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A size-segregated chemical composition of atmospheric aerosols was investigated in
May 2004 at the SMEAR 1I station, southern Finland. Aerosols were collected using
two 12-stage low pressure impactors (SDI) and two virtual impactors (VI). The sam-
ples were analyzed for mass, inorganic ions and organic (OC) and elemental carbon
(EC). By comparing the gravimetric mass and the results from the chemical analyses,
a chemical mass closure was constructed. In addition to the impactors an Electri-
cal Low Pressure Impactor (ELPI), Differential Mobility Particle Sizer (DMPS) and
Aerodynamic Particle Sizer (APS) were used to measure the mass size distribution
continuously. The chemical composition of fine particles (particle diameter < 1 ym)
was very similar over the whole measurement campaign with 40% of mass composed
of ammonium sulfate, 35% of OC and 5% of EC. In the submicron range the chemical
mass closure of the collected samples was reached within a few percent on average.
The chemical mass to gravimetric mass ratio was 0.98 + 0.10 and 1.05 + 0.13 (average
+ S.D.) for the VI and SDI, respectively. Also, quite a good agreement was obtained
between the mass size distributions measured with the ELPI and that measured with
the DMPS-APS combination. When the total mass concentration of the fine particles
was calculated, the mass concentration of the ELPI was found to be larger than that of
the SDI and VI (ELPI/VI ratio 1.11 + 0.13). This may be due to the semivolatile com-
ponents lost in impactors. For the SDI and DMPS-APS the concentration of the fine
particles was smaller than that of the VI with the SDI/VI and DMPS-APS/VI ratios of
0.70 £ 0.11 and 0.92 + 0.08, respectively. For the DMPS and APS the mass concentra-
tion was calculated from the number concentration by estimating the particle density.
The particle density was assessed in two ways; from the chemical composition of the
particles (composite density) and by comparing the mass obtained from the DMPS-
APS combination with the VI mass concentration (gravimetric density). The densities
obtained for fine particles were 1.49 + 0.03 and 1.66 = 0.13 g cm™ for the composite

and gravimetric density, respectively.
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Introduction

Quantifying the climate and other effects of
atmospheric aerosols is not possible without
detailed information on the aerosol chemical
composition as a function of the size. Over the
years, a number of efforts have been made to
determine the chemical composition of atmo-
spheric aerosols and to achieve a mass closure
on the chemical species for the whole mass of
aerosols collected at a variety of urban and rural
sites (Chow et al. 1994, Putaud et al. 2000, Pux-
baum et al. 2000, Salma et al. 2001, Lonati et
al. 2005). However, in most of the studies only
fine and coarse particles have been analyzed
separately. Few studies have been focused on a
more detailed size-resolved mass closure (eg.
Nuesiif3 et al. 2000, Matta et al. 2003, Sellegri et
al. 2003, Putaud et al. 2004).

Until recently, the elucidation of the organic
fraction of the aerosol has been the most difficult
task in achieving the chemical mass closure. The
inorganic and elemental fractions of the particle
mass have been characterized well, while little
is known about the composition of the organic
fraction. Organic matter (OM) can constitute up
to 70% of the fine aerosol mass (Tolocka et al.
2001), but only 10%—40% of it can be usually
attributed to specific compounds (Rogge et al.
1993, Fraser et al. 2002, Radzi Bin Abas et al.
2004).

In this work the mass closure was stud-
ied from two perspectives. Firstly, a chemical
mass closure was constructed for size-segre-
gated impactor samples by extensive chemical
analyses, in which ions were measured with
ion chromatography and organic carbon (OC)
and elemental carbon (EC) with thermal-optical
transmission (TOT) method. Secondly, a clo-
sure between several instruments was studied by
comparing the mass concentrations of the impac-
tors to those based on the instruments measuring
aerosol size distributions continuously. In case
of the continuous measurements, the size-seg-
regated mass was obtained from the instrument
basic data using the algorithm provided by the
manufacturer (Electrical Low Pressure Impac-
tor, ELPI) or calculated from the number size
distribution (Differential Mobility Particle Sizer,
DMPS and Aerodynamic Particle Sizer, APS).
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Aerosol measurements were carried out at
the SMEAR 1I station in Hyytidld, Finland, in
May 2004. Hyytidld is known as a site where
particle growth events have been observed and
studied extensively (Mikeld et al. 1997, Kul-
mala et al. 2001). During the measurement
period considered here, several nucleation events
were detected. This enabled a comparison of the
chemical composition of the nucleation event
samples to the non-event samples. The focus of
this study was mainly on the fine size range (par-
ticle diameter < 1 ym), and data on coarse par-
ticles present only supplementary information.

Materials and methods
Description of the site and instruments

The aerosol measurements were made in Hyy-
tidld (61°51°N, 24°17°E, 181 m a.s.l.) at the
SMEAR 1I station between 7 and 31 May 2004.
The field station is located in the boreal forest
and represents background area of southern Fin-
land. The measurement site is discussed in detail
in Kulmala ez al. (2001). Briefly, the field station
is dedicated to studies on the relationship of
atmosphere and forest in boreal climate zone. At
the SMEAR 1I station continuous gas and parti-
cle measurements as well as intensive campaigns
are performed.

