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Abstract

Ambient aerosol, CCN and hygroscopic properties were measured with a size-
segregated CCNC in a boreal environment of Southern Finland at the SMEAR II
station. The instrumental setup operated at five levels of supersaturation S covering
a range from 0.1 to 1 % and measured particles with a size range of 20–300 nm; a total5

of 29 non-consecutive months of data are presented. The median critical diameter Dc
ranged from 150 nm at S of 0.1 % to 46 nm at S of 1.0 %. The median aerosol hygro-
scopicity parameter κ ranged from 0.41 at S of 0.1 % to 0.14 at S of 1.0 %, indicating
that ambient aerosol in Hyytiälä is less hygroscopic than the global continental or Euro-
pean continental averages. It is, however, more hygroscopic than the ambient aerosol10

in an Amazon rainforest, a European high alpine site or a forested mountainous site. A
fairly low hygroscopicity in Hyytiälä is likely a result of a large organic fraction present
in the aerosol mass comparative to other locations within Europe. A considerable dif-
ference in particle hygroscopicity was found between particles smaller and larger than
∼100 nm in diameter, possibly pointing out to the effect of cloud processing increasing15

κ of particles >100 nm in diameter. The hygroscopicity of the smaller, ∼50 nm parti-
cles did not change seasonally, whereas particles with a diameter of ∼150 nm showed
a decreased hygroscopicity in the summer, likely resulting from the increased VOC
emissions of the surrounding boreal forest and secondary organic aerosol (SOA) for-
mation. For the most part, no diurnal patterns of aerosol hygroscopic properties were20

found. Exceptions to this were the weak diurnal patterns of small, ∼50 nm particles in
the spring and summer, when a peak in hygroscopicity around noon was observed.
No difference in CCN activation and hygroscopic properties was found on days with
or without atmospheric new particle formation. During all seasons, except summer,
a CCN-inactive fraction was found to be present, rendering the aerosol of 75–300 nm25

in diameter as internally mixed in the summer and not internally mixed for the rest of
the year.
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1 Introduction

Aerosol particles are omnipresent in the Earth’s atmosphere and are known to have an
impact on climate (e.g. McCormick and Ludwig, 1967; Twomey, 1974; Lohmann and
Feichter, 2005), visibility (e.g. Jinhuan and Liquan, 2000; Seinfeld and Pandis, 2006)
and human health (e.g. Seaton et al., 1995; Finlayson-Pitts and Pitts, 1997; Hinds,5

1999). From a climate perspective, aerosol particles directly interfere with the incom-
ing solar and outgoing terrestrial radiation, as well as influence the Earth’s radiation
balance through their interactions with clouds. Through a variety of microphysical pro-
cesses atmospheric particles influence the albedo, lifetime and precipitation patterns
of clouds in what is known as the indirect effects of aerosols on climate (Forster et al.,10

2007). As noted in the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC), the quantification of these indirect effects presents a major
uncertainty in the current modelling and understanding of the aerosol-climate interac-
tions, signifying the inclusion of clouds in the triple aerosol-cloud-climate system.

The aerosol particles participating in cloud formation are commonly known as cloud15

condensation nuclei (CCN), and their relevant behaviour in the atmosphere is dictated
by their CCN activation and hygroscopic properties, i.e. their ability and likelihood to
attract and retain water vapour molecules by means of condensation. It is important to
remember that the activation of an aerosol particle into a cloud drop depends on the
multitude of processes and atmospheric conditions prevalent during the particle for-20

mation and lifetime (McFiggans et al., 2006; Reutter et al., 2009). Besides the particle
properties themselves, such as the number concentration, size and chemical compo-
sition, whether a particle can act as a CCN also depends on the partial pressure of the
water vapour in the atmosphere (Pruppacher and Klett, 1997).

Atmospheric CCN have been studied extensively, and a multitude of studies exists25

related to the activation of CCN into cloud drops. Atmospheric CCN concentrations
and size-resolved activation spectra have been presented in numerous studies (e.g.
Gras, 1990; Gunthe et al., 2009; Sihto et al., 2011). A number of CCN closure studies
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has been conducted (e.g. VanReken et al., 2003; Broekhuizen et al., 2006; McFiggans
et al., 2006; Rissman et al., 2006), and the effect of organics and aerosol mixing state
on CCN has been investigated as well (e.g. Cruz and Pandis, 1997; Wang et al., 2008,
2010). From a theoretical perspective, the Köhler theory and droplet growth kinetics
have also been examined (e.g. Kulmala et al., 1993; Asa-Awuku and Nenes, 2007; En-5

gelhart et al., 2008; Prisle et al., 2010). Due to logistical matters and limitations, various
in situ in-cloud measurements of CCN activation present a challenge, and have only
been conducted at a small number of sites (e.g. Baltensperger et al., 1997; Hatakka
et al., 2003; Leskinen et al., 2009; van Pinxteren et al., 2012). At the same time, sur-
face measurements, while easier to implement and with many measurement options10

available, are mostly limited to short-term campaigns (e.g. Gunthe et al., 2009; Cerully
et al., 2011). Therefore, there is most definitely a need for more comprehensive long-
term measurements of CCN activation and hygroscopicity around the world in order to
improve the understanding of aerosol-cloud interactions and the modelling of the future
climate.15

This paper presents a unique dataset of CCN activation and hygroscopic properties
measured in the boreal environment of Southern Finland with a cloud condensation
nuclei counter (CCNC). The measurement setup utilised in this study allowed both
to estimate the particle size at which the aerosol in a boreal environment becomes
important for cloud formation, as well as to infer its chemical composition. Since mea-20

surements were conducted at different supersaturation levels, relevant physical and
chemical properties of CCN were determined for particles of different sizes. Aerosol
mixing state was also indirectly determined, dividing the whole aerosol population into
the CCN-active and CCN-inactive fractions. The uniqueness of the dataset stems from
its duration – a total of 29 months of data are presented here, making it the longest25

dataset of ambient CCN activation and hygroscopic properties measured with a size-
resolved CCNC. The aim of this paper is to describe the CCN activation of ambient
aerosol in a boreal environment, both with respect to its size and chemistry in order to
(i) investigate the presence of temporal (viz. diurnal and seasonal) variations of these
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properties, (ii) to determine the aerosol mixing state and its seasonality, (iii) to com-
pare the derived values and variations with previously published results, and, finally,
(iv) to provide the comprehensive insight into aerosol-cloud interactions in the boreal
environment with the outcomes possibly applicable to other boreal regions of the world.

2 Theory5

In the atmosphere the formation of water droplets occurs as a result of condensation
during the conditions of supersaturation S of air with respect to water vapour. While
homogeneous nucleation of supersaturated water vapour is possible in laboratory con-
ditions, the S required for this process to onset is on the order of several hundred per-
cent and does not occur in the atmosphere (Andreae and Rosenfeld, 2008). Aerosol10

particles, always present in the atmosphere, act as seeds for cloud droplet formation
at S levels much lower than those required for homogeneous nucleation, i.e. just a few
percent. Therefore, the condensation of supersaturated water vapour onto the aerosol
particles is the only significant pathway of cloud droplet formation in the atmosphere
(Pruppacher and Klett, 1997). These aerosol particles are known as Cloud Conden-15

sation Nuclei (CCN). The number of CCN in any given air mass may vary by several
orders of magnitude, depending on the origin, and the spatial and temporal variation of
CCN concentrations around the globe has been highlighted in various previous stud-
ies (e.g. Twomey and Wojciechowski, 1969; Hobbs et al., 1980; Snider and Brenguier,
2000; Roberts et al., 2006).20

