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Abstract. This paper represents the results of one yeartrajectories for other groups. Clear differences in WSOC
long measurement period of the size distributions of water-concentrations and size distributions originating from differ-
soluble organic carbon (WSOC), inorganic ions and gravi-ent sources or source areas were observed, although there
metric mass of particulate matter. Measurements were donare also many other factors which might affect the results.
at an urban background station (SMEAR l1ll) by using a E.g. the local conditions and sources of volatile organic com-
micro-orifice uniform deposit impactor (MOUDI). The site pounds (VOCs) and aerosols as well as various transforma-
is located in northern European boreal region in Helsinki,tion processes are likely to have an impact on the measured
Finland. The WSOC size distribution measurements wereaerosol composition. Using the source categories, it was
completed with the chemical analysis of inorganic ions, or-identified that especially the oxidation products of biogenic
ganic carbon (OC) and monosaccharide anhydrides from th&OCs in summer had a clear effect on WSOC concentra-
filter samples (particle aerodynamic diameter smaller thartions.

1um, PMp). Gravimetric mass concentration varied during
the MOUDI samplings between 3.4 and 5a@m 3 and the
WSOC concentrations were between 0.3 angig—3. On 1
average, water-soluble particulate organic matter (WSPOM,

WSOC multiplied by 1.6to conv_ert the analyzed carbon massrpe thorough knowledge on chemistry of atmospheric
to organic matter mass) comprisedi267% and 7.53.4%  aerosol particles is needed to understand the effect of mul-
of aerosol PM mass and the PM.10 mass, respectively. In-  tiphase and multi component aerosol particles on the earth’s
organic ions contributed 3312% and 2&19% of the ana-  ragijative budget and climate. During the last few years in-
lyzed PM; and PM_10 aerosol mass. creasing attention has been focused to the carbonaceous frac-
Five different aerosol categories corresponding to differ-tion consisting of organic carbon (OC) and elemental carbon
ent sources or source areas were identified (long-range trangeC). OC can be directly emitted to the atmosphere in partic-
port aerosols, biomass burning aerosols from wild land firesulate form and is then called primary organic aerosol (POA)
and from small-scale wood combustion, aerosols originatingor OC can be formed by gas-to-particle conversion in the
from marine areas and from the clean arctic areas). Catatmosphere as secondary organic aerosol (SOA, Kanakidou
egories were identified mainly using levoglucosan concen-et al., 2005). SOA formation is a complex process, involv-
tration level for wood combustion and air mass backwarding gas-phase oxidation chemistry, partitioning of oxidation
products between the gas and particle phases, and aerosol
phase chemistry (Weber et al., 2007; Chan et al., 2007).

Correspondence tdS. Saarikoski The organic compounds in atmospheric aerosols can be
BY (sanna.saarikoski@fmi.fi) further divided in water soluble compounds (WSOC) and
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water-insoluble compounds (WISOC). Large fraction of 2 Experimental

WSOC is assumed to be SOA formed from atmospheric ox-

idation products of VOCs or via gas-to-particle conversion2.1 Measurement site

(e.g. Kondo et al., 2007; Pio et al., 2007). Both processes are

generally dependent on the atmospheric conditions like temThe measurements were conducted in Helsinki (Finland)

perature, radiation, photo-oxidants, amount of water vapomat the urban background station SMEAR Il (&ZD'N,

and other condensable gases (Fuzzi et al., 2006). According4® 97 E, 26 ma.s.l.). The SMEAR |II station is located in

to the results by Decesari et al. (2001) WSOC is composedhe university campus area, 4 km northeast from the Helsinki

of highly oxidized species with residual aromatic nuclei and city center. About 200 m from the station there is a busy

aliphatic chains. WSOC comprises typically 20—70% of OC road. Due to a forest between the measurement site and road

(Pio et al., 2007). Smallest WSOC to OC ratios are mea-the measurement site is not directly exposed to car exhaust

sured near the combustion sources and larger values are me@missions.

sured for aged aerosol at more remote locations (Pio et al.,

2007). Besides SOA, other identified sources or formation2.2 Samples

mechanisms of WSOC are POA oxidation and e.g. biomass

burning, soil particles, aged sea salt and in-cloud processinghe size-segregated samples were collected with a MOUDI

(Huang et al., 2006). from February 2006 to February 2007. The MOUDI was
Particulate water-soluble organic matter is expected to afchosen because it has much higher absolute stage pressures

fect the chemical and physical properties of aerosols e.g. hythan the low pressure impactors. This is expected to reduce

groscopic behavior (the ability of particles to act as CCN), though not necessarily eliminate losses of semivolatile or-

acidity, and radiative properties (Jacobson et al., 2000). Deganic material. Altogether 45 collections were made through-

spite the evident significance of OC and WSOC in atmo-out the year, 2—7 collections in each month. The duration of

spheric chemistry and physics, information concerning theiréach collection was ranging from 24 to 96 h being typically

concentration, size distribution and seasonal variation is lim-72 h. The length of the collection was adjusted according to

ited. Also the sources and formation mechanisms of wateratmospheric particulate matter mass concentration to avoid

soluble organic compounds are not well known. overloading or too low mass for chemical analyses. The
The size distributions of WSOC have been already studiecvolume flow rate was 3811min~1. The cut-off diameters

in different environments, for example in urban and back- (aerodynamic particle diameter corresponding 50% collec-

ground areas, coastal site and marine environment (e.qg. Li eion efficiency) of the impactor stages are 0.056, 0.100, 0.18,

al., 2000; Yu et al., 2004; Decesari et al., 2005;8iéiet al.,  0.32, 0.56, 1.00, 1.8, 3.2 and uén (Marple et al., 1991).