During the field measurements of this study
the mass concentrations were very small. There-
fore, to get enough mass for the impactor sam-
ples, a sampling period of two days was chosen.
The number of two-day samplings was eight, in
addition to which one three-day and one five-day
sampling was performed. The aerosol samples
were collected using two Small Deposit area low
pressure Impactors (SDI) and two virtual impac-
tors (VI) in parallel. The SDI and the VI have
been described in detail elsewhere (Maenhaut et
al. 1996, Loo and Cork 1988). In short, the SDI
is a 12-stage, low-pressure, multinozzle inertial
impactor that operates at a flow rate of 11 I min™'.
The nozzles of the impactor stages are spaced
closely together so that the diameter of aerosol
deposition area remains smaller than 8 mm for
each stage. The aerodynamic cutoff diameters of
the stages are 0.045, 0.088, 0.142, 0.235, 0.380,
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0.580, 0.800, 1.06, 1.61, 2.60, 4.07 and 8.40
pm. The VI is a modified version of the original
design of Loo and Cork (1988), which divides
particles into two size fractions using 2.5 ym
cut-off diameter. The modified VI used in this
work divides particles into two size fractions:
fine (particle aerodynamic diameter D, < 1.3
pm) and coarse particles (1.3 ym <D, < 10 pm).
The lower cut-off diameter of the VI enables
more accurate comparison of the aerosol mass
concentration with the instruments measuring
the submicron fraction only (Putaud et al. 2000).
The flow rate of the VI is 16.7 l min'.

One SDI and VI, termed here Al-SDI and
T-VI, were used to collect particles for mass and
ion analyses. For this purpose, either Apiezon L
-greased aluminum substrates (Al-SDI) or Teflon
filters (T-VI) (Millipore Fluoropore; pore size
3.0 um; diameter 47 mm) were used. The other
SDI and VI (Q-SDI and Q-VI) were used to col-
lect OC and EC on quartz fiber filters (Whatman
QMA, diameter 47 mm). In the Q-VI, a second
quartz filter (back-up filter) was placed behind
the first one to collect the particulate material
evaporated from the front filter.

Quartz material is very porous and the sur-
face of the filter is rough. When porous sub-
strates are used in cascade impactors (the SDI in
this study), the shape of the collection efficiency
curves changes and the cut-points shift (Sillan-
pid et al. 2003, Marjamiki and Keskinen 2004).
Therefore, the behavior of the quartz substrates
in the cascade impactors needs to be studied in
more detail before reliable carbonaceous matter
size distributions are obtained. In this study,
however, because the new calibration is not yet
available the quartz substrates were assumed to
behave similarly to the non-porous and flat sub-
strates in order to construct the chemical mass
closure.

In addition to aerosol particles, quartz material
collects an unknown fraction of gaseous organic
compounds (Turpin et al. 2000). To reduce this
positive artifact, gas-phase organic compounds
were removed from the air stream before the Q-
SDI and Q-VI with three multi-annular denuders
(URG-2000, 30 x 242 mm, Chapel Hill, NC).
The denuders were coated with XAD-4 (poly-
styrene-divinylbenzene) adsorbent according to
Gundel et al. (1995). The denuders were changed
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every day to avoid the overloading. After use the
collected gas-phase compounds were extracted
from the adsorbent with acetonitrile and hexane.
The extract of the denuders was not analyzed in
this work. The denuders were recoated after ten
days of use.

The physical characterization of aerosols was
performed with a DMPS, APS and ELPI. The
DMPS system consisted of two parallel DMPS
devices: one classifying particles between 3 and
10 nm and the other between 10 and 500 nm
(mobility diameter). Both instruments used a
Hauke-type differential mobility analyzer (DMA)
(Winklmayr et al. 1991) and a closed loop sheath
flow arrangement (Jokinen and Mikeld 1997).
The CPCs used were TSI Model 3025 and TSI
Model 3010, respectively. For larger particles
the APS (TSI Model 3320) was used. The APS
measured the number size distribution from 0.5
pm to 20 ym (aerodynamic diameter). The size
range of the ELPI (Outdoor Air ELPI, manu-
factured by Dekati Ltd., Tampere, Finland) was
from 29 nm to 10 ym (aerodynamic diameter).
In this work, however, the size range of the ELPI
was extended to particles below 29 nm by adding
an electrical filter stage (ELA 650). Prior to the
ELPI, there was a conditioning unit (The Dekati
Ambient Sampler, DAS 3100) where sample
aerosol was first heated up to 30 °C and then led
through a Nafion drier. The ELPI was used only
in an electrical mode, so that the impactor sub-
strates were analyzed neither gravimetrically nor
chemically. The time resolution of the ELPI and
APS was one second and one minute, respec-
tively, but the data were averaged over ten min-
utes to make the data handling easier. The time
resolution of the DMPS was ten minutes.

Sample handling, weighing and chemical
analyses

The AI-SDI and the T-VI samples were pre-
and post-weighed using a Mettler microbalance
(MTS5, Mettler-Toledo Inc. Hightstown, NJ). The
readability of the balance was 1 pg, precision
+4 pug corresponding to PM, mass concentration
uncertainty of +0.32 and +0.09 g m= for SDI
and VI, respectively. After the weighing, the
samples were stored in a refrigerator in plastic
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test tubes (Al-SDI samples) or Petrislides (T-VI
samples).

The Al-SDI and T-VI samples were analyzed
chemically for water-soluble ions. First, the sam-
ples were wetted with 0.5 ml of methanol and 4.5
ml of deionized water (Millipore Alpha-Q, resis-
tance 18.2Q) was added. The test tubes were then
rotated for ten minutes, after which the anions
and cations were analyzed simultaneously using
two Dionex-500 ion chromatography systems.
An AS11 analytical column with an AG11 guard
column was used for anions and a CS12A analyti-
cal column with a CG12A guard column was used
for cations. Chemical suppression with sulfuric
acid and an electrochemical suppression were
used for anions and cations, respectively. The elu-
ents were 2.5-29 mM NaOH solution for anions
(gradient) and 20 mM methanesulfonic acid for
cations (isogratic elution). Injection of the sam-
ples was done manually using either a 1000-ul
loop (anions) or a 300-x1 loop (cations). The ana-
lyzed ions were Na*, NH *, K*, Mg*, Ca**, SO*,
NO;, CI, methanesulfonate (MSA") and oxalate
(Ox*). The uncertainty of ion analyses was esti-
mated to be 5%—10% (Teinili et al. 2000).