From a thermodynamic point of view, the number of CCN is directly related to the am-
bient supersaturation within the air mass; Köhler theory indicates that higher S results
in higher CCN concentration, in other words, as S increases, smaller particles can ac-
tivate as cloud droplets (Köhler, 1936; Seinfeld and Pandis, 2006; Reutter et al., 2009).
It is, therefore, important to remember that varying degrees of S will affect the aerosol25

of different properties, i.e. its size, hygroscopicity and the mixing state. However, the
concept of CCN is not to be confused with the cloud droplet number concentration
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(CDNC) – while the CCN concentration is not dependent on cloud dynamics, the CDNC
depends strongly on both aerosol particle number concentration and supersaturation
S, which, in turn, is affected by updraft velocities, aerosol number size distribution and
its chemical composition (Leaitch et al., 1992; Snider et al., 2003). It is assumed in
this paper that the growth of cloud droplets in warm stratiform clouds occurs on a very5

short time scale at a constant S, and, therefore, the effect of aerosol number size dis-
tribution on ambient S is not considered in this paper. Besides the total aerosol number
concentration and ambient S, the ability of aerosol particles to act as CCN is strongly
linked to their physical and chemical properties, such as aerosol critical diameter Dc
and hygroscopicity parameter κ (Petters and Kreidenweis, 2007). A multitude of litera-10

ture exists on the effects of physics and chemistry of aerosol particles on their ability
to act as CCN (e.g. Roberts et al., 2002; Dusek et al., 2006; McFiggans et al., 2006);
aerosol mixing state has also been investigated with respect to its influence on CCN
properties (e.g. Cubison et al., 2008; Su et al., 2010; Ervens et al., 2010).

There exist several techniques and measurement setups aimed at measuring and15

describing the properties of CCN. Number concentration of CCN-sized aerosol can be
indirectly estimated from any instrument measuring aerosol size distributions at rele-
vant sizes, such as the Differential Mobility Particle Sizer (DMPS); however, defining
a lower limit of particle diameter is important. Since ambient in-cloud levels of S may
vary both spatially and temporally, several lower limits have been proposed, e.g. 50 nm20

(Roberts et al., 2002; Lihavainen et al., 2003), 80 nm (Komppula et al., 2005; Asmi
et al., 2011b); Asmi et al. (2011a) and Kerminen et al. (2012) included several other
lower limits in an attempt to cover a wide range of S encountered in various ambi-
ent environments. The direct measurement of ambient CCN concentrations requires
a measurement setup where ambient particles are counted, subjected to a certain25

known S, and then counted again. For such measurements various chambers can be
used, such as a thermal gradient diffusion cloud chamber (e.g. Covert et al., 1998),
coupled with particle counters and, possibly, a Differential Mobility Analyser (DMA) in
case the knowledge about a particular particle size is required. One such thermal gra-
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dient diffusion chamber constitutes the main component of the CCNC, an instrument
commonly used to measure ambient CCN concentrations and to derive various CCN
properties (Roberts and Nenes, 2005). It has been used to measure both total (e.g.
Sihto et. al., 2011) and size-resolved (e.g. Gunthe et al., 2009) CCN concentrations.

The critical diameter Dc is typically defined as the smallest particle size at which5

particles are activated and can grow to cloud droplet size under certain ambient con-
ditions; this size is directly related to S through the Köhler theory (Pruppacher and
Klett, 1997). While in theory this size separates particles into completely non-activated
and activated fractions, in practice however, due to ambient aerosol commonly being
externally mixed, it is typically defined as the size at which 50 % of particles grow to10

cloud droplets. Sihto et al. (2011) estimated both the activated fractions and Dc by
comparing CCN number concentrations measured by the CCNC to the total number
concentration (NCN) measured by the DMPS. If size-segregated CCN measurements
are available, such as when coupling CCNC with a DMA, Dc can be directly estimated
from activation spectra, i.e. by plotting the NCCN/NCN ratios as a function of size and15

defining the point on a curve at which a certain fraction of aerosol particles activates
(typically, 50 %) (e.g. Rose et al., 2008). Such measurement setup has been utilized
in numerous studies (e.g. Corrigan and Novakov, 1999; Petters et al., 2007; Gunthe
et al., 2009).

Coupling aerosol particle dry size and its chemical composition is imperative for un-20

derstanding the aerosol-water interactions (McFiggans et al., 2006), and there exists
a number of approaches aimed at describing them (e.g. Fitzgerald et al., 1982; Sven-
ningsson et al., 1992; Rissler et al., 2005; Rissler et al., 2006; Khvorostyanov and
Curry, 2007; Padró et al., 2007). The hygroscopicity parameter κ (Petters and Krei-
denweis, 2007) is a unitless parameter describing the relationship between particle25

dry diameter, its chemical composition and the ambient S. For ambient atmospheric
aerosol κ values fall within the range of 0.1 < κ < 0.9, and owing to the simplicity of its
computation, it has been widely used in numerous studies (e.g. Merikanto et al., 2009;
Kammermann et al., 2010; Rose et al., 2010; Sihto et al., 2011). There are several
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ways to determine κ using ambient measurements; these can be performed by various
instruments under both subsaturated and supersaturated conditions. CCN activation
spectra measured by the aforementioned CCNC can be used to determine κ by ap-
plying the effective hygroscopicity parameter (EH1) Köhler model (Rose et al., 2008).
Critical diameters Dc calculated from activation spectra paired up with the known pre-5

scribed CCNC supersaturation level can be used in this model to determine κ utilising
Eq. (1):

S =
D3

wet −D3
s

D3
wet −D3

s (1− κ)
exp

(
4σsolMw

RTρwDwet

)
, (1)

where S is water vapour saturation ratio, Dwet is the droplet diameter, Ds is the dry
particle diameter, κ is hygroscopicity parameter, σsol is the surface tension of condens-10

ing solution, Mw is the molar mass of water, R is the universal gas constant, T is the
absolute temperature and ρw is the density of pure water. As per Rose et al. (2008),
Ds can be substituted with Dc and σsol is taken that of pure water (0.072 J m−2); T is
recorded by the CCNC for each spectrum. κ values can be determined by varying κ
and Dwet so that S is equal to the prescribed supersaturation inside the chamber Seff15

and to the maximum of the Köhler model curve of CCN activation.
Hygroscopicity Tandem Differential Mobility Analyzer (H-TDMA) is another common

measurement setup used to determine Dc, κ and other relevant CCN properties at
subsaturated conditions (Ehn et al., 2007; Swietlicki et al., 2008). The growth factors
measured by the H-TDMA can be used together with, e.g. the EH1 Köhler model equa-20

tion to determine both Dc and κ. Since both CCNC and H-TDMA provide information
about the hygroscopic growth of aerosol particles and other CCN properties, it has
been common to run these measurements in parallel to conduct the so-called CCN
closure studies, in which the results of the two instruments are evaluated and com-
pared. The summary of such studies can be found in McFiggans et al. (2006).25

As stated above, due to the simplicity of estimating the hygroscopicity parameter κ of
ambient aerosol as described by Petters and Kreidenweis (2007), numerous studies,
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based both on ambient measurements and model simulations, have reported κ values
for various locations around the globe. Both Andreae and Rosenfeld (2008) and Pringle
et al. (2010) studied the hygroscopicity of the aerosol on a global scale. Several mea-
surement campaigns have also attempted to describe the hygroscopicity of European
aerosol (e.g. Dusek et al., 2006; Kandler and Shütz, 2007; Bougiatioti et al., 2009).5

Gunthe et al. (2009), Jurányi et al. (2011) and Levin et al. (2012) all used a similar mea-
surement setup to describe the hygroscopicity of aerosol in an Amazonian rainforest,
high alpine site Jungfraujoch in Switzerland and a forested mountainous site in Col-
orado, respectively. There also exists a number of CCN hygroscopicity studies based
on short-term measurement campaigns in the boreal environment, namely Hyytiälä10

Forestry Field Station, which is also the location of long-term CCN measurements pre-
sented in this paper (e.g. Sihto et al., 2011; Cerully et al., 2011). Temporal patterns of
aerosol hygroscopic properties have also been reported in existing literature; however,
due to the majority of studies being short-term measurement campaigns, mostly diur-
nal patterns of Dc and κ have been reported. Seasonal variation has been reported in15

a modelling study by Pringle et al. (2010) and in several experimental studies (Cerully
et al., 2011; Jurányi et al., 2011; Sihto et al., 2011; Levin et al., 2012).