2006). The sampling is often done by using different typesAn inlet with a cut-off diameter of 1@m (Liu and Pui, 1981)

of impactors. Several extraction and analytical techniquegvas used on the top of the sampling line at about five meters

has been applied to samples. Because there are no standaxgove the ground level.

sampling and analytical procedure, comparison between the The MOUDI samples were collected onto 47-mm Al-

results is not straightforward. Long term measurements orfoil substrates which were washed prior to the sampling

the WSOC size distributions are scarce. Matta et al. (2003Wwith deionized water generated from Milli-Q gradient sys-

have measured the size distributions of WSOC for one year iiem with TOC monitor (Millipore Gradient A10). Each sub-

Po Valley, Italy. To our knowledge, long term measurementsstrate set for nine MOUDI stages had three extra Al-foil sub-

of the WSOC size distributions from the northern Europeanstrates which served as a blank control. The average blank

boreal region have not been published, although this regiorvalue was subtracted from the concentrations of each stage.

has been recognized as one of the most effective emitters ofhe average WSOC for all the blank Al-foil substrates was

biogenic volatile organic compounds (VOC; Hakola et al., 0.2140.06xg CcnT2. The concentrations in the MOUDI

2003). stage collecting particles above nu6 (highest stage) were
This paper presents the results of one year long measureabout the same as blank values (stage/Bl+0D.4), but for

ment period for the size distributions of WSOC, ions and other stages the concentration were on average over threefold

gravimetric mass at an urban background station in north-of the blank values except for some stages during short 24-h

ern European boreal region in Helsinki, Finland. The WSOCsampling.

measurements were completed with the chemical analysis of The particulate matter (PM) samples particles with an

inorganic ions, OC and monosaccharide anhydrides from the@erodynamic diametex1l um were collected using a fil-

filter samples. The goals of this study were to explore theter cassette system (Gelman Sciences). The four highest

seasonal variation in WSOC size distributions and evaluatestages of the Berner low pressure impactor (BLPI, Berner

the sources of WSOC by using air mass back trajectories andnd Liirzer, 1980) were used to cut off the particles um

the results of the chemical analyses and the size distributions aerodynamic diameter to achieve the Psample. To

of WSOC, mass and ions. collect larger amounts of particulate matter the flow rate of

this system was adjusted to 80| mih The cut-off diameter
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corresponding to the new flow rate was calculated to beume/volume mixture of tetrahydrofuran and deionized water.
1um. The sampling duration was typically 24 h during the The extraction was done in an ultrasonic bath for 30 min. In
working days and 72 h at the weekends. The samples werthe IC, WSOC and OC analyses both back-up and front filter
collected using two quartz fiber filters (Whatman Q-MA with was analyzed. The result of the back-up filter was subtracted
diameter 47 mm) in series. The front filter collects the par-from that in the front filter to correct for the positive artifacts
ticulate matter and the back-up filter allows assessing theand to subtract the blank values.

amount of gaseous species adsorbed on the sampling filter.

The back-up filter also collects the compounds evaporate@-4.2 WSOC

from the front filter, but this cannot be distinguished from )
the fraction adsorbed from gas phase in the sample flow (vi-1he WSOC was analyzed by the total-organic carbon ana-

idanoja et al., 2002; Arp et al., 2007). The Psamples were  Yzer TOC-Vcpw from Shimadzu. The high sensitive cata-

collected from the 9 February 2006 to the end of February!ySt Was used to increase the sensitivity of the method. The
2007, altogether 297 samples. WSOC, OC, monosaccharidg®n-purgeable organic carbon method (NPOC) used in the
anhydrides (MA) and inorganic ions were analyzed from the TOC analyzer has been described in detail by Timonen et

PM,; samples. al. (2008). Briefly, the sample is extracted to deionized wa-
ter, which is acidified and injected into an oven. In the oven
2.3 Meteorological data the carbon is catalytically oxidized to GGat 680C and

the produced C®is detected by a sensitive NDIR-detector.
Local meteorological data were recorded at the SMEAR |11 1he estimated error of the WSOC results in the MOUDI and

station. In order to establish potential source areas of thd”M1 measurements is 15% for atmospheric concentrations

) : -3 : -3
measured aerosol particles during the measurements, 120-H2/#g M~ and 10% for concentrations2ugm™. The

air mass back trajectories were calculated for the samplingh@in uncertainty in the WSOC analysis is based on the blank
periods using FLEXTRA (Stohl and Wotawa, 1995). In the deionized water used in extraction and in the substrate

material.

2.4 Chemical analyses 2.4.3 lon Chromatograph (IC)

2.4.1 Pretreatment of samples The ions (N&, NHI , K+, Mg2t, c&*, CI, NOj,

_soﬁ—, oxalate, succinate and malonate) were analyzed using
Dionex DX500 or ICS-3000 ion chromatographs. DX500
had AG11/CG12A guard columns, AS11/CS12A analytical

The gravimetric mass of the MOUDI substrates was mea
sured prior to and after collection with a Mettler M3 mi-

crobalance (Mettler Instrumente AG, Zurich, Switzerland).
The relative humidity (RH) and temperature was not con-C0|umnS' S0Q:I/3004:1 loops, ASRS/CSRS ultra Il suppres-

trolled, but was recorded for each weighing session. RHSOrS and NaOH/MSA eluent for anions and cations, respec-

had a range of 8-64%, and was most of the time beloWtively. The ICS-3000 setup was similar except to anion col-

40%. For the mass of major inorganic ion at the measure~'M" (AS17) and the anion eluent (KOH). Based on the test

ment site. ammonium sulfate. the effect of relative humid_solutions the uncertainty of the IC analysis is in order of 5—
1 L 0 .

