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ABSTRACT

The measurements of the hygroscopic and cloud condensation nuclei (CCN) properties of sub-
micrometer atmospheric aerosol particles were performed with two tandem differential mobility
analysers (TDMA) and a CCN counter at the Hyytidld forest field station in south-central
Finland during the BIOFOR campaign. The TDMAs were used to measure hygroscopic dia-
meter growth factors of individual aerosol particles in the dry particle diameter range 10-365 nm
when taken from the dry state (relative humidity RH < 5%) to RH =90%. The CCN counter
was used to study the activation of aerosol particles when exposed to supersaturated conditions.
The measurements show clear diurnal pattern of particle solubility. The pattern was strongest
for particles in nucleation and Aitken modes. The lowest growth factor (soluble fraction) values
were detected during late evening and early morning and the maximum was observed during
noon-afternoon. The highest soluble fractions were determined for nucleation mode particles.
The response of hygroscopic growth to changes of relative humidity suggests that the soluble
compounds are either fully soluble or deliquescent well before 70% RH. The hygroscopic growth
was investigated additionally by a detailed model using the size-resolved composition from the
impactor samples. The comparison between different instruments shows good consistency. We
found good agreement for the 20 nm growth factors measured with two TDMAs, not only on
average but also regarding the temporal variation. The similar conclusion was drawn for com-
parison of TDMA with CCNC for Aitken mode particles with dry sizes 50 and 73 nm.
Differences between wet and dry spectra measured using APS and CSASP spectrometer probes
were used to derive growth factors for coarse mode particles. Growth factors for coarse mode
particles (D, ca. 2 um) ranged between 1.0 and 1.6. Agreement between the evolution of growth
factors with time for both accumulation and coarse modes was observed regularly. However,
similar portions of the data set also indicated clear differences and consequently different chem-
ical compositions between both modes. When the differences between both modes were
observed, the coarse mode always behaved in a less hygroscopic manner, with growth factors
near one.
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1. Introduction

1.1. The réle of hygroscopicity investigations
during BIOFOR

Formation of new atmospheric aerosols has
gained focused attention during recent years.
Aerosol particles scatter incoming short-wave
solar radiation and contribute to the radiative
balance of earth. There is experimental evidence
that a fraction of the new particles survive to grow
to sizes which are optically active and, thus, have
the potential to contribute directly to climate
forcing (Mikeld et al.,, 1997). The likely sources
of new particles that have been identified include
free troposphere, remote continental regions,
boreal forests and coastal regions of marine
boundary layer (Aalto et al., 1995; Hameri et al.,
1996; Mikeld et al.,, 1998; O’'Dowd et al., 1998;
Schroder and Stréom, 1997; Vikevi et al., 2000,
Weber et al., 1997 and Wiedensohler et al., 1993).
At the moment, several research projects focus on
better understanding of the relative importance of
each of these regions. The systematic measure-
ments of nucleation mode particles during recent
years, indicates that the nucleation might play an
important role in controlling the budget of submic-
rometer aerosol particles in the atmosphere
(Mikeld et al., 1998; O’Dowd et al., 1998). In spite
of intense studies, the detailed particle formation
mechanisms are still not known.

Deeper examination of the references mentioned
above indicates that the compounds and condi-
tions leading to formation of new particles prob-
ably vary between various locations. Focussing on
the boreal forest environment, the role of atmo-
spheric monoterpenes and their oxidation prod-
ucts seems important. It is widely accepted that
the oxidation of monoterpenes leads to condens-
able species which by gas-to-particle conversion
contributes to the atmospheric aerosol (Janson
et al, 2001 and references therein). The ability
of oxidation products of monoterpenes to prod-
uce new particles by homogeneous nucleation
has been demonstrated in laboratory studies
(Hoffmann et al., 1997). However, whether or not
this is the case in atmospheric conditions in forest
environments is not clear (Kavouras et al., 1998;
Leaitch et al., 1999; Marti et al., 1997).

The hygroscopic properties of aerosol particles
determine the interaction with water vapour in
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the surrounding air. The amount of condensed
water both determines the size of the particles and
influences strongly the optical properties of aerosol
particles, both through the effect on size distribu-
tion and on the refractive index (Tang and
Munkelwitz, 1994). The phase of the particles is
also important in aerosol dynamics, including the
aqueous phase chemistry within the particles
(Pandis et al., 1995). The amount of hygroscopic
material in particles influences which particles can
act as cloud condensation nuclei (CCN) and in
turn has an indirect effect on radiative balance
through cloud properties (Twomey, 1977).

Regarding the general objectives of the
BIOFOR project, the measurements of hygro-
scopic properties of aerosol particles give essential
information on particle composition. Although
the information about chemical composition is
indirect, the main result being the fraction of water
soluble material in aerosol particles, this informa-
tion can be used in studies concerning the forma-
tion and growth of particles. New information
related to the role of oxidation products of monot-
erpenes in nucleation and condensation processes
is especially obtained. In addition, this information
is essential in investigations of the climatic impor-
tance of the aerosol population. The focus of this
paper is to put together the various measurements
of hygroscopic and CCN properties of aerosol
particles during the campaign. The general features
are presented and the quality and reliability of the
data is analysed by comparing the different
methods. The hygroscopic properties are addition-
ally studied using the size-resolved ionic con-
centration from impactor samples (Maikeld
et al,, 2001). The calculated aerosol hygroscopic
properties are compared with the experimental
observations.

During the BIOFOR campaigns, the hygro-
scopic properties have been examined using 2
methods that study the size-resolved response of
aerosol particles to changes in the relative humid-
ity of the environment: the tandem differential
mobility analyser (TDMA) and the cloud con-
densation nucleus (CCN) counter. The TDMA
measurements were performed using 2 set-ups,
one sampling inside the forest and the other above
the forest. The combined size range of the 2
instruments covered nucleation, Aitken- and accu-
mulation-mode particles. The CCN counter was
placed inside the forest and the data are applied
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to investigate the soluble fraction of Aitken-mode
particles. The data can be further used in various
closure studies, for instance mass-number closure,
gravimetric mass-chemical mass closure, hygro-
scopic closure, and CCN closure. The observed
hygroscopic properties of aerosol particles can be
used as a sensitive indicator for the ability of
aerosol dynamics models to account for the aero-
sol evolution.

1.2. TDM A investigations

One possibility to determine the chemical char-
acteristics of the aerosol particles is to measure
the hygroscopic properties of individual particles.
The widely used method to determine the hygro-
scopic response of individual aerosol particles
is the tandem differential mobility analyser
(TDMA). This method gives indirect information
on the size-resolved chemical composition of aero-
sol particles, it has good time response and can
be used even with rather low concentrations. The
measurements also provide in-situ information on
the extent of external/internal mixing of the aero-
sol. This information is very difficult to obtain by
other means of analysis, especially for nucleation
and Aitken mode particles.

During the BIOFOR campaigns, 2 TDMAs
were used: we name them UF-TDMA (UF
standing for ultrafine) and H-TDMA (H standing
for humidity). The main difference here is that the
UF-TDMA was developed for studies of nucle-
ation mode particles (dry diameter 10 nm—30 nm)
while the H-TDMA was used to study the Aitken-
and accumulation-mode  particles (20 nm—
365 nm).