3 Methodology

3.1 Measurement site

CCNC measurements have been conducted at the SMEAR II (Station for Measuring20

Ecosystem-Atmosphere Relations) site in Hyytiälä Forestry Field Station, and they form
a part of the comprehensive network of aerosol- and meteorology-related measure-
ments in Southern Finland (Hari and Kulmala, 2005). The station (61◦ 50′ 50.685′′ N,
24◦ 17′ 41.206′′ E, 181 m a.m.s.l.) is located 220 km north-northwest of Helsinki on a flat
terrain surrounded by a boreal coniferous forest, mainly Scots pine, and is, there-25

fore, well representative of the boreal environment. The nearest city of Tampere (pop.
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215 000) lies 50 km southwest; the station may, therefore, be described as a rural
background site. SMEAR II is subject to both clean maritime air masses, as well as to
more polluted (and less frequent) continental air masses; however, most often both of
these air mass types are characterized by low aerosol particle number concentrations
(Sogacheva et al., 2005).5

3.2 Instrumentation

The setup for size-resolved CCN measurements is a multi-component system, consist-
ing of the Differential Mobility Analyzer (DMA), Condensation Particle Counter (CPC)
and the CCNC unit itself, which includes a saturator column and an Optical Parti-
cle Counter (OPC). The CCNC is a commercially available instrument, distributed10

by the Droplet Measurement Technologies (DMT), Inc., and its main component is
a continuous-flow streamwise thermal-gradient diffusion chamber. At SMEAR II the
CCNC model is DMT CCN-100, and it has been operating continuously since July
2008. A more detailed discussion, than what follows below, about the operating prin-
ciples of the DMT-CCNC, can be found in Roberts and Nenes (2005) and in Rose15

et al. (2008).
As the aerosol is entering the measurement setup through an inlet mounted approx-

imately 8 m above the ground, it is first dried with a Nafion drier, following which the
particles are neutralised with a 370 MBq 13C radioactive source in order to achieve
an equilibrium charge distribution. Afterwards the dry aerosol with a known charge20

distribution enters the DMA system, which categorizes the particles according to their
physical dimensions based on the principle of the aerosol electrical mobility (Aalto,
2004). The specific DMA in question is a Hauke-type DMA with a concentric cylindrical
configuration and a length of 28 cm. The DMA is a key component for size-segregated
CCNC measurements, and it sorts the particles into 30 logarithmically distributed size25

bins, with size ranging from 20 to 300 nm. Following this, the flow of the monodisperse
aerosol of a known size is split into two parallel lines, with the first leading to the laminar
flow type CPC (model TSI 3772; sample flow 1±0.015 Lmin−1; sheath flow 14 Lmin−1),
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which determines the total particle number concentration of that particular size. This
quantity is hereafter referred to as NCN. The second parallel line leads to the CCNC
unit itself. At the SMEAR II the CCNC saturator unit is a vertical flow tube of cylindri-
cal shape with an inner diameter of 2.3 cm and a length of 50 cm. Inside this chamber
the aerosol flows from the top to bottom with a flow rate of 0.45±0.02 Lmin−1, sur-5

rounded by the filtered sheath air with a sheath-to-aerosol flow ratio of 10; aerosol flow
occurs under laminar conditions and near-ambient pressure. The thermal electric cool-
ers (TEC) and thermocouples mounted at the beginning, middle and end of the outer
tube wall create and monitor a near-linear positive temperature gradient within the tube.
The inner walls of the flow tube are continuously wetted with liquid water. During the10

passage of the laminar flow through the tube, heat and water vapour are effectively
transported from the inner walls to the centerline of the tube, thus creating a constant
uniform water vapour supersaturation Seff along the centerline. The CCNC in ques-
tion operates at five levels of Seff: 0.1, 0.2, 0.4, 0.6 and 1.0 %. As the monodisperse
aerosol flows through the tube, those particles with smaller critical supersaturation Sc15

than Seff will grow by the condensation of water vapour, i.e. activate as CCN. The typ-
ical residence time of the aerosol particles in the saturator unit is on the order of 10 s
– sufficient enough for particles to grow to ∼1 µm in diameter. The activated particles
are then counted by the OPC, and this quantity is hereafter referred to as NCCN. In
order to assure the quality of the CCNC data, the CCNC is calibrated approximately20

every two months using nebulised, dried, charge-equilibrated and size-segregated am-
monium sulphate aerosol, and the procedure is carried out as per Rose et al. (2008).
These calibrations reveal a consistent overestimation of presumed Seff of 0.1 % by up
to 10 % and the underestimation of presumed Seff of 0.2 and 0.4 % by up to 12 and
7 %, respectively.25

For a given Seff both prior to and after the measurement of each activation spectrum,
the instrument also measures the total, non-size-segregated concentration of both NCN
and NCCN, (DMA bypassed). The non-size-segregated CCNC measurements are not
discussed in this paper. The full scan at one Seff takes, on average, 17 min 40 s, with
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activation spectrum taking 17 min. Prior to 25 January 2010, between 13 and 40 s were
allocated for the saturator unit to adjust to a new, higher Seff; 3 min 20 s were allocated
for adjusting from the Seff of 1.0 to 0.1 %. From 25 January 2010 onwards these times
have been increased to 1 min 10 s and 15 min for an upward and a downward shift
in Seff, respectively. Therefore, slightly more than three full activation spectra per hour5

were measured by the instrument prior to 25 January 2010, and slightly less than
three full activation spectra per hour after that date. The statistics about data coverage
presented in the next section are based on these numbers.

3.3 Data description

This paper presents the analysis of size-segregated CCNC data from SMEAR II from10

10 February 2009 until 30 April 2012. Despite continuous measurements, from 9 July
2010 until 9 May 2011 the instrument was operating at levels of Seff different from those
indicated above. This occurred due to a miscalibration of the instrument, and the data
from this period are not included in the analysis. The dataset has undergone a rigorous
procedure of cleaning and processing in order to remove bad data – due to the com-15

plexity of the measurement setup and absence of standardized procedures for working
with size-segregated CCNC data, this was the most challenging and time consuming
part of the analysis. Figure 1 presents the data availability for the whole measurement
period. The results presented below are based on a total of 46 400 activation spectra.

For each spectrum the activated fraction A was calculated for each size bin by di-20

viding NCCN by the corresponding NCN. The following cumulative Gaussian (normal)
distribution function based on the non-linear least-squares fitting method was then fit-
ted to each activation spectrum:

A = a
(

1+erf
(
D−Da

σ
√

2

))
, (2)

where a is half the maximum value of A in each spectrum, erf is the error function, D25

is the fitted particle diameter, Da is the particle diameter at A = a, and σ is the stan-
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dard deviation of the cumulative Gaussian distribution function, as described in Rose
et al. (2008). In the function above the parameter Da is the critical diameter of dry
aerosol particles Dc, which in this study is defined as the diameter at which half of the
incoming particles are activated at a certain Seff. Two methods were used to fit Eq. (2)
to each activation spectrum. The first method closely follows that proposed by Rose5

et al. (2008), in which all A in each activation spectrum are normalized to unity, i.e.
divided by the maximum A. In this method Da and σ are the fit parameters, where Da
is the critical diameter Dc at a = 0.5, and the maximum activated fraction (MAF) is 1
(Fig. 2, left panel). Hereafter, this method is referred to as normalised.