ity is therefore minor, but the effect cannot be completely 10% for all of the analyzed ions.

ruled out for the total mass. After weighing the samples wer

stored in a freezer{20°C) until analyzed. The MOUDI

samples were extracted by shaking the Al-foils with 20ml the monosaccharide anhydrides (levoglucosan, galactosan
of depmzed water (Milli-Q, Millipore Gradient A10) for 544 mannosan) were determined by using a LC-MS (Agilent
15min. lons and WSOC were analyzed from the same ex+ 100 Series, Trap SL, Agilent Technologies, USA). The used
traction. One 1-crh piece was cut from the each RNil- injection volume was 2! and the eluent was deionized wa-
ter for the each analytical method (WSOC, MA, OC, and (g \ith a flow rate of 0.1 mImint. Two LC-columns were
io.ns). The pieces were extrac_ted by shakin_g the filter piecg,seqd in series (Atlantis dC18,8n, 2.1 mm of inner diame-
with 15ml (WSOC) or 10ml (ions) of deionized water for er and 150 mm in length, Waters). A negative electrospray
15min. After the extraction the samples were filtered usingechnique was used for ionization. The mass to charge ratio
Millex®-LCR (pore size 0.4mum, &25mm) for the WSOC (/5 of monitored ion was 161. A similar method has been
analyses, and using the IC Acrodisc syringe filters (pore Siz&reviously used e.g. by Dye and Yitri (2005).

0.45um, @13 mm) for the ion analyses to prevent the quartz

fibers to penetrate the sample lines of the carbon analyzep 4.5 Thermal optical carbon analyzer (TOA)

or the ion chromatograph (IC). The filtered (Millex®-LCR,

pore size 0.4m, @25 mm) samples subjected to the liquid A thermal-optical carbon analyzer (TOA; Sunset Laboratory
chromatograph mass spectrometer (LC-MS) for monosacinc., Oregon) was used to determine OC and EC from the
charide anhydride analyses were extracted to 2 ml of 1:1 volPM; samples. The TOA is based on the thermal-optical

€44 Liquid chromatograph-mass spectrometry (LC-MS)
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transmittance method (TOT). An optical correction is applied matter. In this study a multiplier of 1.6 has been used fol-
for the separation of pyrolysed OC from EC. The used tem-owing a recommendation by Turpin et al. (2001). On aver-
perature program was similar to the NIOSH program, ex-age 25:-7.7% of the aerosol PMmass and 7£3.4% of the
cept for the last temperature step in the helium phase. Th&®M;_10 mass comprised of WSPOM. Inorganic ions com-
temperature of this last step was decreased front@%0 prised of 3312% and 2819% of the analyzed PMand
800°C in order to reduce a premature evolution of EC in the PM;_10 aerosol mass, respectively. Sulphate and ammonium
helium mode (Subramanian et al., 2006). Inorganic carbortogether contributed on averaged8i2% and 1%14% of the
(carbonate carbon) can in some cases interfere with the deetal inorganic ion content in Pivand PM_ 1o, respectively.
termination of OC, since it volatilizes in the helium phase The amount of inorganic ions was typically two times larger
concurrently with OC. However, no carbonate carbon wasthan the amount of WSPOM, except during biomass burning
detected in this study when analyzing the thermograms using@pisodes when the amount of WSPOM exceeded that of the
the method described in detail by Sillagpet al. (2005a). inorganic ions.
During the measurements two major biomass burning
episodes were observed. In the first episode (26 April-6
3 Results and discussion May 2006), most of the particles were long-range transported
from the widespread wild land fires in the western parts of
3.1 Comparison of WSOC results from the different col- Russia (Saarikoski et al., 2007). During the second episode
lection methods in summer (1-28 August 2006) most of the particles again
originated from wild land fires in Russia, but this time from
The MOUDI and filter cassette measurements were comareas closer to Finland. The episodes had a clear effect on the
pared for the subsequent WSOC analyses. Similar analytiparticulate matter and the WSOC concentrations. The high-
cal procedures were performed for the samples collected irest values in mass and WSOC in MOUDI collections were
parallel. For the PM the cut-size was gm, and for the  measured during the biomass burning episode in spring. The
MOUDI the WSOC concentration was calculated by addingepisode conditions are described in more detail by Saarikoski
together the concentrations of the stages with cut-off diam-et al. (2006, 2007).
eters<lum. The blank values were subtracted from the
WSOC results in the MOUDI. For the PMhe result of the 3.3 Seasonal differences in WSOC concentrations in ultra-
back-up filter (average 3#0.7 g C cnm?2) was subtracted fine, fine and coarse particles
from the result of the front filter to subtract the blank value
and estimate the amount of gaseous species adsorbed on thbe seasonal variation in the WSOC concentrations in fine
front filter. The average ratios of backup filter to front fil- particles has been examined in many studies. For urban lo-
ter was 0.2%0.15 for WSOC. The WSOC results measured cations the maximum WSOC concentrations in fine particles
from the different substrates are in good agreement withhas been observed to occur in winter and reach minimum val-
each other. On average the MOUDI PM/SOC result was ues in summer (Viana et al., 2006; Ho et al., 2006) whereas
1014+19% (average:SD, n=45) of the corresponding PM  for marine and mountain sites the highest WSOC concen-
result. The inorganic ions were also analyzed from thg PM trations have been measured in summer (Pio et al., 2007;
filters. The measured sulphate concentration for MOUDI Yoon et al., 2007). This indicates that there might be dif-
samples was 8917% @=45) of the corresponding PMe- ferent sources of WSOC depending of the season and the

sults. geographical area.
Recent studies show that biogenic volatile organic com-
3.2 Chemical composition of the MOUDI samples pounds emitted by boreal forest might have a large influence