The Q-SDI and Q-VI samples were stored
in a refrigerator after the sampling and ana-
lyzed for OC and EC with the thermal-optical
transmission method using a carbon analyser
developed by Sunset Laboratory Inc., Oregon. A
1.5-cm? sample piece was punched from the VI
sample, while the SDI samples were analyzed
as a whole. The thermal method used in this
study was similar to the method of Viidanoja et
al. (2002). In short, the thermal method had two
distinct phases to differentiate between OC and
EC. During the first phase the sample was kept in
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helium atmosphere and heated in four steps; 310,
480, 615 and 800 °C. In the original method the
last step was 900 °C, but in this study the tem-
perature was reduced to 800 °C in order to avoid
the evolution of EC in the first phase. In the
helium phase volatile organic compounds were
measured. The second phase, the oxygen phase,
had four consecutive temperature steps as well
(675, 750, 825 and 920 °C). In the oxygen phase
EC and pyrolysed OC were determined.

In the SDI, particles are impacted into 1-50
deposits depending on the impactor stage. Since
the SDI sample is unhomogeneous, the opti-
cal pyrolysis correction of the instrument is not
valid for the SDI samples. Here pyrolytic OC
in the Q-SDI samples was calculated with the
help of measured pyrolytic OC in the parallel VI
samples (Viidanoja et al. 2002). Due to the small
OC and EC concentrations the uncertainties in
the OC and EC analyses were estimated to be 15
and 40%, respectively, in this study. The instru-
ments used and the analyses performed for the
impactor samples are listed in Table 1.

Other measurements and data
processing

Temperature, relative humidity, wind speed and
wind direction data were recorded at the SMEAR
II station. The meteorological data were averaged
to thirty minutes which was sufficient for the
sampling period of two days or more. In order to
identify the origin and the transport routes of the
measured air masses, 120-hour backward trajec-
tories were calculated for every sampling period
(FLEXTRA, Stohl and Wotawa 1995).

Table 1. The instruments, size ranges, number of channels/stages, time resolutions and analyses in the field cam-

paign in Hyytiala.

Instrument Size range Number of channels/stages Time resolution Analyses
DMPS 0.003-0.5 pma 32 10 min

APS 0.5-20 pmP 52 1 min

ELPI < 0.029-10 pmP 12 1 sec

Al-SDI 0.045-10 pm® 12 2 days mass, ions
Q-SDI 0.045-10 pm® 12 2 days OC, EC
T-VI <10 pymP 2 2 days mass, ions
Q-VI <10 pymP 2 2 days OC, EC

2 electrical mobility diameter, ® aerodynamic diameter.



BOREAL ENV. RES. Vol. 10 -

The SDI, VI, APS and ELPI measured the
aerodynamic particle diameter (D)), while the
DMPS measured the electrical mobility diameter
(D,). The relation between these two quantities is
(Hinds 1999):

Da _(CL (Dh)]lﬂ (&J“Z

p, \c.(p)) \p)"

where C (D) is a slip correction factor for a
particle of diameter D, p, is the unit density (1 g
cm™) and P, is the particle density.

The DMPS and the APS measured the par-
ticle number size distribution n(D,) which was
transformed to particle mass size distribution
n,(D,) using the following equation (Seinfeld
and Pandis 1998):

/4
ny(D,)=p, EDb (D,)’'ny(D,).
Here n (D)) is given in units cm™ and n,(D,) in
units gg m=.
Results and discussion

General features of the measurement
campaign

Meteorological parameters and the concentra-
tions of mass and major components in the fine
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fraction (PM)) are given separately for each sam-
pling period in Table 2. The concentrations were
measured with the VI. In two samplings (11-16
May 2004 and 28-31 May 2004), OC and EC
were not analyzed due to the absence of the
denuders in the sampling line. In the beginning
of the measurement campaign the air masses
came from the south-east and the concentrations
were remarkably large. During the second sam-
pling period the air masses originated first from
the east and after that from the north-east, and
the concentrations were significantly smaller as
compared with those during the first sampling.
After these two periods less polluted air originat-
ing from the North Atlantic and Arctic Ocean
was encountered.

During the measurement campaign, the fine
particle mass concentration ranged from 1.1 to
16.1 ug m™ (Table 2). Even when the air masses
came from different areas and the mass con-
centrations varied significantly, the chemical
composition of fine particles was quite similar
over the whole campaign. The most prominent
components in fine particles were OC, sulfate,
ammonium and EC. On average, 30% of the fine
particle mass was comprised of sulfate, 35% of
OC, 9% of ammonium, 5% of EC and 2% of
MSA. For all the other analyzed components
the individual contribution to fine particles was
smaller than 1%. The mass ratio of ammonium
to non-sea salt sulfate, calculated from the mea-
sured sulfate, sodium and standard sea water

Table 2. Temperature, relative humidity and wind speed (average + S.D.), prevailing wind direction and PM, con-

centrations for mass, ions, OC and EC.

Measurement period

Weather parameters

PM, concentrations (VI) uyg m=

T (°C) RH (%) Wind speed Mass SO~ NH,* oC EC
(m s7") and direction
7-9 May 2004 17.4 £ 3.7 48+16 1.6 £0.7 east 16.1 4.56 1.63 5.06 0.52
9-11 May 2004 8.7+6.3 71+16 2.5%0.4 north 6.31 1.94 0.67 2.11 0.16
11-16 May 2004 3.7+25 57+20 1.9+0.7 north 2.36 0.96 0.06 — —
16—-18 May 2004 71+3.4 47 £15 2.6 £0.8 west 2.41 0.75 0.27 0.73 0.10
18—20 May 2004 6.3+24 81 +13 2.6 £ 0.8 south-west 1.78 0.47 0.16 0.92 0.10
20-22 May 2004 57+23 75+£16 2.5+0.8 west 1.53 0.43 0.16 0.46 0.08
22—24 May 2004 56+24 74 +£16 1.9 £ 1.1 north-west 1.14 0.34 0.12 0.40 0.10
24-26 May 2004 8.3+28 63+19 1.6 £0.5north 2.77 0.85 0.27 0.88 0.16
26—28 May 2004 86122 69+10 2.2+0.8north 3.39 1.13 0.31 1.16 0.14
28-31 May 2004 78127 72+14 2.0+ 1.0 west 1.52 0.29 0.09 - -

— not measured.
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composition (Brewer 1975) varied in the range
0.31-0.37 with an average of 0.35. This ratio is
close to the value of 0.38 corresponding to the
ammonium sulfate mixture, which means that
almost all ammonium and sulfate were in the
form of ammonium sulfate. Of the total amount
of ions analyzed, 95% was made of ammonium
sulfate.

