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The spatiotemporal variation of ambient particles under the influence of biomass burning
emissions was studied in the Helsinki Metropolitan Area (HMA) in selected periods during
2005-2009. Monosaccharide anhydrides (MAs; levoglucosan, mannosan and galactosan),
commonly known biomass burning tracers, were used to estimate the wood combustion
contribution to local particulate matter (PM) concentration levels at three urban background
sites close to the city centre, and at three suburban sites influenced by local small-scale
wood combustion. In the cold season (October—-March), the mean MAs concentrations were
115-225 ng m™ and 83-98 ng m™ at the suburban and urban sites, respectively. In the warm
season, the mean MAs concentrations were low (19-78 ng m~), excluding open land fire
smoke episodes (222-378 ng m~). Regionally distributed wood combustion particles raised
the levels over the whole HMA while particles from local wood combustion sources raised
the level at suburban sites only. The estimated average contribution of wood combustion to
fine particles (PM, ;) ranged from 18% to 29% at the urban sites and from 31% to 66% at the
suburban sites in the cold season. The PM measurements from ambient air and combustion
experiments showed that the proportions of the three MAs can be utilised to separate the
wildfire particles from residential wood combustion particles.

Introduction particulate matter (PM, ;, particles with aerody-

namic diameter smaller than 2.5 ym) emissions
Residential wood combustion or, more generally,  throughout Europe (e.g. May et al. 2009, Niemi
biomass burning is a remarkable source of fine er al. 2009, Szidat et al. 2009, Krecl et al. 2010).
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It is estimated that residential wood combustion
can produce locally 20%-90% of the wintertime
fine particle emissions (Boman et al. 2003) and
that it is responsible for 33% of the total primary
carbonaceous emissions in Europe (Krecl et al.
2010). In several studies, heating with wood was
associated with harmful health effects (Boman
et al. 2003, Schreuder et al. 2006, Naeher et al.
2007, Bglling et al. 2009, Jalava et al. 2010).

Wood combustion has recently been studied
in several European locations, e.g. in Austria
(Caseiro et al. 2009), Germany (Puxbaum et
al. 2007, Bari et al. 2010), Denmark (Glasius
et al. 2006, 2008), Norway (Yttri et al. 2005,
2009), and Sweden (Hedberg et al. 2006, Krecl
et al. 2007, 2010). For example, in Denmark
in a residential area without a district heating
system, wood combustion resulted in local par-
ticle levels comparable to those measured in
streets with heavy traffic (Glasius et al. 2006).
The highest contribution of wood burning to
ambient PM concentration is typically found
during the cold season due to residential heat-
ing with wood, amplified by poor mixing in the
wintertime boundary layer (e.g. Puxbaum et al.
2007, Saarikoski et al. 2008a). Especially during
periods of low vertical mixing due to stagnant
weather conditions, the effects of wood combus-
tion on local air quality can be considerable. The
most serious local impacts of wood smoke are
usually observed in the densely populated small
house areas of suburbs or villages (Glasius et al.
2006). However, wood burning emissions may
also be transported long distances and cause
significant increases in PM concentrations on a
regional level (e.g. Niemi et al. 2009, Mochida
et al.2010).

Residential wood combustion accounted for
25% of the primary PM, . emissions in Fin-
land in 2000 (Karvosenoja et al. 2008). The
residential wood fuel consumption increased in
Finland over the last years: the increase being
almost 29% from 2000 (45 PJ) to 2009 (58 PJ)
(METLA 2010). The use of biomass energy, also
in households, is encouraged by the Finnish gov-
ernment, because of the pressure to use biofuels
instead of fossil fuel. For instance, it is possible
to get some financial support to replace an oil
or electric heating system with a heating system
based on renewable energy (e.g. biomass, heat
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pumps). Investments are also allocated in the
development of modern-technology combustion
appliances, but no regulations yet exist for PM
emissions from residential biomass-combustion
appliances in Finland.

In the Helsinki Metropolitan Area (HMA),
heating of buildings is mainly based on extensive
district heating system, which has only a minor
impact on air quality thanks to effective emission
control methods and high emission height. On
the other hand, in suburban small-house areas
of the HMA, large amounts of PM are emitted
from wood burning, e.g. in heat-storing fireplaces
and sauna stoves (HSY 2010a). Saarikoski et
al. (2008a) estimated that in Helsinki 41% of
organic carbon (OC) in PM, originates from
wood combustion during winter, whereas only
34% during summer. However, the study did
not give any information on the potential spatial
variation in biomass burning aerosols at different
urban and suburban sites of the HMA.