Previous studies of ambient aerosol particle
hygroscopic properties using TDMA instruments
were performed in several locations by a number
of groups (McMurry and Stoltzenburg, 1989;
Svennigsson et al., 1992, 1994; Zhang et al., 1993,
Swietlicki et al., 1999, Vikevi et al., 2000). These
studies have shown that sub-micrometer atmo-
spheric aerosol particles exhibit a modal hygro-
scopic structure, in the sense that a continuum of
hygroscopic growth factors (relative particle dia-
meter increase from dry to humidified state) is not
observed. Instead, 1, 2 or even more modes of
hygroscopic growth have been observed to appear
simultaneously. The atmospheric aerosol is there-
fore in many cases externally mixed regarding its
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hygroscopic properties and hence also chemically.
In continental-polluted aerosols, the particles gen-
erally separate into a less- and a more-hygroscopic
group. The more-hygroscopic particles show dia-
meter growth factors (dry to RH =90%) in the
range between 1.2 (nucleation-mode particles) and
1.8 (accumulation mode particles). This growth is
in general less than the growth expected for pure
salts of the major ions making up the aerosol
particles, indicating that even the particles in this
more-hygroscopic group consist of both water-
soluble and insoluble or slightly soluble material
with the less soluble fraction as large as half of
the mass (based on the assumption that the soluble
part consists of inorganic ions). Nearly-hydro-
phobic particles have also been observed on
numerous occasions when the sampling sites were
influenced by fresh combustion aerosol. In marine
air masses, externally mixed sea salt particles with
growth factors somewhat lower than those of pure
NaCl (2.4 at RH =90%) appear at wind speeds
> about 10 ms™ ..

While the hygroscopic properties of major inor-
ganic salts are widely investigated, the hygroscopic
properties of organic species are often not known.
This fact deserves special attention here as the
organic compounds are likely to play an important
role in forest areas. The hygroscopic influence of
the organic fraction of ambient aerosol particles
has been studied earlier by Saxena et al. (1995).
They analysed aerosol sampled at Grand Canyon
AZ, a non-urban site, and Los Angeles CA, an
urban site and observed that organic compounds
at the non-urban location enhanced the hygro-
scopicity of the inorganic compounds, whereas the
organic compounds at the urban location reduced
hygroscopicity of the aerosol particles. Recently,
Dick et al. (2000) investigated the amount of water
associated with organic carbon compounds during
the Southeastern Aerosol and Visibility Study.
They studied the water activity of the organic
fraction of the aerosol over a wide range of relative
humidity (5-85%), and concluded that organic-
associated water content is considerably less than
that of sulphate compounds for high RH, but
comparable or greater for low RH.

Few laboratory studies concerning the hygro-
scopic properties of organic compounds that are
commonly found in atmosphere are available in
the literature. Hansson et al. (1998) investigated
the effect of organic coatings on hygroscopic prop-
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erties of laboratory generated NaCl aerosol par-
ticles. Hameri et al. (1998) investigated the role of
slightly soluble organic compounds on the hygro-
scopic behaviour in mixtures with ammonium
sulphate. Important measurements from the point
of view of this paper were presented by Virkkula
et al. (1999). They investigated the hygroscopic
properties of aerosols formed by oxidation of 3
monoterpenes. They found that aerosol particles
formed by oxidation of terpenes proved to be
slightly hygroscopic, with diameter growth factor
close to 1.10 at relative humidity of about 84%.

The importance of hygroscopicity, particularly
soluble volume (mass) fractions, on the cloud
droplet formation has been shown in model studies
(Kulmala et al., 1996). It has been shown that the
formation and growth of cloud droplet vary as a
function of particle size and soluble mass fraction.
In some cases the more hygroscopic Aitken mode
particles can activate more easily than less-hygro-
scopic accumulation mode particles.

1.3. CCN counter investigations

The CCN counter was used to determine the
concentration of aerosol particles which can act
as cloud condensation nuclei in the atmosphere.
These particles play an important role in the
atmosphere because cloud droplets are formed on
them. Understanding the chemistry and physics
of the aerosol that controls cloud droplet forma-
tion is important in radiative transfer and climate
modeling. The CCN property is controlled by
both size and composition of the particles, and
data obtained can also be used in studies of the
chemical characteristics of the aerosol size fraction
in question.

The previous studies of atmospheric CCN spec-
tra show overall agreement with direct measure-
ments and calculations based on aerosol number
size distribution (Hoppel, 1979; Bigg, 1986; Covert
et al., 1998). Nevertheless, measurements of CCN
properties are very sensitive to both the composi-
tion of the particles and the structure of the
particle size distribution, and therefore discrepan-
cies up to factor 2 to 4 are not uncommon. The
measurements by Rivera-Caprio et al. (1996) show
good agreement between the measured CCN con-
centrations and the concentrations calculated
based on the simultaneous measurements of aero-
sol number-size distribution and impactor-derived
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mass-size distributions. Their measurements sug-
gest that the carbonaceous fraction of the aerosol
would be similarly activated as sulphate (at 0.5%
supersaturation). This observation indicates that
at least a fraction of the organic aerosol mass in
forest environment could be clearly water soluble.

Typically, cloud droplets are formed in the
atmosphere when water supersaturation is
between 0.1 and 1%. The measurements during
the BIOFOR campaign were done for Aitken-
and accumulation-mode particles scanning the
supersaturation between 0.3 and 0.8%. This was
thought to be a most efficient strategy, providing
the information both size resolved and for a range
of supersaturations. Hoppel et al. (1996) estimated
the effective super-saturations in tropical MBL
clouds to be typically between 0.15 and 0.25%.
Assuming similar values also for boundary-layer
cloud cover over the boreal forest zone, the CCN
measurements appear relevant for estimation of
the aerosol-cloud-interactions.

The investigations of boreal aerosol particle
CCN properties provide an additional data set
that can also be used in determination of the
soluble fraction of the particles.

1.4. Focus of this study

The primary focus of this paper is to characterise
the hygroscopic properties of the whole aerosol
size distribution in a boreal forest site. Special
attention is paid to the properties of the newly
formed particles. The comparison between various
data sets as well as model calculations was done,
determining the size resolved soluble fraction. This
quantity is obtained using a number of assump-
tions. The validity of these assumptions is dis-
cussed.

The experimental data of soluble fractions based
on TDMA and CCN counter measurements is
compared with model calculations. These calcula-
tions are done using an independent data set, and
therefore the investigations form a closure study
that can be used for determining both the qual-
ity of the measurements and validity of the
assumptions.

2. Experimental

2.1. Measurement sites

For a more detailed description of the BIOFOR
campaign sites at SMEAR II station see Kulmala
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et al. 2001a). The measurements of hygroscopicity
and CCN properties were performed in 2 loca-
tions: (i) The UF-TDMA was located in the
SMEAR II station and the instrument was placed
in a mobile laboratory. The sampling of air was
done from the height of 67 m (ca. 50 m above the
canopy top). (ii) The H-TDMA and CCN counter
were placed in Tapiola house, some 520 m from
the station. The sampling of air was done within
the canopy at the height of ca. 2 m. The vertical
difference between the 2 sampling points was
ca. 90 m.

2.2. Description of TDM A principle and operation

TDMA is an instrument system that can be
used to study processes leading to changes in
particle size. The instrument characteristics for
both TDMA systems are presented elsewhere
(Hameri et al., 2000; Swietlicki et al., 1999) and
only a short overview is given here. The TDMAs
used in the campaign determine, in-situ, the hygro-
scopic growth of individual aerosol particles in
terms of a change in their diameter when taken
from low relative humidity (RH <5%) to con-
trolled higher RH, nominally 90%. Two types
of TDMA systems were used: UF-TDMA
(University of Helsinki) covering the nucleation
mode and the lower Aitken mode sizes (10-30 nm
dry diameter) and H-TDMA (University of Lund)
covering the nucleation (20 nm), Aitken (35, 50,
73 nm) and accumulation (109, 166, 264, 365 nm)
mode size ranges. The UF-TDMA and H-TDMA
instruments thus had one overlapping particle dry
size (20 nm) which enabled a direct comparison
of independent data sets to be made.