The size-segregated chemical composition
of the particles was measured with the SDI. The
mass size distribution of ammonium sulfate was
unimodal with an accumulation mode peaking at
0.3-0.5 ym. The mass size distributions of OC
and EC are not discussed here because of the
uncertainty caused by the fact that the impactor
was not calibrated for quartz fiber substrates.
The size distributions of the mass and sulfate
measured with the SDI will be discussed more in
later sections.

In order to investigate the potential experi-
mental uncertainties in the impactor samplings,
the SDI to VI concentration ratios were calcu-
lated for the mass, ions, OC and EC for all the
parallel SDI and VI samplings. The fine particle
concentration of the SDI was obtained by sum-
ming up the seven lowest stages (D, < 1.06 ym),
after which the fine concentration of the SDI
was compared to the fine concentration of the VI
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(D, < 1.3 pm). On average, the SDI to VI con-
centration ratios were 0.70, 0.72, 0.67, 0.78 and
0.84 for mass, sulfate, ammonium, OC and EC,
respectively. The systematic difference between
the SDI and the VI was caused most likely by
bouncing and inter-stage losses of particles in
the SDI. This assumption is supported by the fact
that the SDI to VI ratios were smaller for ions
and mass, collected on aluminum substrates,
than they were for OC and EC which were col-
lected on the porous substrates that reduced the
bounce-off.

Chemical mass closure of size-
segregated aerosols

The chemical mass closure was studied by com-
paring the mass derived from the chemical analy-
ses to the gravimetric mass obtained by weighing
the samples. The mass of chemical components
was calculated by summing up EC, OM and all
ions, except MSA~ and Ox* which are included
in OM, for each impactor stage separately. The
size-segregated mass closure was calculated for
eight samples excluding the samples with no OC
and EC results.

The mass closure requires the conversion

Table 3. Uncertainties (%) in the gravimetric and chemical mass and the relative uncertainties S(x)/x in the
parameters associated with the chemical mass (sulfate, ammonium, OM, EC). Relative uncertainties are combined

according to the law of propagation of errors to assess the overall uncertainty in chemical mass.

Stage Gravimetric mass Sulfate Ammonium OM EC Chemical mass
1 +418 +8 +16 -35, +63 +50 —27, +55
2 +104 +7 +11 -35, +65 +48 -19, +51
3 +46 +7 +11 -34, +69 +41 —18, +51
4 +42 +7 +11 -34, +71 +40 —15, +48
5 +38 +7 +11 -34, +71 +40 -16, +49
6 +84 +7 +11 -34, +69 +41 —19, +52
7 +70 +7 +12 —-34, +66 +42 —22, +53
8 +64 +8 +15 -35, +64 +43 —24, +53
9 +167 +10 +26 -35, +64 +45 —28, +56

10 +31 +9 +28 -34, +66 +42 —27, +55

11 +32 +9 +26 -34, +67 +42 -27, +56

12 +279 +33 +753 —41, +58 +52 -35, +51

Fine +4 +5 +11 —20, +49 +22 —11, +26

Uncertainty parameters included in the calculations are uncertainty in analyses (weighing for gravimetric mass),
variability in blanks, uncertainty in sampling air volume and uncertainty in molecular/carbon correction factor (only

for OM).
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of the mass of organic carbon to that of organic
matter. There is no instrument to measure this
value directly. Turpin et al. (2001) recommended
the conversion factor of 2.1 £0.2 for a non-
urban aerosol, but the limitation of that estimate
is that less than 20% of OM was identified in
the chemical analysis. Another promising tech-
nique to measure the conversion factor is the
Fourier Transform Infrared spectroscopy, which
quantifies OM by functional groups rather than
by individual compounds. Russel (2003) used
this technique for the samples collected in the
Caribbean and northeastern Asia and obtained a
conversion factor of just below 1.4. In this work
a factor of 1.4 was chosen. The uncertainty of the
conversion factor (-0.2, 0.7) has been included
in the uncertainty calculations of OM (Appendix
and Table 3). The average overall uncertainty of
OM was —35% and 66% for individual SDI stage
and —20% and 49% for the VI. The uncertain-
ties were calculated using the procedure of error
propagation described by Putaud ez al. (2000).

Generally, the agreement between the chemi-
cal mass and the gravimetric mass was good. The
ratio between the chemical and gravimetric mass
for the fine particles was in the range 0.87-1.19
with an average of 0.98 for the VI. For the SDI
the corresponding ratio was slightly poorer with
the range of 0.88—1.24 and an average of 1.05.
The ratio above unity for the SDI samples was
obviously due to the more efficient collection of
OC and EC using quartz substrates as compared
with the collection of mass using aluminum sub-
strates, as well as due to uncertainties involved
in weighing the substrates with a remarkably
small mass. The estimated uncertainty in weigh-
ing the SDI substrates with a small mass loading
could be even larger than +50% for individual
stages (Table 3). As a result, the size-segregated
mass closure was more sensitive to uncertain-
ties in weighing the SDI samples than to uncer-
tainties in chemical analyses. The uncertainties
associated with the chemical mass closure are
presented in detail in the Appendix and Table 3.
The extent of mass closure presented here is
comparable to that obtained in the other studies,
where the size-segregated mass closure has been
reached within a few percent in the submicron
range (NeusiiB} et al. 2000, Matta et al. 2003,
Putaud et al. 2004).
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Fig. 1. Size-segregated mass closure for the period
26—28 May 2004 in Hyytiala. The concentrations are
plotted as a function of the geometric mean of the stage
boundary (cut-off) diameters.