Since the measurements deal with ambient aerosol, which can be externally mixed,10

and since a significant variation was observed in A at larger sizes, a second fitting
method was used, where no normalisation of A was carried out and a was the third fit
parameter. In this method the function found the best fit to each spectrum regardless of
where it levelled out at larger sizes (MAF and a are not specified and allowed to vary),
and Dc was found as Da at a (Fig. 2, right panel). Hereafter, this method is referred to15

as non-normalised. As per Rose et al. (2010), the normalised method gives properties
of the external mixture of both CCN-active and CCN-inactive aerosol, while the non-
normalised method specifically considers only the CCN-active fraction of the aerosol
population. The κ values were calculated using Eq. (1) using both sets of Dc derived
using normalised and non-normalised methods. It is important to note here that both20

fitting methods yielded physically unreasonable Dc and κ values for a small amount of
data, and 0.4 % of all activation spectra were excluded from the analysis.

The activation spectra were not corrected for effects of the DMA transfer function,
as these effects are assumed to be negligible in the described measurement setup.
The effects of doubly charged particles were investigated for a subset of spectra at Seff25

of 0.1 and 0.2 % by determining the fraction of activated doubly charged particles and
assuming that this fraction is constant over the whole size range (Rose et al., 2008).
In the majority of investigated cases this fraction of activated doubly charged particles
was small (< 0.1), and it was found that correcting the spectra for the doubly charged
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particles increases Dc by an average of 2 %, rendering the implementation of correction
procedure for the whole dataset unnecessary.

4 Results and discussion

As mentioned previously, a total of 46 400 activation spectra were collected, processed
and analysed in this study; this number was roughly equally distributed among the five5

levels of Seff. The median values and variability of the total particle number and CCN
concentrations, as well as of the activated fraction for two levels of Seff are presented
in Fig. 3. As expected, a larger number of particles activated at a higher Seff; this is
also signified by the s-shaped activation curve moving to the left in the right panel of
the figure (i.e. smaller size). In the studied 20–300 nm size range, the highest concen-10

trations were found in the upper end of the Aitken mode, around 80–100 nm. While the
median concentrations in these size bins are approximately at 12 particlescm−3, the
percentiles indicate that a large variation in number concentrations is present.

Several things are of interest in Fig. 3. First, the largest size bin of 300 nm exhibited
a fairly large variation of A values; the median A in this size bin at the Seff of 1.0 % is15

above unity. This, while physically unreasonable, is a direct consequence of very low
particle number concentrations at this size, and may also stem from different counting
efficiencies of the CPC and the OPC. The 300 nm particle size bin was not excluded
from the dataset due to its presumably low impact on the Eq. (2) fitting method, espe-
cially so for the non-normalised procedure. Second, the variability of A increased with20

an increase in particle size – this is also related to low particle number concentrations
and counting statistics. Third, while certain activation spectra, especially at lower Seff,
did exhibit a secondary plateau of doubly charged particles, this plateau is not visible
in the left side of Fig. 3, indicating its infrequent occurrence and further explaining the
reasons behind the decision of not correcting the spectra for doubly charged particles.25

The results of the normalised and non-normalised fitting of Eq. (2), the related terms
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and the derived parameters of Dc and κ are shown in Table 1; these are presented
separately for each Seff, as well as for the whole dataset.

4.1 Method comparison

While both normalised and non-normalised methods are intended to provide hygro-
scopic properties of an aerosol population, their differences in describing the respec-5

tive entire aerosol population and only the CCN-active fraction of the population are
clearly evident (Table 1). For each fitting of Eq. (2) to the activation spectrum, a root
mean square error (RMSE) was calculated to estimate the appropriateness of the fit.
While for the lowest Seff of 0.1 % the median RMSE of Eq. (2) fit was the same for
both methods, for all other Seff the goodness of the fit was worse for the normalised10

method. This feature is a direct consequence of the inclusion of the presumably present
CCN-inactive fraction in the fit of the normalised method, and the normalised method
fit being largely dependent on one, maximum observed, A value in each spectrum.

For all levels of Seff, both separately and overall, Dc values and their variation in the
normalised method are both higher than those in the non-normalised method. In fact,15

97.4 % of all Dc from normalised method are higher than the corresponding Dc from
non-normalised method (Fig. 4). Logically, if one includes the CCN-inactive fraction
in Eq. (2) fit, the overall hygroscopicity of the aerosol population in question would
decrease, increasing the critical diameter needed for CCN activation. The remaining
few percent visible in Fig. 4 above the black 1 : 1 line result from those spectra at Seff20

of 0.1 % where the number of A points close to unity was very low and the resulting
non-normalised Eq. (2) fit curve levelled out at values of MAF much higher than unity.

Following what has been stated above, κ values from the normalised method are
generally lower than those from the non-normalised method (Table 1). The results of
the comparison of methods presented above with respect to Dc and κ agree well with25

those reported by Gunthe et al. (2009). The non-normalised method, besides describ-
ing only the CCN-active fraction of the aerosol, also provides insight into the aerosol
mixing state by way of quantifying the CCN-inactive fraction of the aerosol population,
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a topic further examined in Sect. 4.6. In order to carefully describe the CCN activity of
an ambient aerosol population, and taking into account the fact that the non-normalised
method demonstrates the properties of CCN-active aerosol fraction and provides in-
sight into the aerosol mixing state, from this point forward only the Dc and κ values
from non-normalised method are discussed, unless otherwise specified.5

4.2 General patterns in data

It is clearly visible from Table 1 that the function fit, as shown by the RMSE, was best
at Seff of 0.1 % and worsened as Seff increased. For the highest Seff the modelled A
deviated by up to 15 % from observed A as seen by the 75th percentile of the RMSE.
Having mentioned the decreasing absolute particle number concentrations at sizes10

larger than ∼100 nm and the resulting poor statistics of A, this increase in RMSE is not
surprising. It was observed that while the function modelled A very well for small, non-
activated particles and during the slope of the s-shaped curve, the largest differences
in the observed and modelled A were found where the function reached MAF (Fig. 2).
The increased RMSE at higher Seff is not expected to greatly affect the derived Dc;15

it does, however, call for a strict mathematical definition of the observed MAF. With
respect to the mid-point a of the modelled A spectrum and MAF, there is no significant
correlation with Seff. Both a and MAF are indicative of the CCN-active and -inactive
fractions of the aerosol.