The primary components of the TDMA systems
include a DMAL, an aerosol flow RH conditioner,
DMA2, a DMA2 sheath air RH conditioner, and
a condensation particle counter (CPC, TSI model
3010). DMAT1 is used to select a narrow, quasi-
monodisperse size range out of the full atmo-
spheric aerosol size distribution at low RH. The
humidity of the flow after DMA1 containing
monodisperse aerosol is adjusted to a selected
value in aerosol conditioner. The aerosol condi-
tioner is a Gore tex tube that allows the water
vapour to diffuse into the aerosol flow; the resid-
ence time in the conditioner is only about 0.1 s.
In this study, the aerosol flow humidity was kept
typically 3-5% lower than the humidity of sheath
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air of DMA2. This ensured that no accidental
deliquescence occurred in the aerosol line before
entering DMA2. The nominal value for RH in
DMA?2 was 90%. In addition to that, some scans
with other humidities were undertaken in order
to study the response of the aerosol to changes in
RH. The DMA2 of both the instruments was
actively temperature-controlled. The dew point
temperature of the excess air exitting DMA2 was
continuously measured with a dew point hygro-
meter. The RH inside DMA?2 was calculated using
the dew point temperature and the temperature
on the surface of the DMAZ2. The resulting particle
size was measured with DMA2 and the particles
were detected with a CPC.

The calibrations were performed at regular time
intervals using (NH,),SO, aerosol. These calib-
rations were used to check that the DMA2 RH
was correctly estimated and that the data sets
obtained for both instruments were comparable.
In addition, the calibrations were used in studies
concerning the soluble fraction of the particles.
The soluble (volume) fraction was calculated using
the equation
I/sol gaz —1 (1)
Vlot ggol —1
(Pitchford and McMurry, 1994; Swietlicki et al.,
1999). Here V,,, and V,, are the volume of the
soluble components and total volume of a particle,
correspondingly. The g, is the growth factor of
the ambient particle and g is the growth factor
of a fully soluble particle with the same humid
diameter as the ambient particle. The use of
ammonium sulphate as reference aerosol is essen-
tially based on the assumption that the ambient
aerosol is a mixture of ammonium sulphate and
insoluble material. The ambient aerosol is most
probably a much more complicated mixture of
both soluble and insoluble compounds and this
approach is used mainly in order to compare the
different data sets of this study as well as to
provide data for later (model) use (Kulmala et al.,
2001b). This approach simplifies the aerosol prop-
erties, but is widely used in connection with
TDMA studies.

All flows were checked daily with an electronic
piston-type or bubble flow meter. The measure-
ment routines were different during the 3 campaign
periods. The main focus of this paper was to study
the hygroscopic properties of aerosol particles
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during nucleation events. These events were most
numerous during the Biofor III period (Aalto
et al,, 2001), and the following description refers
to conditions during that period.

2.2.1. UF-TDMA characteristics. The measure-
ments were performed at 3 dry sizes (10, 15 and
20 nm) in order to characterise the particles during
the burst and subsequent growth. The measure-
ments were performed at nominal RH =90%.
Each particle size took ca. 10 min to measure and
the whole cycle was measured every 30 min. In
addition, the dry diameter and (NH,),SO, calib-
ration was done each day during the campaign.

The primary parameters obtained from
UF-TDMA data reduction processes were: (i) the
diameter growth factor (GF) for each hygroscopic
mode and (ii) the relative fraction of particles in
the growth modes. The error of the growth factor
is estimated to be +0.05 in relative units. The
inaccuracy comes mostly in uncertainties of the
true values of the DMA flows as well as from
temperature and RH fluctuations inside the
DMAZ2.

2.2.2. H-TDMA characteristics. The standard
measurement routine of the H-TDMA was that
the growth factors were determined at RH = 90%,
while every 6th hour, the growth factors at 50 and
166 nm were also measured at RH = 70% for the
duration of one full hour. During days with new
particle formation, the 70% scanning was disabled.
Occasionally, RH scanning at 50 and 166 nm dry
sizes was performed from RH=60% to RH =
90% in steps of 5%. One DMA2 scan at a given
particle dry size took about 5-10 minutes to
complete and a full series of scans lasted about
50 min.

The primary parameters measured by the
H-TDMA and estimated by the data inversion
routine for each group of particles showing similar
hygroscopic growth are: (i) arithmetic mean dia-
meter growth factor; (ii) diameter growth disper-
sion factor, and; (iii) number fraction of particles
in each hygroscopic particle group.

The error in measured growth factor by the
H-TDMA is estimated to be +3% or +0.05
relative units for a growth factor of 1.8. This is a
result of humidity fluctuations and humidity gradi-
ents in DMA?2 and errors in modal values from
counting and curve fitting uncertainty. The small-

K. HAMERI ET AL.

est detectable number fraction of an externally
mixed hygroscopic particle group is about 5%,
for the case when the growth factor peaks are well
separated.

2.2.3. Growth factor correction. During the
operation of the TDMA systems, effort was taken
to ensure stability of the system. Main attention
was paid to temperature stability of the instru-
ments. The evaluation of the data showed that the
conditions were stable most of the time and RH
stayed close to the nominal value. In order to
make an intercomparison between different data
sets, all the accepted data were calculated to
correspond to the nominal RH =90% value.

The correction of hygroscopic growth factors
was made assuming an ammonium sulphate sol-
uble particle fraction. All the data used in this
calculation was quality controlled and only data
with an RH between 88% and 92% were accepted.
The correction made is therefore relatively small
and depends only slightly on the assumption of
ionic compound. The decision to use ammonium
sulhate as the soluble part was estimated to make
a maximum error of 1% compared with using
other major inorganic salts.

The thermodynamic data needed for the growth
factor correction were water activity and density
of the solution droplet. These quantities are meas-
ured using an electrodynamic balance and are
reported in the literature (Tang and Munkelwitz,
1994). The surface tension was taken from para-
meterisation by Korhonen et al. (1998).

The main idea of the growth factor correction
was presented by Swietlicki et al. (2000). In sum-
mary, first the soluble fraction of the particle was
calculated assuming the particle consisting of
ammonium sulphate salt and additional insoluble
mass. Once this quantity was obtained, the growth
factor of this composition was calculated for nom-
inal RH =90%. The growth factor for nucleation
mode particles at 90% RH was scaled to agree
with more precise calibrations made under labor-
atory conditions. This is essential, since the theor-
etical calculation are made for particle sizes when
the Kelvin correction is negligible (Hdmeri et al.,
2000).

2.3. Principle of CCNC operation

The CCN counter is a thermal gradient diffusion
cloud chamber with horizontal flow direction and
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vertical parallel walls (Aalto and Kulmala, 2000).
Typical supersaturations used with the chamber
are between 0.2 and 1.0%. Total flow rate through
the chamber is 3 LPM and the aerosol flow rate
0.5 LPM. Droplets that are formed inside the
chamber are counted from outside the chamber,
with an optical particle counter (Climet 7300).
Droplets larger than 1 pm are considered to be
activated as we focus on a study of the dry
diameters of 50 nm and 73 nm. The whole meas-
urement system contains an ordinary DMPS-
system (differential mobility particle sizer), includ-
ing particle neutraliser, Hauke-type differential
mobility analyser (DMA) and particle (CN) coun-
ter (CPC, TSI model 3010). The CCN counter is
used in parallel with the particle counter. The
instrument is calibrated using ammonium
sulphate aerosol.

The CCN counter can be used with different
configurations. In all configurations, atmospheric
aerosol is sampled with constant flow rate, one
monodisperse size fraction is selected from the
total sample with the DMA, and the concentration
of this fraction (CN) is measured with a particle
counter. The same sample is fed into the CCN
counter where water supersaturation is between
0.2 and 1.0%. The supersaturation can be selected
to be any value between these limits. A fraction
of the aerosol sample grows inside the chamber.
Concentration of this activated fraction (CCN) is
measured with an optical particle counter. This
concentration is compared against total particle
concentration, and using the calibration, the ratio
CCN/CN is calculated. This is the primary data
of the device.