There was no unexplained mass in the accu-
mulation mode size range. In spite of the fact
that the relative humidity of the weighing room
was not measured, the water content of particles
was expected to be small and the amount of
water associated with particles was not taken
into account when constructing the mass closure.
In literature the aerosol water content has been
assessed in different ways. Sellegri et al. (2003)
applied a growth factor of 1.02 for submicron
particles, which led to a mass of water that was
approximately 3% of the total mass. However,
Harrison et al. (2003) suggested a factor of 1.38
for ammonium sulfate when the samples were
weighed at a relative humidity of 45%-55%. In
this study, the use of the factor of 1.38 for ammo-
nium sulfate would have meant that 15% of mass
would have been made of water, which undoubt-
edly would have been too much. However, the
fact that the SDI was classifying the particles
at ambient relative humidity affected the modal
parameters of the aerosol size distribution. This
will be discussed later.

An example of the size-segregated mass clo-
sure in Hyytiédld is presented in Fig. 1. In this
section only the selected sample is discussed,
but the general features of the mass closure were
similar in all cases independent of the degree of
pollution. The gravimetric mass size distribution
followed closely the size distribution of chemical
mass in the accumulation mode size range (Fig.
1). At around 0.1 ym, the chemical mass was
smaller than the gravimetric mass, whereas the
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opposite was true at around 1 gm. This differ-
ence can be explained by the uncertainty in the
mass size distributions of OC and EC because
the SDI was not calibrated with the quartz fiber
substrates. Changing the non-porous, flat sub-
strate to the porous one will change the shape
of the collection efficiency curve and shift the
cut-point towards smaller particle size (Sillanpaa
et al. 2003, Marjaméki et al. 2004). The compat-
ibility between chemical and gravimetric mass
was poorer in the coarse mode size range. The
most plausible explanation to this is that the
crustal elements (Al, Fe, etc.), found mainly in
the coarse size range (Pakkanen er al. 2001),
were not analyzed here. Also, the maximum of
the accumulation mode (particle diameter 0.5
pm) approximately half of the mass was com-
posed of ions and the other half was made of OM
(Fig. 1). In the smaller particle sizes (< 0.3 ym)
the fraction of ions was smaller than the fraction
of OM. In the lowest stage of the SDI almost
80% of mass was made of OM. This finding is
in agreement with that of Temesi ef al. (2001),
who observed that in the fine size range the
carbon/sulfate ratio increases with decreasing
particle size.

The information about the chemical composi-
tion of particles was used to assess their density.
The composite density was calculated from the
bulk densities of the major constituents accord-

Table 4. Composite and gravimetric density for the PM,
particles.

Measurement period Density g cm=

Composite? Gravimetric®

7-9 May 2004 1.49 1.55
9-11 May 2004 1.48 1.54
11-16 May 2004 - 1.51
16—18 May 2004 1.51 1.71
18—20 May 2004 1.42 1.42
20-22 May 2004 1.50 1.78
22-24 May 2004 1.51 1.94
24-26 May 2004 1.50 1.67
26—-28 May 2004 1.49 1.90
28-31 May 2004 - 1.57

a calculated using the following densities: ammonium
sulfate: 1.77 gcm™, OM: 1.2 gcm=® and EC: 2.0 g cm™3.
® based on comparing the PM, mass concentration of
the DMPS-APS and VI.
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ing to the procedure presented by McMurry et al.
(2002). The densities used were 1.77 g cm™ for
ammonium sulfate, 1.2 g cm™ for OM (Turpin et
al. 2001) and 2.0 g cm™ for EC (McMurry et al.
2002). In this work the calculated density for fine
particles varied in the range 1.42-1.51 gcm™
(average 1.49 g cm™) for the VI (shown in Table
4) and 1.43-1.51 g cm™ (average 1.47 g cm™) for
the SDI. These calculated densities agree well
with the results obtained by Stein et al. (1994)
(composite density 1.48 g cm~). However, in the
study of Stein et al. (1994) the composite density
was significantly smaller as compared with that
of the physical measurements which gave the
density of 1.60-1.79 g cm™ for a background
environment. Composite densities derived for
the SDI stages 1-7 are shown in Fig. 2. The
density for the lowest two stages is small due to
large fraction of organic matter in particle mass,
whereas at the particle size 0.5 ym the composite
density is dominated by the density of ammo-
nium sulfate.

PM, mass concentrations

In addition to the chemical mass closure one of
the aims of this study was to compare the PM,
mass concentrations measured with impactors to
those obtained from instruments which are mea-
suring the size distribution continuously. The
PM, concentrations were calculated for the VI,
SDI, ELPI and DMPS-APS combination. For
the VI, the fine particle concentration (D, < 1.3
pum) was used as a PM, concentration, while for
the SDI the seven lowest stages were summed up
(D, < 1.06 pm) and for the ELPI the filter stage
plus seven lowest stages were added up (D, <
0.963 pum) to obtain the PM mass concentration.
For the DMPS and APS the mass concentration
was calculated from the number concentration.
However, in order to obtain the mass concentra-
tion for the DMPS and APS, the density of parti-
cles needed to be known. In the previous section
the composite densities of 1.49 gcm™ and 1.47 g
cm were calculated for the VI and SDI, respec-
tively, from the chemical composition of the par-
ticles. Therefore, the density of 1.5 g cm™ was
used to calculate the fine concentration (D, < 1.3
pum) for the DMPS-APS. For the DMPS-APS the
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Fig. 2. Composite densities derived for individual
impactor stages in fine fraction. Average densities with
standard deviations are presented as a function of the
geometric mean of the stage.

results from the DMPS were used up to 0.67 ym
(D,) while the results from the APS were used in
the range 0.67-1.3 ym (D). The cut-off size of
1.3 um was chosen for the DMPS-APS, because
that was the cut-off size of the VI, considered
as a reference instrument. The VI was selected
for the reference of the PM, mass concentra-
tion because in that method the PM, mass was
collected on a single filter which minimizes the
experimental error. In order to compare the PM|
mass concentrations of different instruments, the
ELPI and DMPS-APS data were averaged over
the sampling period of the SDI and VL.