to WSOC and OC concentrations in boreal areas (Tunved et
Altogether 45 MOUDI collections were made between al., 2006) when the biogenic activity is high in summer time.
February 2006 and February 2007. The size distributions offo our knowledge, long-term measurements of the WSOC
gravimetric mass, WSOC and ions were analyzed from thesize distributions from the northern European boreal region
collected MOUDI samples. Figure 1 represents the gravi-have not been published. Therefore this study will yield new
metric mass, concentration of water-soluble particulate or-data on seasonal variations in the particulate organic matter
ganic matter (WSPOM)(g m~3) and sum of inorganic ions ~ sources in the region.
(ug m~3) for PM; and PM_1o for the MOUDI collections. The average size distributions of WSOC and mass were
During the year long measurement the gravimetric mass ircalculated for winter (December—Februangi14), spring
MOUDI collections varied between 3.4 and 55.§m~2 and (March—-May, n=13), summer (June—Augustz=9) and
the WSOC concentration was between 0.3 ang.g.# 3. autumn (September—November9). The WSOC size dis-
The measured carbon concentration (WSOC) has to be mulkributions measured during the biomass burning episode were
tiplied by the assumed organic-matter to organic carbon ratieexcluded from the calculations of the average size distri-
to achieve the amount of water-soluble particulate organicbutions for each season, since they deviated substantially
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Fig. 1. Concentrations of mass, inorganic ions and WSPQ@gr6—3) in PM; (a) and PM_1¢0 (b) in the MOUDI collections between
February 2006 and February 2007. WSPOM=WSOC multiplied by 1.6.

from the size distributions measured prior to and after theindicating that the oxalate and WSOC were internally mixed.
episodes. Despite the changes in the concentrations betwedmthe coarse mode the shape of the oxalate size distributions
the individual collections, the shapes of the size distributionswere slightly different from that of the WSOC.
remained quite stable during each season whereas there arety gauge a relative contribution of the water-soluble
clear differences between the seasons. Figure 2 represenfgticulate matter in the different size classes the average
the size distributions of gravimetric mass and WSOC in dif-\\y spoOM/mass ratio was calculated for the each size class
ferent seasons. The size distributions of the gravimetric masg,; each season (not shown). The ratios for particles above
were bimodal during all seasons. In winter and autumn thes g, m (highest stage) had to exclude from the interpretation
mass concentrations were smaller and the shape of size distiisecause of the relative high blank concentrations of WSOC.
bution was clearly different when compared to the mass sizérhe values of other stages were verified to be acceptable.
distributions of spring and summer. For WSOC the domi- The WSPOM/mass ratio was largest in summer and smallest
nant mode was typically the accumulation mode between 0.3 winter. It was also observed that the WSPOM/mass ra-
and 1um during all seasons. In winter the concentrations Oftjg was larger in submicrometer particles than in coarse par-
WSOC were small and since the contribution of the coarsajcles. A decrease in the contribution of all carbonaceous
mode O,>1um) to the WSOC was nonexistent, practically species to the particulate mass as the particle size increases
all the WSOC during the winter months resided in the acCu-has been observed also in other measurements made in urban
mulation mode. In spring, summer and autumn the acCumuUgnyironments (e.g. Bologna, Matta et al., 2003; and Shen-
lation and the coarse modes were clearly observed in the sizgnen Huang et al., 2006). A smaller WSPOM/mass ratio
distributions of WSOC. In summer and spring more WSOCin the supermicron particles can be affected by the fact that
was observed in ultrafine particle®¢<0.1um) as com-  the mass in large particles is mainly crustal material that is
pared to autumn and winter. Also the accumulation modenot water-soluble. To further investigate the contribution
(Dp=0.1-1,m) concentrations of WSOC were substantially of \WwSPOM in the different size classes, an average ratio
larger in summer and spring. of WSPOM to inorganic ions was calculated for each sea-
Dicarboxylic acids are most abundant constituents of theson (Fig. 3). The prevailing trend for WSPOM to ions ratio
organic water-soluble fraction in aerosols (Yao et al., 2002).seemed to decreasing with increasing particle size regardless
Oxalate is typically dominating, and contributes 1-3% of fine of the season. The highest ratio had particles belowt1
mode WSOC (Huang et al., 2006). The size distributions ofand lowest above Am. Although the standard deviations
oxalate (not shown) were in all seasons similar to the sizefor each ratio and season were quite high, the summer and
distributions of WSOC in the submicron modb {<1 um) autumn value seemed to be largest at least in ultrafine region.

www.atmos-chem-phys.net/8/5635/2008/ Atmos. Chem. Phys., 8, 5633-2008
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during the biomass burning episode were excluded from the
0.5 7 calculations of the seasonal WSOC/OC ratios. The lowest
0.0 WSOC/OC ratio was observed in winter (024®.09) and

10 the highest (0.78€0.09) in summer. The WSOC/OC ratio
D, (Hm) was 0.53 in spring and autumn. The spring value had highest

variation in WSOC/OC ratio (0.21-0.88) Comparable sea-

Fig. 2. The mass and WSOC size distributions for each seasonsonal WSOC/OC ratios have been achieved in previous stud-

spring (March-May), summer (June—August), autumn (Septemberies (e.g. Jaffrezo et al., 2005; Decesari et al., 2001). The

November), and winter (December—February). higher WSOC/OC ratio suggests that the atmospheric con-
ditions (oxidants, temperature, global radiation) in summer
may favor the further oxidation of the organic compounds

Larger amount of WSPOM in summer is likely explained by towards higher water-solubility. However, this is not the

increased photochemical and biogenic activity, the latter ispnly explanation, because the source contributions will also

valid also in early autumn. The photochemical activity istyp- change. The same trend has been observed in the aerosol

ically high in spring but the temperature was in March and mass spectrometer measurements in Tokyo (Kondo et al.,