In principle, the chamber should work, so that
when the particle diameter is below the critical
diameter, the particles are not activated, and after
the critical diameter, all the particles are activated
and detected. Because of mixing and particle
deposition inside the chamber, the CCN/CN ratio
increases smoothly as a function of particle size
and does not reach unity for large particles.
Detection efficiency for large particles is typically
around 40%. Estimations for the measurement
errors can be made with the calibrations done
during the campaign. During the measurement
campaign, the instrument was calibrated once a
day. Typical variation in the critical diameter
during the campaign was +10% and in maximum
CCN/CN-ratio +20%. Variation especially in the
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CCN/CN-ratio is considered large and the
unstable ambient aerosol concentration makes the
situation even worse. High error estimates in
critical diameters also leads to high errors
in calculated soluble fractions. We have estimated
that the error of the soluble fraction determination
is +20%.

During the BIOFOR III period, the system was
operated so that 3 particle diameters were selected
(50, 73 and 109 nm) and 5 supersaturations
between 0.3 and 0.8% were scanned. The
CCN/CN ratio was calculated for all 3 particle
diameters with given supersaturation. A soluble
fraction was calculated assuming that all the sol-
uble material is ammonium sulphate as in calib-
ration. Critical supersaturations were determined
both from calibrations and ambient measurements
for 50- and 73-nm particles. Soluble fractions were
calculated using the equation:

&¢=(InS,/In S,) (2)

(Aalto and Kulmala, 2000), where S, and S, are
critical supersaturations for calibration aerosol
and ambient aerosol. The use of ammonium
sulphate as the reference aerosol has the same
problems as in the case of TDMA measurements.
However, bearing this limitation in mind, the
soluble fractions presented should not be taken as
absolute values, but rather as a way to make a
comparison, and further analysis possible.

2.4. Coarse mode investigations

The coarse mode particle (between 1-15 pum
diameter) response in relative humidity was
studied using 2 instruments, a TSI aerodynamic
particle sizer (APS) and a PMS classical scattering
spectrometer probe (CSASP). The CSASP probe
samples wet-ambient particles in situ and thus
provides measurements of ambient hydrated aero-
sol size distributions as a function of ambient
relative humidity. By comparison, the APS
samples dry-size distributions and are con-
sequently independent of relative humidity.
Comparison of both spectra leads to the ability
to derive growth factors for the coarse mode (Liu
et al.,, 1996). This information completes the ana-
lysis of the growth factors as a function of dry
particle size. However, the growth factors derived
using this method cannot separate the various
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growth modes, but give instead one average value
characterising the size class.

To determine the growth factors for the coarse
particles, we used the dn/dlogr spectra of the
APS probe (which are considered to be completely
dry) with the spectra of the CSASP probe, sampled
in-situ at a high flow rate, hence at ambient
conditions. Over almost the complete campaign,
the CSASP-spectrum is shifted towards larger
particle sizes, especially at high humidity condi-
tions. We therefore tried to match both spectra at
an interval of 10 min by shifting each channel of
the APS spectra until it matched a number of the
CSASP spectrum. The growth factor calculated
by this intercomparison is for the ambient relative
humidity and has to be normalised to 90% relative
humidity in order to compare it with the growth
factors derived from the H-TDMA measurements.
We used a rather simple approach by solving the
GERBER equation for the most varying constant
(Gerber, 1988). Inserting this constant in the
GERBER equation with a relative humidity of
90% allows us to then calculate the growth factor
for each channel of the APS spectrum.

3. Detailed model for the calculation of
growth factors

In this study, the water soluble mass fractions
of the aerosol particles are usually determined
from the measured growth factors by a method
which assumes ammonium sulfate to be the only
hygroscopic compound. However, for the
BIOFOR campaigns, the aerosol chemical com-
position is known in more detail. For the impactor
samples, the ionic concentrations have been deter-
mined by ion chromatography (Mikeld et al.,
2001). Therefore, also a more detailed growth
model based on the theory of Hénel (1976, 1984)
was used to calculate the water soluble mass
fractions. In the following section, this model will
be described in brief.

The model is applicable to particles of mixed
composition including a variety of electrolytes. It
uses a mixing rule, which is based on the osmotic
coefficient ¢; as a correction factor for concen-
trated solutions. In equilibrium, the relative
humidity RH above the droplet surface is equal
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to the ambient relative humidity. RH is given by

Po ViMs;
RH 20 Pw wzi:¢l Mg;my (3)
=e — N
AR T (o — 1

with M, molecular weight of water, M; molecular
weight of electrolyte i, R,, specific gas constant of
water, T absolute temperature, m, total dry mass,
mg; partial mass of electrolyte i, r radius of wet
particle, r, equivalent radius of dry particle, v;
number of ions in electrolyte i, p, density of dry
particulate material, p,, density of water, and o
surface tension. The first term describes the curva-
ture correction of the humidity above the particle
surface due to the Kelvin effect, the second term
the water activity a,,. The osmotic coefficient ¢;
of the electrolyte i is a function of the water
activity and is approximated by empirical func-
tions

¢ =a+bay+ca+dad +eexp[ f(1 —ay)E],
(4)

with a, b, ¢, d, e, f and g compound-specific
constants. They have been obtained by regression
from various measurement data. The particle
radius r at the relative humidity RH is calculated
from eq. (3) by iteration. The growth factor then
corresponds to the ratio r/r,. Currently, the model
describes 303 salts and acids; however, 127 of
them are practically water insoluble as they have
a deliquescence humidity above 99%. In cases
where the temperature dependence is known, the
deliquescence humidity is described as a function
of the temperature.

From the ion chromatography analysis of the
impactor samples, the concentrations of ions are
known. For the application of eq.(3), the ions
have to be apportioned to salts and acids. This is
done according to the deliquescence humidity of
the compounds. The ions are apportioned first to
compounds with low solubility and high deliques-
cence humidities, e.g., calcium sulphate. The
remaining ions are apportioned then to other
compounds in order of decreasing deliquescence
humidity. This procedure simulates an evaporat-
ing drop (Seidl and Dlugi, 1991).

The water-soluble mass fractions are obtained
by adding additional water insoluble material to
the concentrations of the ions, i.e., by increasing
my in eq.(3). This is done, until the calculated

Tellus 53B (2001), 4



AEROSOL PARTICLES IN BOREAL FORESTS

ratio r/r, is equal to the measured growth factor.
The water soluble mass fractions calculated in this
way are compared to those obtained by the
method using ammonium sulphate as only hygro-
scopic compound. In Subsection 4.5, some results
for the measurement campaign BIOFOR III are
presented.

4. Results

The hygroscopic and CCN properties of aerosol
particles had different behaviours in different size
classes. In this Section, we present the character-
istic data obtained using different instruments, and
the various methods determining the soluble frac-
tion of the particles is compared. We will focus on
the BIOFOR III campaign, Spring 1999. During
that period, most of the nucleation events were
detected. In addition, the instrumentation was
more complete during that period, and the per-
formance of the instruments was slightly different
from the previous campaigns.