The PM, concentrations during the measure-
ment periods are presented in Fig. 3. It can be
seen that all the instruments follow a similar
trend with only minor differences. The concen-
tration of the SDI was smaller than that of the VI,
the average SDI to VI ratio of PM, being equal
to 0.70 + 0.11 (average = S.D.) indicative of
bouncing and inter-stage losses of particles in the
SDI as mentioned earlier. In contrast, the ELPI
to VI ratio of PM, was above unity with an aver-
age of 1.11 £ 0.13. The mass concentration of the
ELPI might be larger than that of the VI because
the ELPI measures also semivolatile compounds
which may have been lost in impactors. In this
work the mass concentration ratio between the
ELPI and VI was closer to unity as compared
with the results of Hitzenberger er al. (2004),
who observed that the PM, ; concentration of the
ELPI was nearly twice that of the filter sampling.
Besides the different cut-off size, particles were
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Fig. 3. PM, concentrations measured with the ELPI, VI,
SDI and DMPS-APS in Hyytiala.

measured at different relative humidity in this
study compared to the study of Hitzenberger et
al. (2004). In this study the ELPI was used with
a drier, whereas Hitzenberger et al. (2004) mea-
sured at ambient relative humidity.

The PM, concentration of the DMPS-APS
was slightly smaller than that of the VI, the aver-
age being equal to 0.92 + 0.08. The difference
between the DMPS-APS and VI concentrations
can be explained by the fact that the density
of the particles must be estimated. The density
used for the DMPS-APS was 1.5 g cm™ but,
as the results revealed, the actual density might
be larger than that assumed. In order to assess
the density of the particles in a different way,
the PM, mass concentration of the DMPS-APS
was set to equal the concentration of the VI,
after which the new value of the density was
obtained for each sample (n = 10). This density,
called the gravimetric density, ranged from 1.42
to 1.94 g cm™ averaging 1.66 g cm™ (Table 4).
Compared with the composite density, the gravi-
metric density was closer to the value measured
in a background environment (Stein et al. 1994;
1.60-1.79 g cm™). The gravimetric density will
be used in the subsequent section in addition to
the composite density.

Mass size distribution of the SDI, ELPI
and DMPS-APS

The PM, mass was investigated in more detail by
constructing the mass size distributions for the
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Fig. 4. Mass size distributions for PM mass obtained by the ELPI, SDI and DMPS-APS. The DMPS and APS mass
size distributions are calculated with composite and gravimetric density. The sampling periods of (a) 7-9 May and
(b) 26—28 May were selected because of distinct concentration levels and air mass types during these periods. The
air masses originated from (a) south-east and (b) the Arctic Ocean.

ELPI, SDI, DMPS and APS. The raw concentra-
tion data provided by the SDI for each impac-
tor stage were run through the inversion code
MICRON (Wolfenbarger and Seinfeld 1990) to
obtain the inverted mass size distribution. How-
ever, the mass concentrations of the SDI were
too small in two cases for a proper extraction
of the mass size distribution. For the DMPS-
APS two different mass size distributions were
calculated; one with the composite density and
the other with the gravimetric density (densities
shown in Table 4). For the ELPI only a single
value of density (1.5 g cm™) was used, since the
magnitude of density affects the mass concentra-
tions of the ELPI by only a few percent. The last
stage was excluded from the mass size distribu-
tion of the ELPI, since the ELPI was not able to
measure the coarse size particle concentrations
because of too small a number of particles in the
background area.

Two examples of the mass size distribution
of the ELPI, SDI and DMPS-APS are shown in
Fig. 4. Although presented in separate graphs,
the DMPS and APS results were considered as
one mass size distribution.

The mass size distributions of the DMPS-
APS and ELPI were quite similar, with one
accumulation mode peaking at nearly the same
size (Fig. 4). However, the mass size distribu-
tion of the SDI was slightly different. The SDI
had two modes in the submicron size range, the
dominant one peaking at around 0.5 ym and the

minor mode peaking at around 0.15 pym. The
minor mode of the SDI (at 0.15 um) was based
on weighing results with large uncertainties due
to small mass concentrations. Therefore, only
the dominant mode in accumulation size range
will be discussed in the subsequent sections.
The dominant mode of the SDI was centered at
larger particle size than that of the DMPS-APS
and ELPI, but the mode was clearly smaller
in magnitude than that of the DMPS-APS and
ELPI In the coarse size range the ELPI and the
DMPS-APS had one mode and the SDI had one
or two modes.

In order to study the accumulation mode in
more detail, the mass median diameters (MMD)
of the accumulation mode were calculated for
the DMPS-APS and SDI for each sampling
(Table 5). For two samplings the MMD of the
SDI is missing because of small mass concen-
tration and subsequent unsuccessful inversions.
For the ELPI no continuous mass size distribu-
tion was available, and therefore the data of the
ELPI is not presented in Table 5. The MMD of
the SDI was larger than that of the DMPS-APS
in all cases and the difference was greatest with
the SDI and the DMPS-APS calculated using
the composite density. On average the difference
between the MMD of the SDI and DMPS-APS
was 23% and 20% for the DMPS distribution
calculated with composite and gravimetric den-
sity, respectively, as compared with the MMD
of the SDI. This shift of the MMD was likely
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caused by the difference in the relative humid-
ity during the sampling, since the SDI mass size
distribution was measured at ambient relative
humidity while for the ELPI and DMPS the drier
was used.

