, volatility and hygroscopicity
distributions, which were interpreted as a sign of intern-
ally mixed aerosol that had been subjected to atmospheric
aging. The volatility and hygroscopicity of the organic
aerosol fraction were representative of biogenic SOA
found in the boreal region.

The station was frequently covered in clouds, which
was followed by a shift in the ambient size distributions
towards smaller particles sizes, with the larger particles
being more efficiently scavenged to cloud droplets.
However, also Aitken-mode particles were frequently
observed as cloud residuals. The composition of the cloud
water, however, was very similar to the composition of
the PM mass, apart from a slight EM enrichment in the

latter. Interestingly, a significant portion of WINSOC
was present in the cloud water, indicating that also com-
pounds with very low water solubility can enter the cloud
phase. The average volatility and hygroscopicity of
100–300 nm ambient aerosol particles and cloud residuals
were also very similar with only subtle differences, in line
with the observed similar compositions. EC could explain
a large part of the non-volatile fraction of the ambient
aerosol, while the remaining fraction was found to be
consistent with ELVOC and LVOC known to be present
in the boreal SOA. While a clear effect of the clouds on
the aerosol number size distributions was observed, our
results do not show indications of the importance of size-
dependent chemical composition for CCN activation nor
significant cloud-phase chemical processing at Mt.
Åreskutan in the time scales captured.

Our results indicate that in environments with aged
homogeneous aerosol such as Mt. Åreskutan, relatively
simple approximations of aerosol composition based on
the overall aerosol mass and only a few chemical species
are sufficient to capture the volatility and hygroscopicity
of the particles. Furthermore, the chemical composition
of the PM seems to be representative of the chemical
composition of the cloud residuals. The number size dis-
tribution and the influence of cloud processing on it,
however, needs to be represented with more detail to

Fig. 8. (a) Predicted versus measured VFR, separated by Dinit. and coloured according to time of observation (see legend), were the
error bars present the variability in the measurements and uncertainty of the predicted c�. (b) Predicted versus measurement-based j
value, separated in ambient aerosols and cloud residuals, where the error bars represent the variability of jorg. ¼ 0.01–0.3. Dashed lines
display the 1:1 line.
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capture the evolution of aerosol particle populations,
CCN and eventually cloud droplet numbers. The overall
magnitude and trends in volatility and hygroscopicity
could be captured relatively well with the simple
approach of assuming bulk composition for the whole
aerosol population. Higher resolution observations (both
temporally but also chemically) of the chemical compos-
ition are, however, warranted to investigate processes tak-
ing place on shorter time- and smaller size scales. Such
future studies might reveal unexpected subtleties in the
processes taking place in the aerosol-cloud continuum.
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