The median critical diameter Dc ranged from 150 nm at S of 0.1 % to 46 nm at S of20

1.0 %. As expected from the Köhler theory, the median Dc decreases with increasing
Seff, and as expected from Eq. (1) this decrease is exponential (Fig. 5). From the low-
est to highest Seff the critical diameter Dc decreases by over a 100 nm from the lower
end of accumulation mode to the mid-point of the Aitken mode. Considering that high-
est number concentrations within the 20–300 nm size range were found in the upper25

end of the Aitken mode, a change in ambient S has a strong impact on the number of
particles that can act as CCN and, consequently, the number of cloud drops formed.
When the quartiles of the median Dc are examined, it is obvious that the variation in
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calculated Dc also diminishes with increasing Seff. This may stem from the fact that in
general at higher Seff more particles activate, as well as that there are more A points
close to MAF at the larger end of the size spectrum, improving both the fit and statistics,
and reducing the uncertainty and variation. The exponential decrease of both median
Dc and its variation with increasing Seff indicates that a change in ambient S at smaller5

values (e.g. 0.05 < S < 0.3 %) has a larger effect on the number of CCN than a change
in ambient S at higher values (e.g. 0.5 < S < 1 %). This notion is important to keep in
mind considering that the typical levels of ambient S found in warm stratiform clouds
in the boreal environment of the measurement site are typically low (Seinfeld and Pan-
dis, 2006; Lihavainen et al., 2008; Anttila et al., 2009). Assuming that the maximum10

ambient S typically encountered in warm clouds in the boreal environment is ∼0.3 %,
the minimum particle size required for CCN activation would be ∼85 nm; air masses
with predominant S of 0.1–0.15 % would require particles as big as 120–150 nm in di-
ameter for CCN activation. This notion needs to be kept in mind when estimating CCN
concentrations from, e.g. DMPS data.15

The median aerosol hygroscopicity parameter κ ranged from 0.41 at S of 0.1 % to
0.14 at S of 1.0 % (Table 1; Fig. 6, left panel). This supports the notion previously made
by Birmili et al. (2009) that particle hygroscopicity is size-dependent in the region of in-
terest. The variation of κ was also found to decrease with decreasing Dc, as seen by the
quartiles, which is in disagreement with the results presented by Swietlicki et al. (2008)20

and Jurányi et al. (2011). The relationship between κ, Dc and Seff is complex (Eq. 1),
and Dc may be used as an indicator of particle hygroscopicity as is; the parameter κ,
however, allows for an easier comparison with previous studies, including those with
different measurement setups.

Given the overall median κ of 0.22 reported in this study, it can be concluded that25

the aerosol in the boreal environment is slightly less hygroscopic than the global conti-
nental aerosol (an overall average of 0.27 as reported by Pringle et al., 2010). Figure 5
shows that while particles larger than 100 nm in diameter are slightly more hygroscopic
than the global continental average, those smaller than 100 nm in diameter are less hy-
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groscopic than the global continental mean of κ. Indeed, it seems as though the smaller
the particle, the less hygroscopic it is comparative to the global continental mean of κ as
seen by the deviation of the points away from the mean global κ line in Fig. 5. The size
at which the aerosol particles in Hyytiälä are divided according to differences in CCN-
relevant chemical composition coincides with the size typically defining the boundary5

between Aitken and accumulation modes, i.e. 100 nm (Fig. 5). This notion is of interest
since accumulation mode particles are more likely to have been processed by clouds,
and, hence, have a higher hygroscopicity. This issue is examined in more detail in the
subsequent section. The aerosol at the background station in Southern Finland is also
quite less hygroscopic than the European continental aerosol (overall average of 0.3610

reported by Pringle et al., 2010b). Being located in a forested rural area in the boreal
zone, this lower hygroscopicity is likely explained by the presence of a larger aerosol
organic fraction when comparing to other locations within Europe (Zhang et al., 2007).
Gunthe et al. (2009) utilised a similar CCNC measurement setup in the Amazonian
forest for a month in February and March 2008. For CCN-active fraction of the aerosol15

the study reported median Dc values of 198 nm and 129 nm for Seff of 0.1 and 0.19 %,
respectively, both of which are higher than their corresponding values from this study.
Accordingly, κ values reported by the same study for same Seff levels were lower than
in this study (Fig. 6, left panel). In fact, for five levels of Seff from 0.1 to 0.82 % Gunthe
et al. (2009) reported an overall median value of κ of 0.15, attributing it to a very high20

organic mass fraction in the Amazonian aerosol, reported to be as high as 90 % for
Aitken mode particles. Even though the measurements by Jurányi et al. (2011) were
conducted at the high alpine site, mostly in the free troposphere, their reported median
κ of 0.20 is very similar to the one reported here, albeit a bit smaller – this is espe-
cially true for larger particles (Fig. 6, left panel). Measurements by Levin et al. (2012)25

in a forested mountainous site in Colorado resulted in an average κ value of 0.16, also
smaller than 0.22 reported here. Comparing the hygroscopicity of aerosol among these
sites reveals that while aerosol in Hyytiälä exhibits low hygroscopicity with a large or-
ganic fraction present, it is more hygroscopic than the aerosol in the Amazon, high
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alpine or forested mountainous environments (Fig. 6, left panel). When the slope val-
ues of the linear regression fits in the left panel of Fig. 6 are examined, they point out
that the rate of change of aerosol hygroscopicity with size in Hyytiälä is higher than in
the Amazon, high alpine or forested mountainous environments, revealing differences
in the species of condensing material and the oxidation and aging processes.5

The slopes of the linear regression fits in the right panel of Fig. 6 indicate that the
increase in hygroscopicity with size in Hyytiälä is highest in the winter and lowest in
the summer. One possible reason for this seasonal difference is the notion that in the
summer more active SOA formation takes place, resulting in less hygroscopic particles,
and in the winter a large fraction of aerosol contains sulphate, especially from the long-10

range transport. Particle growth is also slower in the winter compared to the summer
time due to a smaller amount of condensable vapours.

Sihto et al. (2011) studied aerosol hygroscopic properties for a year at SMEAR II
using CCNC coupled with a DMPS and H-TDMA. The reported average Dc values
for Seff of 0.4 % derived from both of these setups were higher than 75 nm reported15

here, stemming from the fact that aerosol populations measured with these two se-
tups include the CCN-inactive fraction, therefore decreasing its overall hygroscopicity.
The same explanation applies to the overall average κ of 0.18 as reported by Sihto
et al. (2011) for the aerosols of 35, 50, 75 and 110 nm in diameter. A median κ of 0.18
is similar to an average κ of 0.2 reported by Cerully et al. (2011) measured by a CCN20

chamber at the same location for particles of 40, 60 and 80 nm in diameter. In their
study, however, κ did not seem to be dependent on the size.

Having mentioned the variation of Dc and κ with Seff, it is important to note that
the overall median values presented for all levels of Seff should be used with caution
– they are representative only of the aerosol population which was measured at five25

specified levels of Seff. In other words, had the CCNC in question been operating at
an additional Seff level of, for example, 1.2 %, the overall median values of both Dc
and κ would be lower. It is advised that for size-segregated CCNC measurements the
presentation of averaged Dc and κ values should always include the levels of Seff at

9699

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/9681/2013/acpd-13-9681-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/9681/2013/acpd-13-9681-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 9681–9731, 2013

The analysis of
size-segregated

CCNC data

M. Paramonov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

which the instrument operated; the values may also, of course, be presented for each
level of Seff separately.

4.3 The distributions of Dc and κ

Figure 7 shows the distributions of κ as a function of critical diameter Dc. Several
features are visible in this figure. For a given Seff, κ is related to Dc with an approximate5

function of κ ∼ D−3
c , a direct consequence of Eq. (1) assuming that other factors in that

equation do not significantly change. The ratio of these κ ∼ D−3
c relationships scales

approximately with 1/ln2(Seff) for different Seff levels, and there is very little variation in
the κ ∼ D−3

c relationship due the functional interrelationship in the fitting procedure.
Perhaps the most interesting feature of Fig. 7 is the evolution of the κ distributions10

with decreasing S. The measured κ is probably mostly representative of the particle
properties near the activation diameter Dc, and thus different Seff values give indication
of the frequency of different hygroscopicities as a function of particle diameter. Figure 7
includes the frequency distributions of both κ and Dc, plotted separately on vertical and
horizontal axes, and the 25th, 50th and 75th percentiles are plotted directly over the15

main figure. The κ distributions of the higher Seff measurements show very similar be-
haviour, with similar distribution width and the median κ close to 0.2. Between the Seff
of 0.4 to 0.2 %, the median κ changes significantly and increases to approximately 0.4,
and the distribution gets much wider. This widening can be partially explained by de-
creasing instrumental accuracy at smaller Seff, but more likely it is a result of the much20

higher variability of the hygroscopicity of larger particles in general. The increase of κ
with increasing (critical) diameter is consistent with the change of aerosol population
from Aitken to accumulation modes around 100 nm particle diameter, also suggested
earlier in Sect. 4.2 (see, e.g. Asmi et al., 2011a, for details of SMEAR II station size dis-
tributions). Accumulation mode particles are expected to have been activated at least25

once as cloud droplets, and thus been subject to cloud processing and other heteroge-
neous reactions in the aqueous phase. This should increase the contribution of soluble
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material, and, hence, the increase in κ should be expected. It is, however, clear that
this kind of size-dependent differences in the κ distributions does not support the use
of a single κ value regardless of the particle size. One should also notice that even for
a single Seff, the κ distributions are close to lognormal in shape, which indicates that
arithmetic mean values of κ are probably not the most representative values to use.5