The SDI mass size distributions have quite
a large uncertainty in weighing during small
mass concentration periods. Since 30% of the
PM, mass was comprised of sulfate, which was
accurately analyzed by IC, the sulfate of the SDI
was assumed to mimic the mass size distribution
of the SDI in accumulation size range. From the
MMDs of the accumulation mode for the sulfate
it can be seen that in some cases sulfate peaked
at the same size as SDI mass, but in many cases
sulfate peaked at smaller or larger particle size
than mass (Table 5). The difference between
the MMD of the SDI sulfate and that of the SDI
mass was in the range 0.4%-22% with an aver-
age 9% and standard deviation of 9% as com-
pared with that of the MMD of the SDI mass.
The difference between the MMD of the sulfate
and that of the DMPS-APS mass was quite simi-
lar to the corresponding value for the SDI mass
and DMPS-APS mass with values of 23% and
18% for the DMPS-APS mass size distributions
calculated with composite and gravimetric den-
sity, respectively, as compared with that for the
MMD of sulfate. The relative humidity during
the sampling can not completely explain the dif-
ference between the MMD of the sulfate and that
of the DMPS. However, in the sampling when
the relative humidity was the largest (18-20
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May) the difference between the MMD of the
sulfate and that of the DMPS-APS was the larg-
est. Also, generally the MMD measured with the
SDI is larger than the DMPS dry diameter. The
contribution of the organic material to the MMD
of the accumulation mode is difficult to assess,
because of the lack of the accurate calibration of
the SDI for quartz fiber substrates.

PM during nucleation events

The mass closure and PM, experiments, pre-
sented in this paper, were carried out at the
SMEAR 1I station, where aerosol formation and
subsequent particle growth has been observed
regularly (see Kulmala er al. 2001). Several
nucleation events were detected also during the
measurement campaign in May 2004, and due to
the long sampling periods of two days or more,
nearly all the periods had one or two nucleation
events. Only the first two sampling periods (7-9
May and 9-11 May) and the ninth period (26-28
May) had clearly no nucleation events. The
frequency of the events and the lack of those
in the beginning of the measurement campaign,
when the concentrations were elevated, are in
accordance with the findings that nucleation in
Hyytidld is typically connected to clean Polar air
masses (Kulmala et al. 2001).

In order to compare the chemical composi-
tion of the particles during the nucleation event
periods with the respective composition during

Table 5. The modal mass median diameter (in pm) of the accumulation mode for mass (DMPS-APS, SDI) and

sulfate (SDI).

Measurement period Mass Sulfate
SDI
DMPS-APS SDI
7-9 May 2004 0.3832 0.420° 0.468 0.480
9-11 May 2004 0.4032 0.411° 0.507 0.505
11-16 May 2004 0.3232 0.324° 0.413 0.419
16—18 May 2004 0.2862 0.313° 0.451
18-20 May 2004 0.235% 0.235° 0.355 0.409
20-22 May 2004 0.2522 0.275° 0.320 0.292
22—-24 May 2004 0.3212 0.363° 0.291 0.356
24-26 May 2004 0.297¢2 0.315° 0.422 0.330
26-28 May 2004 0.3592 0.413° 0.489 0.500
28-31 May 2004 0.2752 0.282° 0.359

a calculated with the composite density, ° calculated with the gravimetric density.



396

the non-event periods, the sampling periods were
divided into two cases: event and non-event sam-
plings. Three different mass concentration levels
(high, moderate and low) were observed in the
non-event samplings, whereas the concentrations
were always small when the nucleation events
were detected. No clear conclusion from the
OC/sulfate ratios in different particle size classes
can be drawn, even though for the PM, (sum of
stages 1-7) slightly larger OC/sulfate ratios were
obtained for the event samples as compared with
those for non-event samples (Table 6). Equally,
the ratio of OC to ammonium and the ratio of
sulfate to ammonium were calculated for the
same samplings and size classes (not shown
here), but no differences were found.

The lack of definite differences in the chemi-
cal composition between event samples and non-
event samples may be due to the particle size
range measured, since the SDI is not able to
measure the particles below 0.05 xm, which is
the size range most affected by aerosol forma-
tion by nucleation. Also, the time evolution of
nucleation event cannot be seen in the impactor
data due to the long integration time. The results
of this study are in agreement with the work of
Maikeld et al. (2001). They collected event and
non-event particles separately and analyzed them
chemically, but found only small differences
between the event and non-event sample sets.
The most significant difference was found for
dimethylammonium not analyzed in this work.

The MMD of sulfate peaks at smaller sizes in
the event samples than in the non-event samples
(Table 6). Comparing the non-event and event
samples with small mass concentrations (26-28
May and 20-22 May), the shift in the MMD of
the sulfate accumulation mode was as large as 0.2
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pm (42% as compared with that of the non-event
MMD). However, this shift might be due to the
different air masses rather than due to the nucle-
ation event. Also, the mass size distribution data
of the SDI, ELPI and DMPS-APS were studied
in order to find differences between event and
non-event samples, but no such differences were
found. Overall, the long sampling time used in
this study is a severe limitation when nucleation
events are investigated. The sample is not only a
mixture of event and non-event particles but also
a mixture of different air masses.

Summary and conclusions

A complete size-resolved chemical characteriza-
tion of atmospheric aerosols was carried out at
the forest station SMEAR 1I, in Finland, in May
2004. A total of ten samplings were conducted.
Two 12-stage low pressure impactors and two
virtual impactors were used in parallel in order
to derive mass, ions, OC and EC of which
the chemical mass closure was constructed. In
addition to the impactors, size-segregated mass
was also measured continuously with the ELPI,
DMPS and APS. The focus of this study was on
the fine size fraction (particle diameter < 1 ym).

In the beginning of the measurement cam-
paign the concentrations of mass, ions, OC and
EC were elevated. After that, the concentrations
were small. The chemical composition of the
particles was nearly constant during the mea-
surement campaign with no clear differences
between samples with large and small concentra-
tions. The most prominent components in fine
particles were ammonium sulfate (40%), OC
(35%) and EC (5%). In most of the samples, the

Table 6. Comparison between the event and non-event samplings.