The result that is commonly reported in studies
concerning the ambient aerosol hygroscopic beha-
viour is the type of mixing. This can vary from a
completely internal mixture, where all the particles
are similar in chemical composition (and therefore
also hygroscopic properties), to an external mix-
ture, where individual particles differ from each
other in chemical composition. The TDMA
method is capable of proving external mixing
(more than one growth factor detected). It has to
be noted, however, that if only one growth factor
is detected, the aerosol is not necessarily internally
mixed, but also external mixture with similar
growth characteristics is possible. In other meas-
urements reported in the literature (see references
in the introduction section), often between 1 and
4 different hygroscopic growth modes are
observed. The occurence of externally mixed aero-
sol in various size classes during the BIOFOR 111
period is presented in Fig. 1. The frequency of
observations showing externally mixed aerosol is
plotted as a function of particle size. The differ-
ences between various size modes is clearly seen.
One observes that the nucleation mode, which is
strongly influenced by newly formed particles, is
most of the time internally mixed, ie., all the
particles show most of the time the same hygro-
scopic growth factor. The accumulation mode on
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Fig. 1. The frequency of occurrence of externally-mixed
aerosol as a function of particle size, based on the
UF-TDMA and H-TDMA measurements. The discon-
tinuity between 20 nm and 35 nm is most likely explained
by different time periods included in the analysis. While
UF-TDMA data is analysed for the whole period, the
H-TDMA analysis is mostly concentrated in nucleation
periods. Note also that UF-TDMA took the sample ca.
50 m above the canopy top while H-TDMA sampled
within the forest.

the other hand is ca. 90% of the time externally
mixed, having either 2 or 3 growth modes. The
Aitken mode particles are both internally and
externally mixed, depending strongly on the origin
of the air masses.

The properties of aerosol particles in different
hygroscopic growth modes during the periods of
externally mixed aerosol are characterised in the
Table 1. The particle number fractions in the
growth modes are shown together with character-
istic growth factors. The characteristic values for
accumulation and Aitken-mode particles can be
taken as typical for the area, as the aerosol is
most of the time externally mixed. In contrast, as
the nucleation mode is most of the time internally
mixed, the values in Table 1 apply only to a minor
part of the time. The hygroscopic characteristics
of each particle size class are examined in more
detail in the following.

4.1. Nucleation mode particles

The nucleation mode particles were measured
continuously with the UF-TDMA for 3 dry par-
ticle sizes: 10 nm, 15 nm and 20 nm at nominal
90% RH. The measurement cycle from the 67 m
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Table 1. The characteristics of the different hygroscopic growth modes during the periods of externally
mixed aerosol; the results are expressed as average growth factors (particle diameter at RH = 90% divided
by dry particle diameter); external mixing observed refers to number of observations

Dry particle diameter (nm)

Growth at 90% RH 10 15 20 35 50 73 109 166 264
external mixing observed (%) 4.4 14.2 24.5 30.4 40.1 57.8 82.8 91.9 87.3
Less hygroscopic particles
growth factor 1.16 1.15 1.12 1.16 1.15 1.17 1.17 1.15 1.14
(average +1 std) 0.07 0.07 0.06 0.07 0.07 0.07 0.06 0.05 0.07
% of concentration of externally mixed

particles 62.5 61.5 572 39.8 38.7 46.1 53.5 38.3 28.0
Intermediate particles
growth factor — 1.31 1.25 1.22 1.24 1.32 1.36 1.32 1.46
(average +1 std) — 0.07 0.03 0.04 0.07 0.07 0.08 0.06 0.15
% of concentration of externally mixed

particles — 0.9 0.7 1.9 2.1 3.0 1.2 0.5 04
More hygroscopic particles
growth factor 1.35 1.38 1.32 1.36 1.32 1.37 1.46 1.53 1.59
(average +1 std) 0.11 0.14 0.11 0.11 0.11 0.09 0.07 0.05 0.06
% of concentration of externally mixed

particles 375 37.6 42.1 58.3 59.2 50.9 453 61.2 71.6

height was 30 min, i.e., each size was measured
twice per hour. This was thought to be the most
efficient way of determining both the growth factor
of each of the sizes as a function of time and the
growth factor development of the nucleation mode
particle population as they grow to larger sizes.
The 20-nm dry size was additionally measured in
the Tapiola site using the H-TDMA. These meas-
urements were done ca. every 50 min.

During the BIOFOR III period, several nucle-
ation event days were detected, and most of the
results concerning the nucleation burst aerosol are
from this period. The growth factors (and soluble
fractions) during the nucleation days of each of
the dry sizes show a diurnal behaviour. At night
time, GF was lowest, on the average about 1.13
for all sizes, and was highest in the afternoon. The
DMPS data during nucleation days show that
there is usually systematic growth of particles
during the day. Therefore, the growing nucleation
mode appears (and disappears) later for larger
particle sizes. Despite this shift in time of appear-
ance with particle size, the diurnal variation of the
hygroscopic growth factors is nearly identical for
the 10, 15 and 20 nm particles.

It was typical that the growth factor of nucle-

ation mode particles already starts increasing some
hours before the DMPS system observes signific-
ant numbers of nucleation-mode particles. The
actual time when the growth factors start increas-
ing is supposed to vary according to meteor-
ological factors (air mass history, radiation, tem-
perature, boundary layer structure) or chemical
properties of the air mass (diurnal behaviour of
organics, OH, O3, H,O, etc.). The median growth
factors and soluble fractions during the nucleation
event days are plotted in Fig. 2. The median values
are calculated every hour separately for each dry
particle diameter. The dates included in the calcu-
lations are: 30 March, 2, 4, 5, 6, 8, 10, 12, 13, and
14 April. One can see the diurnal behaviour
clearly, with the minimum of the median GFs of
ca. 1.12-1.13 during night time. The maximum
values are obtained between 13:00 and 16:00. Clear
dependence on the particle dry diameter also can
be seen from Fig. 2, the maximum median GF for
20-nm dry size reaching up to ca. 1.28 and for
10 nm dry size 1.26. In Fig. 2, the starting time of
the nucleation event estimated using DMPS and
CPC data for the same dates is also plotted. The
mean time and the earliest and latest observed
values are indicated as vertical lines. It appears
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Fig. 2. The median growth factors and soluble fractions for 10, 15 and 20 nm particles during nucleation event days

(30 March; 2, 4, 5, 6, 8, 10, 12, 13, and 14 April 1999) from the UF-TDMA data (sampled 50 m above the canopy).
Also shown are the mean (solid line) and earliest and latest (dashed line) observed start times of nucleation event

based on CPC and DMPS data.

clear, that the increase (on average) of the growth
factors of all the dry sizes starts well before the
nucleation mode particles are detected. It was seen
that this observation applies not only for the
average data but also for all of the individual
nucleation days separately. Nevertheless, while the
diurnal pattern is typical and can be detected
during all of the nucleation days, differencies
concerning the soluble fraction and the time of
maximum growth are seen for individual days.

As a comparison, the diurnal behaviour was
calculated for the BIOFOR II data set (August
1998). During this period no nucleation bursts
were detected, and also the 20-nm particle soluble
fraction remained low during the whole day
(Fig. 3.). This result is possibly an indication of
differences of condensable gas properties during
and outside nucleation periods. This is difficult to
quantify, but as the environmental conditions
differ between March—April and August (temper-
ature, radiation, etc.), the processes leading to
condensation of (organic) vapours are likely to
differ as well.

The quality of the TDMA measurements is
investigated using simultaneous measurements of
both the instruments. The 20 nm growth factors
were determined with both TDMA setups, and
therefore direct comparison can be made. The
H-TDMA seems to detect values that are system-
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aticly somewhat lower to those from UF-TDMA.
The comparison for the whole BIOFOR III period
is shown as a scatter plot in Fig. 4, where the
growth factors within a 30 min time-window are
plotted against each other. The reason for the
systematically higher values in UF-TDMA might
be either real differences between the aerosol prop-
erties in the 2 sampling sites, or perhaps more
likely some systematic differences in the operation
of the 2 instruments. Unfortunately, the instru-
ments were newer compared side-by-side. We
should mention here that while the UF-TDMA
was measuring clearly within the usual measure-
ment range, the H-TDMA (with, e.g., longer DMA
columns and larger high voltage ranges) was oper-
ating at the very lower limit of the typical measure-
ment range. Both data sets were corrected to
nominal RH =90% and the ammonium sulphate
calibrations both during the field campaign and
in the laboratory were taken as a reference size.
Despite the systematic differences detected, we
could conclude that the differences are well within
the experimental inaccuracy.