April 2006 quite low and the biological activities might be 2007). Oxidation may also happen during cloud processing

insignificant. Most of the measurements done in May were(Huang et al., 2006).

excluded because of the wild fire episode. The high ratios

at ultrafine particles also suggest that a considerable fractioB.5 WSOC source apportionment

of the measured particulate WSPOM may be of local or re-

gional origin. According to literature, the most likely sources 3.5.1 Different sources and source areas of aerosol parti-

of the observed particulate WSPOM, especially in summer, cles observed in Finland

are atmospheric oxidation processes, which may convert the . . o
biogenic and anthropogenic emissions of organic gases to order to achieve a better understanding of the variability in

more water-soluble form (Fuzzi et al., 2006; Kanakidou et the size-distributions of WSOC in the sample set, the samples
al., 2005). were divided into five categories according to the air-mass
back trajectories and according to the results of the gravi-
metric and chemical analysis. The categories were chosen to
represent the most likely sources of particulate matter (PM)

The averages of individual WSOC/OC ratios in submicrome-and WSOC in Finland. These include:

ter particles were calculated for each season. The WSOC was long-range transported (LRT) aerosols,

calculated from the MOUDI results as a sum of lowest stages

with cut-size<1pum and OC was analyzed from the paral- 2. biomass burning aerosols originating from wild land fire
lel collected PM filters. The WSOC/OC ratios measured episodes,

3.4 Seasonal differences in WSOC/OC ratios

Atmos. Chem. Phys., 8, 5635647, 2008 www.atmos-chem-phys.net/8/5635/2008/
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Table 1. Gravimetric and chemical results, specific features and the air mass origin of five different sources.

Conc (g m—3)
Class Known features Mass %O Levog. Seasalt/ Air mass origin
mas$

LRT (n=4) High internal mixing 2295 3.81 0.03 0.04 Continental areas of
High mass concentration Europe and Russia
Large accumulation mode
High Soﬁ_ concentration

Wild land fires (=8) High levoglucosan conc. 33.11 2.55 0.18 0.01 From known wild land
Back-trajectories from the fires in Russia
areas of wild land fird

Clean arctic £=7) Back-trajectories from arctic sea 10.84 0.89 0.03 0.14 From arctic sea
Low mass concentration

Small-scale wood combu€5)  Low temperature> 12.38 2.67 0.11 0.15 From areas closer to
increased domestic heating Finland
High levoglucosan conc.

Marine aerosolsn=8) Back-trajectories 11.10 1.45 0.03 0.71 From Baltic sea

High NaCl concentration
in coarse mode

a Seasalt defined as 3.248la*] in coarse mode
b Saarikoski et al. (2006, 2007).

3. local small-scale wood combustion, aerosols in airsions and subsequent SOA formation over the boreal forest in

masses from northern Europe. During winter, residential wood burning is
) a significant particulate emission source in northern Europe
4. clean arctic and (Glasius et al., 2006; Frey et al., 2006). When the polluted

air masses are influenced by biomass burning, such as small-
scale combustion or wild land fires, very high levoglucosan

In Finland the anthropogenic emissions of fine particles andMass concentrations are measured &t et al., 2002; Sil-
their precursor gases are low; the meansBMoncentra- lanpaa et al., 2005b; Yttri et al., 2005; Jordan et al., 2006;
tions in 1999-2001 were typically only & m-3 at an ur- ~ Saarikoski et al., 2007).

ban site (Helsinki) and 5,89 m~3 at a rural background site The chemical and gravimetric criteria of LRT in this study
(Hyytiaka; Laakso et al., 2003). In Helsinki typically 50— Were elevated Spand mass concentrations. In addition to
70% of the PM s mass originates from LRT (Niemi et al., the enhanced levoglucosan concentration the wild fires were
2005). During the LRT pollution episodes, substantially el- Studied with help on satellite-based information and mete-

evated PM concentrations are typically measured (Niemi ePrological data. The local small-scale combustion was as-

al., 2004). Also the long-range transport of emissions fromSumed to exist only in winter time with the elevated levoglu-
wild land fires from the Baltic countries, Belarus, Ukraine, Cosan concentration. The biomass burning episodes were not

and Russia raises the PM concentrations in Finland freoccurred during winter time. The sea salt and mass concen-
quently during spring and summer (Niemi et al., 2004, 2005:trations and the ratio of sea salt to gravimetric mass together
Sillanpaa et al., 2005b; Saarikoski et al., 2007). In a recentWith back ward trajectories were used to categorize the dif-
study of Saarikoski et al. (2008) one year Ptiata set from ferent marine aerosols. 32 of the measured 45 MOUDI size
the location of this study was analysed for sources. Contri-distributions were placed in these categories. The classi-
bution of SOA was found to be very high during summer fication remained unclear in 13 cases. The average mass,
months, and wood combustion was most significant sourc0;~ and levoglucosan concentrations, average seasalt/mass
during winter. Low PM concentrations with high sea salt ratios and air mass origin according to back-trajectories for
concentrations are typically observed in Finland when the aithe each class are presented in Table 1.

masses originate from the direction of Arctic and Atlantic

oceans (Pakkanen et al., 2001; Tunved et al., 2006). Tunved

et al. (2006) also observed substantial gas-to-particle conver-

sion in air masses undergoing marine to continental transi-

tion which was interpreted to be due to biogenic VOC emis-

5. marine areas.
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Table 2. The WSOC and OC concentrationsgm™3) and WSOC/OC ratio in selected aerosol source categories.