Another way to look at the κ −Dc distributions is by observing the range of κ for
a given critical diameter. For example, looking at the particles near 100 nm critical
diameter, one could get κ values from 0.01 to over 1, with possibility of even higher
hygroscopicities for Seff lower than the minimum used in this study. Thus, using a single
κ value for a given particle size can severely oversimplify the hygroscopicity variability10

of an aerosol population. Due to the low number of sampled Seff, a 3-D probability
density map of κ for each Dc, or even a reliable fit for any specific Dc are not trivial
to derive; however, these results show that even in generally relatively homogeneous
regional background conditions the range of κ is large. One should note that the κ
values given are not for individual particles, but they represent the aerosol population15

at sizes near the Dc value, and thus the given variability should be considered to be
the variability of aerosol populations, not of individual particles.

4.4 Temporal variation

As mentioned previously, the dataset of aerosol CCN activation and hygroscopic prop-
erties presented here is unique in a way that it is the first multi-year long-term dataset20

of ambient measurements in a boreal environment. Figure 8 presents the seasonal
variation of Dc and κ. The seasonal pattern of aerosol CCN activation and hygroscop-
icity is only pronounced for larger particles, similar to what has been reported by Levin
et al. (2012) for a high-altitude forested site in Colorado. Ambient aerosol populations
measured at Seff of 0.1 % seem to be more hygroscopic in winter and less hygroscopic25

in summer, with February and July being the months showing respective maximum and
minimum aerosol hygroscopicity. A minimum of κ in July was also reported by Levin
et al. (2012).
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It is plausible that the more active SOA formation and the increased organic frac-
tion being the result of increased emissions of the volatile organic compounds (VOCs)
from the surrounding boreal environment in the summer are responsible for reducing
aerosol hygroscopicity when compared to the winter time. Considering that in Fig. 8
the Dc and κ points for Seff of 0.1 % mirror each other, it is important to point out that5

the aerosol hygroscopicity can be inferred from the critical diameters alone. The winter
peak in aerosol hygroscopicity presented here agrees well with seasonal patterns pre-
sented by Pringle et al. (2010) and Sihto et al. (2011) for sites in Germany and Hyytiälä,
respectively. Both of these studies also reported aerosol hygroscopicity to be lowest in
November, which differs from results presented here (Fig. 8). Since Sihto et al. (2011)10

employed an H-TDMA to derive hygroscopic properties, the difference in the lowest
annual aerosol hygroscopicity may stem from the inclusion of the CCN-inactive frac-
tion in the calculations in the aforementioned study. The pattern in Fig. 8 is clear, and
represents the annual hygroscopic properties of the CCN-active fraction only. Also of
interest is the fact that the seasonal pattern of Dc presented in Sihto et al. (2011) is15

evident for all levels of Seff (at Seff of 0.1 % pattern is unclear) and, therefore, for all par-
ticle sizes; in the current study the pattern is obvious only for the larger particles and
becomes insignificant towards the smaller sizes. There does not seem to be a distinct
seasonal pattern for particles smaller than 50 nm – those measured at Seff of 1.0 %.
Taking into account that typical levels of ambient S encountered in warm stratiform20

clouds are low (Pruppacher and Klett, 1997), and, therefore, that particles which ac-
tivate into cloud drops are the larger ones (> 100 nm), the variation in their chemical
composition throughout the year plays a crucial role in cloud formation. The exact rea-
sons for decreased aerosol hygroscopicity during the summer time in Hyytiälä need to
be further investigated by a careful comparison with other relevant variables, such as,25

e.g. concentrations of VOCs.
The analysis of the diurnal behaviour of the aerosol CCN activation and hygroscopic

properties revealed that there is no clear diurnal variation of either Dc or κ for largest
particles (those with ∼150 nm diameter measured at Seff of 0.1 %). When the smallest
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particles (< 50 nm) are examined, the absence of the variation is not as clear. When
the median values alone are examined, it seems as if particle hygroscopicity is highest
around noon and lowest around midnight. The variability and the absolute difference
in monthly median values, however, render this variation insignificant and inconclu-
sive. In order to examine the diurnal behaviour in more detail, it was separated by5

seasons (Fig. 9). Visibly there is most certainly no diurnal variation in aerosol CCN ac-
tivation and hygroscopic properties in Hyytiälä in autumn and winter. The spring and,
especially, summer do exhibit more conclusive diurnal patterns, with both plots show-
ing a decrease in Dc after noon and an increase around midnight. Of interest also is
the variation as demonstrated by the error bars – during the summer time variation10

in monthly median values is the smallest, pointing out to a more significant pattern
in data. Both Sihto et al. (2011) and Cerully et al. (2011) reported diurnal patterns of
aerosol hygroscopic properties in Hyytiälä and attributed them to the influence of pho-
tochemical reactions and the aging of organics during the sunlight hours. The diurnal
patterns presented here indicate that these processes may well be the reasons for the15

observed diurnal behaviour, especially considering that the variation is only observed
in the spring and summer. The results here agree well with those presented by Cerully
et al. (2010), which reported a similar diurnal pattern in κ for particles of 60 nm in di-
ameter measured for two months in the spring in Hyytiälä. While the diurnal pattern
presented here is also similar to the one reported by Sihto et al. (2011), the latter study20

pointed out that the diurnal variation is more pronounced for larger particles (∼175 nm
in diameter), which is opposite to what has been seen in this analysis. Considering all
that has been stated above, it seems that photochemical reactions, aging of the organ-
ics, temperature and, possibly, atmospheric nucleation all affect the diurnal behaviour
of CCN activation and hygroscopic properties only for the small, Aitken size aerosol,25

with a diameter of ∼50 nm. For larger aerosol (> 100 nm in diameter), the occurrence
of these and other processes taking place at different time scales results in no distin-
guishable effect of photochemistry and temperature on the diurnal behaviour of aerosol
CCN activation and hygroscopicity.
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Overall, the biogenic emissions and subsequent condensation in the boreal environ-
ment of Southern Finland make ambient aerosol of > 100 nm in diameter less hygro-
scopic in the spring and summer time, compared to other seasons; the participation of
these emissions in photochemical reactions is responsible for introducing a diurnal pat-
tern in the behaviour of aerosol hygroscopicity in the spring and summer for particles5

less than 50 nm in diameter. The diminished photochemistry, temperature and biogenic
activity in autumn and winter result both in the highest seasonal hygroscopicity of larger
ambient aerosol and in the absence of the diurnal variation of aerosol hygroscopicity
for particles of any size.

4.5 CCN activation and hygroscopic properties of particles produced by10

atmospheric new particle formation (NPF)

It has already been shown for a number of locations that NPF locally increases the CCN
number concentration (e.g. Kerminen et al., 2012). As a location where atmospheric
new particle formation has been studied extensively (e.g. Dal Maso et al., 2005), of
interest is to determine the potential difference in Dc and κ between NPF and non-15

NPF days in Hyytiälä. For this purpose the nucleation event classification based on the
DMPS data was used; the nucleation event types mentioned below are described in
Dal Maso et al. (2005).