4.1.1. Case: 5-6 April 1999. In order to highlight
the features of nucleation event days, a case study
concerning 2 typical nucleation days is presented
here. The weather during 5-6 April 1999 was
characterised with Arctic air masses and the cold
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Fig. 3. The median growth factor and soluble fraction for 20-nm particles during BIOFOR II (August 1998). No

nucleation was observed during this period.
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Fig. 4. The comparison for 20nm growth factors
obtained with 2 TDMA setups during the BIOFOR 111
period (March—April 1999). The growth factors deter-
mined within a 30 min time window are plotted against
each other.

air advection (Nilsson et al, 2001). The back
trajectories originated from Greenland over the
north Atlantic Ocean. This type of weather is
characteristic for nucleation bursts, which were
detected during both days.

The maximum growth factors were obtained
during the noon-afternoon, and even though the
values were rather similar for all the dry sizes (GF
approx. 1.30-1.36) due to the Kelvin correction,
the composition differs remarkably. The calculated
soluble fractions were between 50—-60% (20 nm
particles) and 70-80% (10 nm particles). The min-
imum GFs were obtained night time and corre-

sponded to soluble fractions of ca. 10% (20 nm
particles) and 20-30% (10 nm particles).

In addition to systematic diurnal behaviour of
GF varying between less and more hygroscopic
values, some clearly higher GFs were also
obtained. These growth factors correspond to
soluble fractions that exceed unity and imply that
there are compounds in aerosol particles that are
even more soluble than ammonium-sulphate elec-
trolytes in various degrees of acid neutralisation.
Particles with these high GFs are in earlier studies
typically found in larger particle sizes, and they
are commonly interpreted to originate from sea
spray (Swietlicki et al., 2000). In connection with
forest areas and nucleation mode particles, it seems
unlikely that the particles with high GFs would
originate from sea spray, but that there could
be other sources producing highly soluble
compounds.

The simultaneous measurements for the 20 nm
dry size are presented in Fig. 5. As a main conclu-
sion, the values obtained with the H-TDMA
agreed very well with those measured with the
UF-TDMA for the same dry size, not only on
average but also regarding the temporal variation.
This result is somewhat surprising, considering
that the other instrument was sampling well above
the canopy top and the other one inside the
canopy.

During 5 April, the nucleation starts between
9:00 and 10:00 and the total particle concentration
shows a minimum at ca. 11:00 and increases again.
The same structure is also seen from the growth
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Fig. 5. The growth factors for 20 nm particles during the
case study, 5-6 April 1999, sampled 50 m above the
canopy (UF-TDMA) and within the canopy
(H-TDMA).

factor data, but with a short time lag of ca. 1 h
(Fig. 5). Even if the growth factors of nucleation
mode particles starts increasing before nucleation
is observed, there seems to be a clear connection
in the fine structure of the total concentration and
growth factors. The nucleation always starts before
the particles are detected due to limitations of the
instruments in the smallest particle sizes. This fact
supports the connection between the change in
growth factors and particle concentrations.

During 6 April, the nucleation takes place later,
starting at ca. 12:00. The total particle concentra-
tion increases, levels off and shows a maximum at
ca. 16:00. Once again, the growth factors follow
similar trends with the maximum values within
1h from the concentration maximum. The high
number seems to be well connected with high
solubility of the particles.

4.1.2. RH response of nucleation mode particles.
The response of the nucleation mode particles on
changing RH was studied during a nucleation
event day 19 April 1999. The RH was varied
between 70% and 90%. The particles already
appeared hygroscopic at RH = 70%, showing no
deliquescence. The GF at RH =70% was ca. 1.1.
which excludes the possibility that the soluble
fraction of the particle consists of ammonium
sulphate only. There are basically 2 possibilities:
(i) the soluble component of the particles is a
species that undergoes deliquescence well before
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70% RH. This would be the case, for instance, for
ammonium bisulfate or sulphuric acid. The other
possibility is that (ii) the soluble fraction of the
particles is a mixture of several chemical compon-
ents with combined deliquescence below 70%
(Dick et al., 2000).

4.2. Aitken mode particles

The Aitken mode particles (35, 50 and 73 nm)
were measured with both the H-TDMA and CCN
counters. These instruments we located at the
Tapiola sampling site within the forest canopy,
and thus they were sampling the same aerosol.

4.2.1. H-TDMA. The H-TDMA data imply that
it is essentially the less-hygroscopic particle group
that is linked to particle formation and growth,
not the more-hygroscopic particles. During the
nucleation events, the less-hygroscopic particle
group totally dominates the 35-, 50- and 73-nm
particle concentrations. The less-hygroscopic par-
ticles have growth factors between 1.0—-1.4. This is
much less than the growth factors for particles
consisting of pure ammonium and sulphate salts,
but of the same magnitude as those of many
organic compounds including monoterpene oxida-
tion products (Virkkula et al., 1999).

Similarly to the nucleation mode particles, the
Aitken mode less-hygroscopic growth factors also
exhibit a diurnal pattern during nucleation days
and the diurnal variation of the hygroscopic
growth factors is nearly identical for all the particle
sizes. All these growth factors start increasing at
ca. 06:00, from a low value around 1.1 to 1.2-1.4
at 12:00. Then, the growth factors are relatively
constant until 20:00-21:00, when they decrease
again.

The interpretation of this behaviour is that all
particle sizes (nucleation and Aitken mode) are
affected by condensation of the same vapours. In
this way, particles of larger sizes that were not
formed in the nucleation event but remained as a
background aerosol from previous days, also
increase their volume fraction of the condensate.
The volume fraction of the condensate is expected
to increase less as the particle size increases (Aitken
mode), since the original “core” particle is consid-
erably larger.

4.2.2. CCN counter. The soluble fraction
obtained from the CCN data was always found
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to be quite low. Minimum values found were
around 0.2 and maximum close to 0.4. The data
showed clear diurnal variation in solubility. The
activation efficiency was lower during the daytime
than during the night, indicating the possibility of
occurrence of internally mixed aerosol during the
daytime. The particles start to activate when par-
ticle diameter is around 70 nm.

The soluble mass fraction obtained from CCN
measurements can be compared with those from
H-TDMA data. The lower two particle sizes (50
and 73 nm) were used in comparison. In order to
compare the H-TDMA data showing external
mixture (more than one soluble fraction) with
CCNC data (always only one soluble fraction),
the H-TDMA values were first calculated to con-
centration weighed average values of the soluble
fraction. The largest particle size was shown to
activate efficiently, even in the lowest supersat-
uration, and therefore no activation threshold was
obtained. The comparisons between H-TDMA
and CCN counter results are shown in Fig. 6. The
overall agreement between the 2 independent data
sets seems good, considering the various assump-
tions done for both data sets (e.g., assumption of
particles consisting of ammonium sulphate and
insoluble fraction, assumption that the aerosol is
homogeneous over measurement cycle, and instru-
ment and data analysis characteristics as described
in Section 2.). Not only the average values, but
also the diurnal behaviour is shown to agree well.
As the measurements were not synchronised, we
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used values that were within a 30 min time
window. Even though the amplitude of the diurnal
variation (low values night time, high values day
time) seems smaller for the CCN data than
H-TDMA data, the agreement seems surprisingly
good. This is especially so, when considering that
the soluble fraction was determined in 2 different
RH values: H-TDMA data based on solubility at
RH =90%, and CCN counter data at water super-
saturation. This result is additionally supported
by model calculations (see Subsection 4.5) using
the impactor data. The model calculations show
little difference for the soluble fraction, whether
obtained at RH=90% or at water super-
saturation.