Source WSOC (Py) WSOC (PM_109) OC (PMp)2 WSOC/OG ratio (PMy)
(averageeSD)  (average-SD) (average-SD) (averageSD)

LRT 2.0+0.72 0.44:0.29 2.5-0.40 0.69:0.17

Wild land fires 4.3-0.65 0.710.23 7.0:2.8 0.64+:0.06

Clean arctic 0.5&1.0 0.19:0.11 1.3:0.64 0.48:0.15

Small-scale wood combustion #3.0 0.25:0.19 2.3:0.99 0.49:-0.13

Marine aerosols 0.6#1.1 0.19:0.09 1.2:0.69 0.53:0.12

80C from the results of PMfilter measurements

sured aerosols composition. The amount of WSOC was
L 107 o Clean arctic largest when the particulate matter came from the wild land
=} —e— LRT fire areas or was long-range transported. The WSOC con-
§ 0.8 - centrations were different in the two wild land fire episodes
= observed in spring and in summer. The observed WSOC
2 06 concentrations were larger during the first episode in spring,
'c—é 4.9-7.1ugm3, whereas the measured WSOC concentra-
‘Za 04 1 tions varied in the range of 2—4udg m~2 during the second
3 episode in August. The lowest WSOC concentrations were
2 02 1 measured in the air masses originating primarily from the
s 7 clean arctic or marine areas.
0.0 P . . .. a The averages of individual WSOC/OC ratios in submi-
10 4 —e— Wild land fires cron particles were calculated for each source category. The
& —e— Marine WSOC was calculated from the MOUDI results as a sum
§ 08 1 = fg’n?t','uiﬂﬁ wood of lowest stages with cut-size&lum and OC was ana-
% lyzed from the parallel collected PMilters. The calculated
T 06 WSOC/OC ratios were different for the different source cat-
= egories. The largest WSOC/OC ratios were observed in the
g case of the long-range transported aerosols originating from
z 041 continental Europe (0.830.07) and for the biomass burn-
3 ing aerosols originating from the areas of wild land fires
2 029 (0.64+0.06). This is probably explained by the atmospheric
oxidation processes which increase the water-solubility of
0.0 0‘1 i 10 organic compounds during the long-range transport. The
' WSOC/OC ratios were almost equal for spring and summer
Pp (um) biomass burning episodes, 0.64 and 0.63, respectively. The

smallest WSOC/OC ratios were observed in the aerosols af-
Fig. 4. The normalized WSOC size distributions representing thefected by small-scale wood combustion (G013) which
five different types of sampled air masses; LRT, clean arctic, wildwas expected to be local or regional. Small WSOC/OC
land fires, marine and small-scale wood combustion. ratios are typically observed near their sources (Pio et al.,
2007). Small WSOC/OC ratios were observed also by Frey
et al. (2006, WSOC/OC 0.3) in the small-scale wood com-
3.5.2 Differences on WSOC concentrations and size distri-bustion laboratory experiment.

butions according to the origin of aerosol particles The normalized WSOC size distributions (Fig. 4) for
aerosols from different sources were clearly different. The
Clear differences in the WSOC concentrations originatingsize distribution of long-range transported WSOC was the
from the five different source categories (LRT, wild land narrowest and clearly most of the WSOC mass was ob-
fires, small-scale wood combustion, clean arctic, marine arserved in the accumulation mode. The size distributions of
eas) were observed (Table 2), although the local condition§0§1_ (not shown) and WSOC had clearly a similar shape
and sources of VOCs and aerosols as well as various transa LRT aerosols, and it was evident that most part of the
formation processes are likely to have an impact on the meaWSOC was internally mixed with Sfp The amount of the
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WSOC in ultrafine particles was very small. In the clean arc- 0.6 @
tic air masses the normalized amount of WSOC in ultrafine —e— Summer episode (Aug 1-28)
particles was the largest (0:20.04 for D, <0.056xm and 05 1 *— Spring episode (Apr 26-May 6)

0.42+0.11 for 0.056< D, <0.1um). Recent studies indicate

that this may be caused by the biogenic volatile organic com- ¢ 041
pounds emitted by boreal forest condensing onto the existing g o3 |
ultrafine particles (Tunved et al., 2006; Anttila et al., 2007) %
during transport. Also the continuous formation of secondary & 02 1
organic aerosol from biogenic VOCs has been observed to = 01

take place during transport over forested areas (Tunved et al.,
2006). The size distributions of WSOC in the air masses g |
affected by the wild land fires and small-scale wood com-
bustion were quite similar. The enrichment of WSOC into 7 ©)
the ultrafine particles was also observed in the aerosols af- 5 : gummef episode (Aug 1-28)
fected by the wild land fires (0.430.05 for D, <0.056,m pring episode (Apr 26-May 6)
and 0.34:0.08 for 0.056<D,<0.1um) or by local small-
scale wood combustion (0.£D.07 for D,<0.056xm and
0.3%4+0.11 for 0.056<D,<0.1um). For the aerosols origi-
nating from the marine areas the WSOC size distribution in
ultrafine and accumulation mode was very similar to the size
distributions of e.g. biomass burning but more WSOC was
observed also in the coarse mode.

The size distribution of WSOC was compared to that of
sodium (not shown) to establish whether the water-soluble ‘ ‘
compounds condense onto the sea-salt particles. Correlation 01 1 10
between the size distributions was not found. This might D. (um)
be due to the fact that the coarse mode is a mixture of soil- P
related and sea-salt particles, and WSOC might be condensF-i . The calculated WSPOM/mass ratiga) and
ing on both kinds of particles. The size distributions of cal- g. >

WSPOM/inorganic ions ratiqb) for biomass burning aerosols

cium (not shown) and WSOC were compared to eXam'neoriginating from the wild land fire areas in spring (26 April-6

if water-soluble organic compounds are condensed on th‘R/lay 2006) and in summer (1-28 August 2006). WSPOM=WSOC
soil-related particles. The size distributions of calcium andmytiplied by 1.6.