As mentioned in the previous section, the hygroscopicity of particles of ∼150 nm
in diameter did not exhibit a diurnal variation in any of the seasons, and the same is20

true when only the NPF days are considered. During NPF days there is no diurnal
variation of Dc and κ and, considering the time it takes for freshly nucleated particles
to grow to ∼150 nm in diameter, similar CCN activation and hygroscopic properties
are expected for NPF and non-NPF days. For smaller, ∼50 nm particles, the situation
is more complicated. Since nucleation events in Hyytiälä occur primarily in the spring25

(Dal Maso et al., 2005), a subset of 29 spring Type I nucleation events and 53 spring
non-event days were selected and analysed (Fig. 10). The diurnal pattern of Dc during
non-event days roughly follows the spring pattern depicted in Fig. 9, with a trough
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observed around noon; there is, however, a large variation present. The diurnal pattern
during the NPF days is also similar in that lowest Dc values are found in the afternoon,
and highest between 00:00 and 06:00 UTC+2 the following day. Nucleation during an
event in Hyytiälä typically starts around 10:00 and it takes, on average, 15 h for particles
to grow to 50 nm in diameter (Dal Maso et al., 2005). Therefore, if any difference is to5

be observed in Dc values between NPF and non-NPF days, it should be visible at 01:00
the next day and later. Figure 10 shows that at this time the freshly nucleated particles
have grown to be less hygroscopic than they would be in the absence of NPF. While
it may be stated that particles produced by NPF and by subsequent growth by vapour
condensation may be less hygroscopic due to an increased organic fraction within the10

aerosol mass, the variability seen in Fig. 10 indicates that this difference between NPF
and non-NPF days is not well pronounced and not conclusive. Indeed, if Type II events
are included in the analysis, the difference in Dc between 01:00 and 06:00 the following
day disappears. Similar is true if summer NPF and non-NPF days are included. Both
Ehn et al. (2007) and Sihto et al. (2011) reported an absence of difference in diurnal15

patterns between NPF and non-NPF days.
What can be concluded from this analysis is that CCN activation and hygroscopic

properties of ∼50 nm aerosol may be different between NPF and non-NPF days; how-
ever, this difference only becomes probable when strong spring nucleation events,
for which the growth rates can be calculated with a certain degree of accuracy, are20

taken into account. Generally speaking, it seems as though particle CCN activation
and hygroscopic properties are more affected by the photochemical reactions and at-
mospheric oxidation of aerosol chemical species, regardless of whether the particles
have been produced by NPF or not.

4.6 The inference of ambient aerosol mixing state25

Of interest in Table 1 is the overall median maximum activated fraction MAF of 0.95,
indicating that for particles of larger sizes on average only 95 % of the total aerosol
population were activating into cloud drops. Derived as a result of the non-normalised
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fitting procedure of Eq. (2), it represents the fraction of the aerosol population which
can be considered CCN-active (Rose et al., 2010). The remaining fraction of 5 %, cal-
culated as 1 – MAF, can then be considered as CCN-inactive fraction or the fraction of
the aerosol population that does not activate into cloud drops regardless of how big the
particles are or how high the S is inside the CCNC. This partitioning into CCN-active5

and -inactive fractions may provide insight into the ambient aerosol mixing state; how-
ever, such derivation of the mixing state is size-dependent, since for different levels of
Seff the function reaches MAF at different sizes. In other words, the point at which the
function in Eq. (2) reaches MAF shifts to smaller sizes at increasing Seff. Even though
the size range, for which the aerosol mixing state can be estimated, varied with Seff,10

the median MAF values and the quartiles indicate that there was no significant differ-
ence in MAF values among Seff levels. The absence of this difference points out that
within the particle size range of ∼75–300 nm in diameter the non-normalised method
can provide an accurate estimate of the ambient aerosol mixing state.

The quartiles of the overall median MAF indicate that the CCN-inactive fraction may15

constitute as much as 10 % of the particle number within the size range of ∼75–300 nm
in diameter or may not be present at all. A closer look at the monthly distribution of the
CCN-inactive fraction revealed a seasonal pattern (Fig. 11). The smallest CCN-inactive
fraction appears to occur in May, June and July, with the latter being a somewhat un-
physical result with a median MAF higher than unity. While this may be explained by the20

nature of the non-normalised fitting of Eq. (2) and variation in number concentrations
at larger sizes, it seems clear that aerosol in the boreal environment is internally mixed
in May, June and July, and partially externally mixed throughout the rest of the year. In
fact, for May, June and July the median CCN-inactive fraction comprises only 0.2 % of
the aerosol population in the abovementioned size range, and for the rest of the year25

this fraction is 6.6 %. Logically, this seasonal difference also has implications for the
choice of method for fitting Eq. (2) to each activation spectrum. If CCN-inactive fraction
is very small, the difference in Dc derived from two methods is not as pronounced. In-
deed, the regression coefficient R2 between Dc derived from two methods in May, June
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and July is 0.86, and for the rest of year it is 0.57. If the aerosol population in question
is internally mixed, it makes no difference whether activation spectra are normalised or
not, as both methods produce similar results. If, however, aerosol population is exter-
nally mixed, the choice of the method is necessary and it depends on whether one is
interested in the whole aerosol population or only in its CCN-active fraction.5

It is commonly presumed that the CCN-inactive fraction of the aerosol population
consists mainly of insoluble and refractory components, such as mineral dust and black
carbon (Gunthe et al., 2009). It can, therefore, be concluded that in Hyytiälä in late
spring and early summer the aerosol of ∼75–300 nm in diameter is internally mixed
with low concentrations of CCN-inactive compounds. During the rest of the year the10

aerosol is not internally mixed and the insoluble and refractory material is present to
a larger degree. With black carbon being the most important light-absorbing constituent
of the aerosol, this notion is consistent with seasonal cycles of absorption coefficients
presented by Virkkula et al. (2011); the study showed the lowest and the highest aver-
age absorption coefficients in July and February, respectively. Hyvärinen et al. (2011)15

and Häkkinen et al. (2012) also reported the lowest aerosol black carbon concentra-
tions in Hyytiälä in the summer time.

5 Conclusions

CCN activation and hygroscopic properties of ambient aerosol have been measured in
the boreal environment of Southern Finland with a cloud condensation nuclei counter20

(CCNC), and this paper presents an in-depth analysis of 29 non-consecutive months
of size-segregated measurement data, covering a particle size range of 20–300 nm in
diameter and a supersaturation S range of 0.1–1 %. The median critical diameter Dc
ranged from 150 nm at S of 0.1 % to 46 nm at S of 1.0 %. For estimating the CCN num-
ber concentrations from ambient size distribution measurements in Hyytiälä, a lower25

limit of 85 nm particle diameter is suggested, assuming an ambient S of < 0.3 % in
warm stratiform clouds. The median aerosol hygroscopicity parameter κ ranged from
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0.41 at S of 0.1 % to 0.14 at S of 1.0 %, indicating that ambient aerosol in Hyytiälä is
slightly less hygroscopic than the modelled global continental average and quite less
hygroscopic than the modelled European continental average (Pringle et al., 2010). The
lower hygroscopicity in Hyytiälä is likely a result of a large organic fraction present in the
aerosol mass comparative to other locations within Europe (Zhang et al., 2007). At the5

same time, the hygroscopicity itself and its rate of increase with size are larger in the
boreal environment than in the Amazon rainforest, high alpine or forested mountainous
environments, pointing out to differences in the condensing species, aerosol oxidation
and aging. A considerable difference in particle hygroscopicity was found between par-
ticles smaller and larger than ∼100 nm in diameter, possibly pointing out to the effect10

of cloud processing increasing κ of particles > 100 nm in diameter. Considering that κ
was found to vary with size and that κ distributions were found to be lognormal, the
use of a single parameter, mean or median, κ for describing the hygroscopicity of an
aerosol population is discouraged.