4.3. Accumulation mode particles

The hygroscopic properties of particles in the
accumulation mode size range (about 80 nm or
more in diameter) are likely to be less affected by
the condensation and coagulation processes that
shape the smaller particles. The accumulation
mode particles are more representative of the
regional background aerosol, and are not neces-
sarily of boreal origin. Consequently, the particle
hygroscopic properties were seen to differ clearly
between accumulation mode particle and smaller
particles.

The accumulation mode is characterised by 2
commonly observed growth modes (dry particle
sizes 109, 166, 264 and 365 nm). More hygroscopic
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Fig. 6. The comparisons between soluble fractions obtained from the H-TDMA and CCN counter results during
BIOFOR 1III period. The comparison is made with values within a 30 min time window for 50 nm and 73 nm

dry particles.
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particles with GF ca. 1.6 have been detected during
95% of the measurements and the less hygroscopic
particles GF ca. 1.1 during approximately 85% of
the measurements. Typical examples of data are
shown for the case study period (5-6 April) for
264-nm particles in Fig. 7.

The accumulation mode particle properties are
supposed to be much less affected by the condensa-
tion of vapours than the smaller particle proper-
ties. According to measurements, this hypothesis
is valid. Nevertheless, the diurnal behaviour that
was observed for nucleation and Aitken mode
particles is visible even in accumulation mode
only with much smaller amplitude.

4.4. Coarse mode particles

The coarse mode particle growth factors were
determined comparing simultaneous dry and wet-
ambient size distributions. The growth factors are
derived for periods of moderately high to high
relative humidities (50-100%), through compar-
ison of the wet and dry distributions, since for
lower humidities, there can be little or no difference
between the wet and dry distributions. When the
growth factor is derived for dry to ambient humid-
ity, the growth factor is then normalised to 90%
relative humidity for comparison with TDMA
growth factor measurements.

For comparison with the accumulation mode
growth factors, the largest size data from the
H-TDMA (0.365 um) is compared to 1.8 um
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Fig. 7. The growth factors for 264-nm particles during
5-6 April 1999, from the H-TDMA data set (sampled

within the canopy).
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growth factors derived from the APS/CSASP data
normalised to 90%. For the H-TDMA data, norm-
ally 2 growth factor modes are encountered: a
less-hygroscopic and a more-hygroscopic mode.
The relative contribution of each solubility mode
is weighted, to derive a combined effective growth
factor for comparison with the APS/CSASP data,
since these instruments can not differentiate
between individual growth-factor modes.

Comparison of data for 10 days during the
BIOFOR III campaign, illustrates periods where
the coarse mode exhibits similar growth factors
to the accumulation mode along with periods
where noticeable differences are also encountered.
Fig. 8a illustrates one day (2 April) where very
similar growth factors are encountered in both
modes, with values of approximately 1.6 around
noon, decreasing to approximately 1.1 later in the
evening, and then rising back to 1.5 towards
midnight.

By comparison, significantly different growth
factors between both modes are observed on, e.g.,
13 April. A consistent difference is observed
throughout the day with accumulation mode
growth factors of the order of 1.4-1.6, while
coarse-mode growth factors remain between 1-1.3
(Fig. 8b). It should be noted that some values of
0.9 are observed for the coarse mode, however,
this is an indication of the error in the method
used.

In summary, similar growth factors were enco-
untered approximately 50% of the time (taking
10 days into account) suggesting that coarse-mode
particles possess different hygroscopic properties,
and composition, from accumulation-mode prop-
erties for a significant fraction of the time. When
deviations occur between accumulation-mode and
coarse-mode growth factors, the coarse mode is
always less soluble than the accumulation mode.

4.5. Comparison between measured and modelled
soluble fractions

The soluble fraction was usually calculated from
the experimental growth factor, using the assump-
tion that the soluble part of the particle consisted
of ammonium sulphate salt only. The method
relies on the correctness of this assumption.
Nevertheless, this method is widely used and does
not need any supporting data, though the calib-
ration value for the ammonium sulphate response
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Fig. 8. The coarse mode particle growth factors for 2 example days, 2 April and 30 March, are presented, together
with accumulation mode average growth factor. The coarse-mode growth factor is obtained using simultaneous dry

and ambient size distributions (see text for details).

of the instruments at the conditions where ambient
aerosol, is measured. As the focus of the BIOFOR
campaign is to investigate the formation of new
particles, the analysis here is also presented for
the smallest particle size possible, 20 nm. The
soluble fraction for UF-TDMA 20 nm data set is
presented in Fig. 9 for days 5 and 6 April. These
days overlap the “event impactor sample 2” (sam-
pling dates: 2, 4, 5, 6, 8, 10 April during the event
periods, see also Mékela et al. (2001)).

To check the simplified method, the more
detailed growth model presented in Section 3 was
applied to the ionic concentrations from the “event
impactor sample 2”. The ions analysed are pre-
sented elsewhere in Makel4 et al. (2001). The mass
fractions of the soluble material for the single
growth factor measurements have been estimated
under the assumption that the individual particle
soluble part has the same composition as the
impactor sample (i.e., internal mixture). Here, it
must be emphasised that the time scales of the
impactor-sampling and the growth-factor meas-
urements are different. While the impactor sample
has been taken over 6 days with nucleation events
(only the hours when nucleation mode particles
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Fig. 9. The soluble mass fractions for 20-nm dry par-
ticles, obtained from the model based on ionic composi-
tion of the impactor sample and the assumption of
ammonium sulphate, are compared for the case study
period, 5—6 April 1999. 2 different values based on the
impactor sample are shown. The other value shows the
soluble fraction in RH = 90%, which is directly compar-
able with the TDMA measurements. The other value is
calculated for supersaturated conditions, where nearly
all salts and acids are dissolved, and represents the situ-
ation in cloud formation processes (see text for more
details).
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were present), the growth factor measurements
are integrated over a few minutes only. As the
ionic concentrations vary with time, the composi-
tion of the water soluble material during one
growth factor measurement can differ from the
impactor sample. Based on better information
about the chemical composition than the assump-
tion of pure ammonium sulphate only, nonetheless
also the more detailed growth model gives only
an estimate of the water soluble mass fraction. In
Fig. 9, the soluble mass fractions obtained from
the more detailed model and the assumption of
ammonium sulphate are compared. The soluble
fractions are shown to agree well for both methods
used. In the impactor sample, ammonium bisul-
phate, ammonium sulphate and sodium sulphate
have been the major salts. The soluble fractions
for 90% relative humidity obtained by using the
measured ionic concentration, are shown to be on
average 85% of those based on the assumption of
ammonium sulphate aerosol.

From the composition of the impactor sample
2 values for the soluble mass fractions have been
calculated. The first value is typical for conditions
in cloud water, where nearly all salts and acids
are dissolved. Only calcium sulphate is considered
as insoluble here. Using the concentrations of the
measured ions only, this gives a soluble mass
fraction of 0.975 (the rest is calcium and sulphate
considered as calcium sulphate). Then, insoluble
material (e.g., part of the organic material, soil
dust) is added to match the measured growth
factor. The second value of the soluble mass
fraction is for 90% relative humidity. Here sodium
sulphate, potassium sulphate, magnesium sul-
phate, calcium sulphate and oxalic acid are consid-
ered as not dissolved, as they have higher deliques-
cence humidities than 90%. This decreases the
soluble mass fractions by approximately 25%.

The diurnal cycle of the growth factors can be
explained by varying soluble mass fractions. In
Fig. 9, the particles show a drastic change of their
composition during the day. During noontime,
the soluble mass fraction of the 20 nm particles is
around 50% whereas during the night it is
around 10%.