WSOC were clearly similar in the coarse mode, suggest-

ing that the water-soluble organic compounds were associ-

ated with soil-related particles on the coarse mode rather than The enrichment of WSPOM into the ultrafine particles

with sea-salt particles. Because particulate matter from soilvas observed in the biomass burning aerosols transported

itself usually contains WSOC, the contribution of this mech- from the wild land fire areas (Fig. 5), where the WSPOM

anism can not be assessed without additional organic specigccounted for 29-38% of the measured total mass in ul-

tion which was not available in this study. trafine particles. The amount of WSPOM was larger than
To further examine the WSOC fraction, the ratios of the amount of inorganic ions in all submicrometer parti-

WSPOM/mass and WSPOM/inorganic ions were calculatectles for the aerosols originating from the wild land fire ar-

for the different aerosol sources for each size class. Theas. The WSPOM/mass ratios were similar for both episodes

WSPOM/mass ratio was in all cases largest in ultrafine par{Fig. 5a), whereas the WSPOM/ions ratio in ultrafine parti-

ticles (not shown) as it was in a case of different seasonsgles was clearly larger and the range was wide in the second

The amount of WSPOM was typically 15-38% of the mea- episode in August (Fig. 5b).

sured total mass in the ultrafine particles. The WSPOM/mass

ratio decreases as the particle size increases. The WSPOBI5.3 The effect of biogenic VOCs on WSOC concentra-

in coarse mode accounted only 4-18% of the coarse parti- tions on different size classes

cle mass. To exclude the effect of insoluble materials in the

coarse particles, the WSPOM/ inorganic ions ratio was caln the recent studies it has been observed that continuous for-

culated for each size class. The largest WSPOM/inorganienation of secondary organic aerosol from biogenic VOCs

ions ratios were observed in the ultrafine particles, where theéakes place during transport over forested areas (Tunved et

amount of WSPOM exceeded the amount of inorganic ionsal., 2006). Some of the major oxidation products of bio-

In the accumulation and coarse mode the amount of inorganigenic VOCs have been observed to be water-soluble com-

ions was larger than the amount of WSPOM. pounds (Cavalli et al, 2006; Kourtchev et al., 2005). Anttila

WSPOM/sum of inorganic ions
w
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0.4 e.g. condensation of both hygroscopic compounds (e.g. sul-
e Summer furic acid) and the oxidation products of VOCs. The con-
—e— Winter centration of sulfuric acid does not completely explain the
0.3 1 observed growth of ultrafine particles (Boy et al., 2005). In-
9 direct methods have revealed that the water solubility of the
g newly formed particles in the boreal forest decreases as the
g 0.2 { particles grow toward larger sizes@hheri et al., 2001; Ehn
o et al., 2007), but they still remains slightly water soluble.
= Thus, considering the results of this study it is possible that
0.1 4 the oxidation products from the biogenic VOCs contribute
largely to the WSOC concentrations in the ultrafine particle
size range during clean arctic air masses. However, at an ur-
0.0 ban background site, there are also several interfering anthro-
351 e Summer pogenic sources, and strict conclusions of the role of natural
g 30 | —e— Winter sources are not possible without additional measurements.
§ 251
E 20 | 4 Summary and conclusions
o
€ 154 This paper presents the results of one-year-long measure-
§ ments from February 2006 to 5 February 2007 of the size
Q 101 distributions of water-soluble organic carbon, ions and gravi-
2 05 4 metric mass concentrations at the urban background station
' (SMEAR 111) in northern Europe boreal region in Finland.
0.0 : : The WSOC, OC and MA concentrations were determined
0.1 1 10 from the PM filter samples. The gravimetric mass concen-
D, (um) trations (PMg) in the MOUDI collections varied between

3.4 and 55.g m~3. On average 257.7% of the aerosol PM
Fig. 6. The calculated WSPOM/mass ratio and WSPOM/inorganic mass and 7£3.4% of the PM_19 mass comprised of water-
ions ratio for aerosols originating from clean arctic areas in summerspluble particulate organic matter (WSPOM=2\WSOC).
and in winter. WSPOM=WSOC multiplied by 1.6. Inorganic ions contributed 3312% and 28-19% of the an-

alyzed PM and PM_jg aerosol mass. The amount of in-

organic ions in submicrometer particles was typically two
et al. (2007) has also observed the enrichment of monoterimes larger than the amount of WSPOM, except during the
pene oxidation products into the smallest particles in chambiomass burning episodes when the amount of WSPOM was
ber experiments. The WSOC size distributions measuredubstantially larger than the amount of inorganic ions.
from air masses originating from clean arctic areas were di- The collected samples were classified into categories rep-
vided into two new categories, termed summer and winterresenting the most likely sources of particulate matter and
measurements, to investigate the effect of biogenic VOCs owSOC in Finland. These include long-range transported
WSOC concentrations. The calculated WSPOM/mass anderosols, biomass burning aerosols originating from wild
WSPOM/inorganic ions ratios for clean arctic air masses inland fire episodes and local small-scale wood combustion
summer and winter are represented in Fig. 6. and aerosols originating from clean arctic and marine areas.