Throughout the year the hygroscopicity of the smaller, ∼50 nm particles did not15

change, indicating the homogeneity of the CCN-relevant chemical composition. Par-
ticles with a diameter of ∼150 nm showed a decreased hygroscopicity in the summer,
which is possibly attributed to the increased VOC emissions of the surrounding boreal
forest. This has direct implications for cloud formation, since typical levels of ambient
in-cloud S are very low. For the most part, no diurnal patterns of aerosol hygroscopic20

properties were found; exceptions to this are weak diurnal patterns of small, ∼50 nm
particles in the spring and summer. An increase in hygroscopicity around noon was
observed for particles of this size, signifying the role of photochemistry and aging of
the organics during the sunlight hours. No clear difference in CCN activation and hy-
groscopic properties was found for aerosol on days with or without atmospheric new25

particle formation. It was discovered that during all seasons, except summer, a CCN-
inactive fraction is present, accounting for as much as 7 % of the total aerosol popula-
tion, rendering the aerosol as internally mixed in the summer and not internally mixed
for the rest of the year.
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The analysis and results presented in this paper concentrate primarily on what can
be derived and deduced from CCNC data alone. Taking this analysis one step further
by using data from other instrumentation at the same location would certainly provide
more interesting results and a more detailed insight into aerosol hygroscopic properties
in a boreal environment. The concentrations of non-refractory ambient material, such5

as black carbon, could be used to quantitatively correlate them with the CCN-inactive
fraction. The source apportionment of differing aerosol hygroscopicity can be carried
out by using the wind direction and backward trajectories data. To demonstrate whether
the reduced aerosol hygroscopicity in Hyytiälä is, indeed, a result of heightened organic
fraction and emissions, atmospheric mass spectrometry data can be used, and the10

same applies to sulphate, nitrate and chloride. The representativeness of Hyytiälä in
the whole global boreal zone can also be investigated once other long-term datasets
obtained with similar measurement setups become available. In general, the results
presented here provide a detailed insight into ambient aerosol CCN activation and
hygroscopicity in a boreal environment and may serve as a valuable input into the15

current modelling of aerosol-cloud interactions.
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Table 1. Number of spectra, the results of the normalised and non-normalised fitting of Eq. (2),
the related terms and the derived parameters of Dc and κ used in this study. For parameters
shown are the median values, with 25th and 75th percentile values included in the square
brackets. Data shown separately for each supersaturation Seff level, as well as for the whole
dataset.

Seff 0.1 % 0.2 % 0.4 % 0.6 % 1.0 % ALL
# of spectra 9332 9308 9274 9224 9262 46 400

Eq. (2) fit RMSE, normalised method 0.08
[0.06; 0.11]

0.12
[0.10; 0.15]

0.14
[0.12; 0.17]

0.16
[0.13; 0.18]

0.18
[0.15; 0.21]

0.14
[0.10; 0.18]

Eq. (2) fit RMSE, non-normalised method 0.08
[0.06; 0.10]

0.09
[0.07; 0.12]

0.10
[0.08; 0.13]

0.11
[0.08; 0.13]

0.12
[0.09; 0.15]

0.10
[0.07; 0.13]

a, non-normalised method 0.46
[0.41; 0.52]

0.47
[0.45; 0.50]

0.48
[0.46; 0.50]

0.48
[0.46; 0.50]

0.47
[0.46; 0.49]

0.47
[0.45; 0.50]

MAF, non-normalised method 0.92
[0.82; 1.04]

0.94
[0.89; 1.00]

0.95
[0.91; 1.00]

0.95
[0.91; 1.00]

0.95
[0.91; 0.99]

0.95
[0.90; 1.00]

Dc(nm), normalised method 174.39
[152.93;
195.89]

114.93
[102.13;
133.42]

88.27
[79.28;
104.67]

73.49
[65.61;
91.13]

57.20
[50.05;
79.67]

97.52
[72.03;
136.12]

Dc(nm), non-normalised method 150.46
[129.81;
175.37]

96.35
[87.40;
106.24]

74.82
[68.73;
80.19]

61.36
[56.59;
65.68]

45.53
[42.19;
48.44]

75.24
[56.89;
104.52]

κ, normalised method 0.26
[0.18; 0.39]

0.23
[0.15; 0.33]

0.13
[0.07; 0.17]

0.10
[0.05; 0.14]

0.07
[0.02; 0.11]

0.13
[0.08; 0.23]

κ, non-normalised method 0.41
[0.26; 0.64]

0.39
[0.29; 0.52]

0.21
[0.17; 0.27]

0.17
[0.13; 0.21]

0.14
[0.12; 0.18]

0.22
[0.15; 0.36]
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Fig. 1. Monthly availability of CCNC data.
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activated fraction A Eq. 2 fit Dc derivation MAF
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a = 0.5 (specified)
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Fig. 2. A sample CCN efficiency spectrum measured on 24 June 2009 from 20:02:03 to
20:23:13 UTC+2, and two ways of determining Dc. Left panel: normalised method; right panel:
non-normalised method. Both panels show the calculated Dc, a root mean square error (RMSE)
of the fit, a and the maximum activated fraction MAF. Note, that in the normalised method a
and MAF were assigned values of 0.5 and 1, respectively; in the non-normalised method these
values were allowed to vary.
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Fig. 4. A contour plot frequency distribution of the critical diameters Dc calculated by two meth-
ods. Each grid cell is 1×1 nm. Included in the figure is the 1 : 1 line (white line).
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Fig. 5. Relationship between particle dry size (taken as Dc) and critical supersaturation Seff. The
black and grey lines correspond to the global continental mean κ of 0.27±0.21 as reported by
Pringle et al. (2010), and the error bars are 25th and 75th percentiles of median Dc.
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Fig. 6. Relationship between particle dry size (taken as Dc) and hygroscopicity parameter κ.
Left panel shows the comparison among sites; right panel shows comparison among seasons
for Hyytiälä. Both panels show the median values with error bars being 25th and 75th per-
centiles (for Gunthe et al., 2009 percentiles estimated from the original publication). Legend
entries also indicate the slope of the linear regression y = ax+b fit.
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Fig. 7. Distributions of κ values as a function of dry particle diameter (taken as Dc). The different
colours indicate different Seff levels, and the sides of the figure show relative occurrence of κ
(vertical axis) and Dc (horizontal axis) calculated with log-equal bins. The dashed lines show
the 25th, 50th and 75th percentiles of each supersaturation distribution. The gray dotted lines
show expected κ ∼ D−3

c relationship for each Seff level.
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Fig. 8. Monthly median critical diameters Dc (top) and hygroscopicity parameters κ (bottom),
shown for two levels of supersaturation Seff. Error bars are 25th and 75th percentiles.
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Fig. 9. Hourly median critical diameters Dc (black) and hygroscopicity parameters κ (red),
shown for Seff of 1.0 % and separated by seasons. Error bars are 25th and 75th percentiles.
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Fig. 10. Diurnal variation of median critical diameter Dc on 29 spring Type I event (red) and 53
spring non-event (black) days. Shown from 06:00 UTC+2 of the day in question until 05:00 of
the following day, for Seff of 1.0 %. Error bars are 25th and 75th percentiles.
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Fig. 11. Monthly median CCN-inactive fraction, calculated as 1 – MAF. Error bars are 25th and
75th percentiles.
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