The diurnal behaviour explained here is based
on the assumption that the relative ionic composi-
tion stays constant over the whole impactor
sample with no time dependent behaviour other
than the absolute concentration. In addition, we
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point out here that the soluble fraction shown in
Fig. 9. is based on the values obtained from the
TDMA measurements. Completely independent
values for the soluble fraction would require the
impactor total mass versus ionic mass data, which
was not available for this study.

5. Discussion

The main finding of the measurements con-
cerning the hygroscopic and CCN properties of
aerosol particles during formation and growth
events in boreal forest sites was the diurnal pattern
of particle growth-factor and solubility. The pat-
tern was strongest for particles in nucleation and
Aitken mode. The lowest growth factors were
detected during late evening and early morning
and the maximum was observed during noon—
afternoon. The highest soluble fractions were
determined for nucleation-mode particles. The
response of hygroscopic growth to changes of
relative humidity suggest that the soluble com-
pounds are either fully soluble or deliquescent well
before 70% RH.

The growth factors started to increase systemat-
ically 2-4h before the nucleation burst was
observed. The increase in growth factors correlates
with both the increase of sulphuric acid and the
day-time oxidation products of organic gases
(Janson et al., 2001). Obviously, the condensable
species were present in air before the new particles
were detected with the DMPS, and the condensa-
tion took place onto the surfaces of the pre-
existing particles of the nucleation mode. However,
it has to be noticed that the aerosol instrumenta-
tion is only capable of determining particle sizes
larger than about 3 nm, and therefore the nucle-
ation happened some time before the number
concentration started to increase.

The origin of the new particles is the main
question related to the observations presented in
this paper. The nucleation and condensation could
be coupled in such a way that the nucleating
vapour also condenses onto the surfaces of the
pre-existing aerosol particles, or there could be
different vapours responsible for the nucleation
and condensation. The key species could be emit-
ted from the forest and therefore have biogenic
origin, or they may be transported with the air
masses to the measurement site. Most likely, both
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sources are important in the process of particle
formation and growth.

The most discussed compounds in the literature
are sulphuric acid and monoterpene oxidation
products. The sulphuric acid is probably the most
traditional candidate for nucleating species.
Recently, Korhonen et al. (1999) studied the tern-
ary nucleation of sulphuric acid—water—-ammonia.
The sulphuric acid concentrations during a nucle-
ation burst are high enough for ternary homogen-
eous nucleation to take place (Kulmala et al.,
2001a). Similar conclusion is presented by Janson
et al. (2001), based on their SO, measurements
during the campaigns. However, as they point out,
the sulphuric acid concentrations are not high
enough to explain the growth of particles to
observable sizes. Janson et al. (2001) also present
the source term for sulphuric acid, which has a
similar daily pattern that we observe for the
hygroscopic growth factors, supporting the idea
that ternary nucleation is followed by (multicom-
ponent) condensation including sulphuric acid.

Another compound worth mentioning 1is
dimethylamine (Mékel4 et al., 2001). It is a volatile
organic base which behaves much like atmospheric
ammonia. The dimethylamine was observed in the
particulate phase only during particle formation
event days. This observation also supports the
hypothesis that nucleation is caused by sulphuric
acid, possibly with ammonia and/or dimethyl-
amine as neutralising compound.

The role of monoterpenes and their oxidation
products is clearly much more complicated. The
monoterpenes had higher concentrations during
August (no nucleation) compared with March—
April, when the nucleation events were observed
(Janson et al., 2001). In addition, the concentration
had maximum during the night time. However,
the temperatures at the onset of the nucleation
events were typically between —3 and +7°C,
which are relatively low temperatures, indicating
that even though the monoterpene emissions were
also relatively low, the nucleation and condensa-
tion of the monoterpene oxidation products were
favored. After careful examination of the monoter-
pene emissions, concentrations or oxidation-prod-
uct source terms, Janson et al. (2001) concluded
that there is no indication that the monoterpenes
were connected to the nucleation events.

Even if the monoterpenes were not responsible
for the nucleation itself, the concentrations were
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high enough to cause significant condensation of
the monoterpene oxidation products (Janson et al.,
2001). As the monoterpenes are in general oxidized
by various compounds (OH radical, ozone, nitrate
radical) which dominate during different times of
a day, the oxidation process (as well as concentra-
tions) has probably a diurnal pattern. This is also
noticed by Leaitch et al. (1999), who concluded
that a significant mass of fine aerosol during a
particle formation event in a forest was associated
with variations in isoprene and products from the
oxidation of o- and f-pinene. The monoterpene
oxidation products probably became more soluble
before and during the start of the nucleation event
due to oxidation by OH radical (Saxena and
Hildemann, 1996), coinciding with the increase of
sulphuric acid source term. As a matter of fact,
the behaviour of growth factor was seen to follow
the diurnal pattern even during several days with
no clear nucleation detected (e.g., 24 and 29 March;
3, 18, 20 and 21 April), indicating that the total
of condensable species (e.g., organics, sulphuric
acid) had a diurnal pattern independent of nucle-
ation phenomenon. Janson et al. (2001) also dis-
cussed other factors that connect the diurnal
pattern of growth factors with the observations of
the precursor gases.

The rapid decrease of the growth factor during
the late afternoon, which was the case despite that
the nucleation mode particles were present in
continuous manner, cannot be explained quantit-
atively using the available data. Based on the
results of Janson et al. (2001) and Maikeld et al.
(2001), it is possible that organic compounds are
involved in the process, as the decrease of growth
factor correlates with the source term of the
monoterpene oxidation products, by nitrate rad-
ical and ozone. However, this speculation needs
to be verified in future investigations.

6. Summary and conclusions

This study presents the hygroscopic and CCN
properties of the whole size distribution during
the BIOFOR campaigns in the boreal forest. The
main finding was the diurnal pattern of particle
growth factor and solubility. The pattern was
strongest for particles in the nucleation and Aitken
modes. The lowest growth factors were detected

Tellus 53B (2001), 4



AEROSOL PARTICLES IN BOREAL FORESTS

during the night-time and early morning, and the
maximum was observed during noon—afternoon.

The accumulation mode in a boreal forest site
is characterised by 2 commonly observed growth
modes. More hygroscopic particles with GF ca.
1.6 have been detected during 95% of the measure-
ments and the less hygroscopic particles GF ca.
1.1, approximately during 85% of the measure-
ments. The diurnal behaviour that was observed
for nucleation and Aitken mode particles is also
visible in the accumulation mode only with a
much smaller amplitude.

Differences between wet and dry spectra meas-
ured using APS and CSASP spectrometer probes
were used to derive growth factors for coarse
mode particle sizes. Growth factors for coarse
mode particles ranged between 1.0 and 1.6. There
is no specific reason to expect the coarse mode
particle properties to be connected with those of
particles in other size modes. Nevertheless, agree-
ment between the evolution of growth factors with
time for accumulation and coarse modes was
regularly observed. However, similar portions of
the data set also indicated clear differences, and
consequently different chemical compositions
between the modes. When these clear differences
between both modes were observed, the coarse
mode always behaved in a less hygroscopic
manner with growth factors near one.
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The data obtained was used in analysis,
focussing on the role of monoterpene emissions as
well as other condensable species in the particle
formation events. The hygroscopic growth factors
as an indicator of chemical composition, show
clearly that there is a strong diurnal cycle during
event days. This variation can also be seen at non-
event days. At the studied days, the variation is
correlated with the gas-phase concentrations of
inorganic and organic components. Qualitatively,
the soluble fraction seems to correlate with the
presence of sulphuric acid and monoterpene oxida-
tion products. However, the sulphuric acid concen-
trations appear too low to explain the main part
of the hygroscopic growth. A deeper understand-
ing of both nucleation and condensation growth
processes can most likely be gained when these
observations are compared with the predictions
from an aerosol dynamics model.
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