Figure 6 clearly shows that in the clean arctic air masse<Clear differences in the WSOC concentrations and size dis-

the amount of WSPOM in the ultrafine particles was larger intributions originating from different source areas were ob-
summer when the biogenic activity is high, when comparedserved, demonstrating that the concentrations and the size
to winter. Also the WSPOM/inorganic ions ratio was clearly distributions of WSOC are dependent on the source area and
larger in the size distributions measured in summer. Figure ®&n the age of aerosol. Also large seasonal differences in the
indicates that part of the biogenic VOCs condensing onto theguantities were observed.
pre-existing aerosol particles was most likely water-soluble In summer the oxidation products of biogenic VOCs may
or they were transformed to water-soluble compounds byincrease WSOC concentrations, especially in the ultrafine
oxidation after condensation. This is in agreement withparticles, but at the urban measurements site also VOCs
previous findings in chamber experiments by Virkkula et from other sources, and subsequent secondary aerosol for-
al. (1999), who observed that the oxidation productgof —mation are important contributors. Higher WSOC/mass and
pinene in the aerosol phase were slightly water-soluble. InWSOC/OC ratios in summer indicate that the atmospheric
the real atmosphere growth of ultrafine particles is due tooxidation processes are favoring the condensation of VOCs
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onto particles surfaces and that the atmospheric condition8erner, A. and kirzer, C.: Mass size distribution of traffic aerosols
are favoring the transformation of organic compounds toward at Vienna, J. Phys. Chem., 84, 2079-2083, 1980.

higher water-solubility. The observed results support also thé3oy, M., Kulmala, M., Ruuskanen, T. M., Pihlatie, M., Reissell,
idea that the higher biogenic activity will increase condensa- A Aalto, P. P, Keronen, P., Dal Maso, M., Hellen, H., Hakola,

tion growth of aerosol particles and therefore increase the M- Jansson, R., Hanke, M., and Arnold, F. Sulphuric acid clo-
mass of WSOC (Kulmala et al., 2004). sure and contribution to nucleation mode patrticle growth, Atmos.

. . . . Chem. Phys., 5, 863-878, 2005,
During the large biomass burning episodes larger WSOC htts:r/]/quv{:ltmos-chem-phys.net/5/863/2005/

concentrations were measured. The enrichment of WSOGqya1ii, F., Facchini, M. C., Decesari, S., Emblico, L., Mircea, M.,
in ultrafine particles was observed in the aerosols originating jensen, N. R., and Fuzzi, S.: Size-segregated aerosol chemi-
from the wild land fire areas and local small scale combus-  cal composition at a boreal site in southern Finland, during the
tion for residential heating. The small-scale combustion is QUEST project, Atmos. Chem. Phys., 6, 993—-1002, 2006,

a major source of WSOC in Finland in winter time, when  http://www.atmos-chem-phys.net/6/993/2Q06/

the biogenic activity is very low. Larger WSOC/OC ratios Chan, A. W. H., Kroll, J. H., Ng, N. L., and Seinfeld, J. H.: Ki-
were observed for aerosols originating from the wild land netic modeling of secondary organic aeros_ol formation: effects
fires than for aerosols originating from the local small-scale ©f particle- and gas-phase reactions of semivolatile products, At-
combustion. This is likely caused by to the atmospheric ox- hmt?§}/Chem.tPhys.,r]7, 4135_4143/’75210375'/2007/

idation processes which increase the water-solubility of the,) P/IWWIW.8TMOS-criem-phys.ne

. ds duri h ecesari, S., Facchini, M. C., Matta, E., Lettini, F., Mircea, M.,
organic compounds during the transport. Fuzzi, S., Tagliavini, E., and Putaud, J.-P.: Chemical features

During LRT episodes major part of aerosol mass is typi-  and seasonal variation of fine aerosol water-soluble organic com-
cally in the accumulation mode originating from various pri-  pounds in the Po Valley, Italy, Atmos. Environ., 35, 3691-3699,
mary and secondary sources along the way to the measure- 2001.
ment site, which may or may not have been cloud processedecesari, S., Facchini, M. C., Fuzzi, S., McFiggans, G. B., Coe, H.,
Typically both condensation and cloud processing accumu- and Bower, K. N.: The water-soluble organic component of size-
late material to the accumulation mode as a function of time, Segregated aerosol, cloud water and wet depositions from Jeju
which also explains enrichment of the WSOC into a accu-_ 'sland during ACE-Asia, Atmos. Environ., 39, 211-222, 2005.
mulation mode. The size distributions of WSOC and sul- Dye, C. and Yttri, K. E.: Determination of monosaccharide anhy-

phate were similar, suggesting that WSOC could be inter- drides in atmospheric aerosols by use of high-performance liquid
nally mixed with S(i_ in the LRT aerosols chromatography combined with high-resolution mass spectrom-

L . ) ) etry, Anal. Chem., 77, 1853-1858, 2005.
For aerosols originating from marine areas, the size disgnn M., Pedja, T., Aufmhoff, H., Aalto, P., meri, K., Arnold,

tributions of sodium and WSOC in coarse mode were com- F. | aaksonen, A., and Kulmala, M.: Hygroscopic properties of
pared to see whether the WSOC is likely to condense on the ultrafine aerosol particles in the boreal forest: diurnal variation,
surface of sea-salt particles. The size distributions of sodium solubility and the influence of sulfuric acid, Atmos. Chem. Phys.,
and WSOC had clearly different shapes in the coarse mode. 7, 211-222, 2007,

According to the results of this study it seems that over http://www.atmos-chem-phys.net/7/211/2Q07/

the continental area the water-soluble organic compounds iff™eY: A., Virkkula, A., Saario, K., Timonen, H., Tolonen-
the coarse fraction are more likely associated with the soil- <Vimaki, O., Aurela, M., Hillamo, R., Tissari, J., Hyten, K.,

related particles than with the sea-salt particles. Willman, P., Jokiniemi, J., Mannila, R., Saari, H., andki,
.: Aerosol composition in fireplace emissions, Report series in

. ) aerosol science, 83, 325-329, 2006.
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