Measurement Status OC/sulfate MMD of
period sulfate
Stage 1 Stage 2 Stages 1-7 (um)
(0.045-0.088 ym) (0.088-0.142 ym) (0.045-1.06 pm)
7-9 May 2004 High conc. no event 3.13 1.18 0.85 0.480
9-11 May 2004 Moderate conc. no event 6.72 1.73 0.93 0.505
26—28 May 2004 Low conc. no event 4.88 212 1.10 0.500
20-22 May 2004 Low conc. event 8.05 3.87 1.58 0.292
24-26 May 2004 Low conc. event 3.87 1.36 1.24 0.330
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size distributions of mass and ammonium sulfate
were unimodal in the submicron size range with
a mode peaking at 0.3-0.5 ym.

Nearly a complete chemical mass closure
was reached for fine particles with only a slight
difference between the chemical and gravimetric
mass. On average the chemical to gravimetric
mass ratio was 0.98 = 0.10 and 1.05 = 0.13
for the VI and the SDI, respectively. The most
crucial part of the mass closure study was the
weighing of the impactor substrates with small
mass loading, which could result in uncertainties
of 50% for individual impactor stages. Another
uncertainty in the chemical mass closure study
was the size distributions of OC and EC which
were measured with a SDI loaded with quartz
fiber substrates. Exact impactor collection effi-
ciency curves for quartz fiber substrates were not
available.

Quite a good agreement was obtained for
the mass size distributions measured with the
different types of instruments. The mass size
distributions of the SDI and APS were measured
at an ambient relative humidity, while those of
the ELPI and the DMPS were measured using a
drier. Because of that the maximum of the accu-
mulation mode of the SDI was at larger particle
size than that of the ELPI and the DMPS.

Semivolatile components may have been lost
in the impactors, while the ELPI, DMPS and APS
measured them due to immediate detection. That
was observed when the total concentration of the
accumulation mode (PM,) was calculated for all
the sampling periods. The PM, concentration of
the ELPI was greater than that of the SDI and the
reference sampler (VI) with an average ELPI to
VIratio of 1.11 +0.13. The influences of semivol-
atile components on the DMPS-APS to VI mass
concentration ratio could not be exactly quantified
because the mass concentration of the DMPS-
APS was calculated from the number concentra-
tion requiring an estimate for the particle density.
The particle density was calculated in two differ-
ent ways: from the chemical composition of par-
ticles and by comparing the mass obtained from
the DMPS-APS combination with the VI mass
concentration. On average the densities obtained
in this study were 1.49 + 0.03 and 1.66 £ 0.13 g
cm™ for the composite and gravimetric density,
respectively, for the fine particles.
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During the measurement campaign new-
particle formation and subsequent growth of
these particles were observed several times. The
chemical composition of the nucleation event
and non-event samples were compared, but no
clear conclusion can be drawn from the results.
The sampling period was two days or more
and, therefore, the small differences between
the nucleation event and non-event period were
mixed with the differences between the differ-
ent air masses. In a background environment,
shortening the sampling time to one day or less
is not possible with the impactor set-up used in
this study. Therefore, detailed size- and time-
resolved data on the chemical composition of the
aerosol needed in analyzing nucleation events
can be obtained only by on-line measurement
systems.
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Appendix
Uncertainty budget for the mass closure

The variance S(y)*> may be approximated according to the law of propagation of errors by:

s(y) = (;x—f] S(x, ) +[i—f] S(x) ++(jl) S(x) (A1)

1 2 X

n

where y = flx, x,, ..., x,) is a function of n non-correlated parameters (x,, x,, ..., x). (df/dxi) represents
the partial derivative of f with respect to x, applicated to (x,, x,, ..., x,), and S(x,) is the uncertainty of
parameter x, (Putaud et al. 2000).

Gravimetric mass

Equation A1 was used to calculate the uncertainty of the gravimetric mass (Table 3) for the average
sample by combining the random errors in the parameters and using average parameter values. The
overall uncertainty was assessed to be due to the uncertainty in weighing, blank variability and the
uncertainty in sampling air volume.

Chemical mass

Equation A1 was also used to calculate the uncertainty of different chemical components associated
with the chemical mass (Table 3). The overall uncertainty of each chemical component was assessed
to be due to the analytical accuracy, blank variability, the uncertainty in sampling air volume and the
uncertainty in OM/OC correction factor (only for OM). The sampling artifacts were excluded from
the calculations due to difficulties in combining negative and positive artifacts. The overall uncer-
tainty of the chemical mass was assessed by combining the relative uncertainties of chemical compo-
nents according to the Eq. Al.

ELPI

The only parameter that was used for assessing the uncertainty of the ELPI results was density. In
calculations the density of 1.5 g cm™ was used. The uncertainty due to the uncertainty in density was
estimated to be —1.7%, 3.0% (corresponding uncertainty in density of —0.5, 0.3 g cm™). The uncer-
tainty in the current measurement is about 5 fA corresponding to 5%—10% uncertainty in the accumu-
lation mode mass concentration during 11-30 May and lower uncertainties for higher concentrations
during 7-11 May.
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DMPS

Data has been verified against the condensation particle counters (TSI3025 and TSI3010) using inte-
grated total number concentration of the DMPS. The agreement was better than 10%. Parameters that
have been taken into account in concentration calculations are diffusion losses in the sampling line
(0.5 m), charge distribution, transfer functions, losses inside the DMA and TSI3025 and TSI3010
losses.

APS

There were no coincidence errors during the measurement period. This can be seen directly from the
data of the APS using the double-crested signal processing technique. The detection efficiency of the
APS below 0.6 ym (aerodynamic diameter) is obviously below 100% (see Fig. 4). Therefore the PM,
concentration for the DMPS-APS combination is based on the DMPS data until 0.67 ym (aerody-
namic diameter).