Monosaccharide anhydride isomers (MAs;
i.e., levoglucosan, mannosan, and galactosan)
are shown to be specific tracer compounds for
biomass combustion, such as residential wood
combustion and open land fires (e.g. Simoneit
2002, Yttri et al. 2005, Saarikoski et al. 2008a,
Niemi et al. 2009, Saarnio et al. 2010a) because
they are produced exclusively during the thermal
breakdown of cellulose and diverse hemicellu-
loses (Simoneit 2002). In a laboratory study by
Fraser and Lakshmanan (2000), levoglucosan
did not degrade over a period of 10 days when
exposed to acid-catalysed hydrolysis. However,
there has recently been a debate about atmos-
pheric stability of levoglucosan (Hennigan et al.
2010, Hoffmann ez al. 2010). For example, Hen-
nigan et al. (2010) showed that levoglucosan has
an atmospheric lifetime of 0.7-2.2 days when
biomass burning particles are exposed to the
typical summertime concentration of hydroxyl
radicals (1 x 10° molecules cm™). Additionally,
Hedberg et al. (2006) suggested that levoglu-
cosan is not suitable as a quantitative tracer due
to its dependency on combustion conditions.
Despite these limitations, MAs concentrations
showed to be valuable in tracking the biomass
combustion emissions (Saarikoski et al. 2008a).

High-time-resolution  information  about
wood combustion has been recently gained by
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using online methods, such as measuring cer-
tain mass-to-charge ratios (m/z) of organic mass
fragments with the aerosol mass spectrometer
(AMS) (e.g. Schneider et al. 2006, Lee et al.
2010). Unfortunately, the AMS methods cannot
separate the mass fragments of MAs from those
that originate from other sugar compounds. Fur-
thermore, the AMS methods cannot separate
different MAs isomers, i.e. levoglucosan, man-
nosan, and galactosan. The isomer ratios of MAs
in ambient air may provide valuable information
for the source identification of biomass burning
aerosols.

The objective of this study was (1) to study
the variation in MAs concentrations at urban and
suburban sites in the HMA at different temporal
scales, (2) to analyse the spatial variation of
MAs concentrations for local and regional emis-
sion sources, (3) to quantify the impact of bio-
mass combustion on PM concentrations, and (4)
to compare the ambient proportions of MAs iso-
mers with those from wood combustion experi-
ments to identify the type of biomass that was
burnt. This is the first study that demonstrates the
differences between urban and suburban areas as
well as local and regional transport of biomass
burning aerosols in the HMA.

Experimental methods
Site description

The HMA is located in the boreal region on the
coast of the Baltic Sea. The city centre of Hel-
sinki (60°10°N, 24°58°E) is surrounded from
the west, north, and east by residential areas,
while in the south the closest inhabited areas are
over 70 km away on the Estonian coast of the
Baltic Sea. The population of the HMA is about
one million. Long-range transport (LRT) is the
main source of fine particles in ambient air in the
HMA, whereas traffic, residential wood combus-
tion, energy plants and industrial processes are
the most important local emission sources (Saa-
rikoski et al. 2008a). The main heating sources
of the buildings in the area are district heating
(78%), electric heating (10%), and oil (8%)
(HSY 2010b). The rest includes wood combus-
tion and other individual heating systems. Dis-
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trict heat is mainly produced with fossil fuels.
The number of detached houses is about 65 000
and approximately 90% of them have some kind
of a fireplace. Small-scale wood combustion
appliances are used for supplementary heating
and for pleasure purposes as well. The use of
heat-storing fireplaces is most common during
the cold season but sauna stoves are heated
throughout the year.

The current study was based on measure-
ments that were conducted in the HMA in
selected periods during the years 2005-2009
(Table 1). The research sites included three
urban background sites in Helsinki: the SMEAR
IIT station in Kumpula (in this study called as
URB-1), Kallio station (URB-2), and West Har-
bour of Helsinki (URB-3); and three suburban
sites in the areas of detached housing without
district heating: Lintuvaara (SUB-1), Itd-Hakkila
(SUB-2), and Vartiokyld (SUB-3). The locations
of the sites are presented in Fig. 1, which also
illustrates the density of detached houses in the
area.

Mass measurements and filter samplings

Information on the measurements and filter sam-
plings at the sites are given in Table 1. The
sampling height at all the sites was 4 m above
ground level. The online mass concentrations of
PM, , were measured with the following instru-
ments: a Grimm Model 180 Ambient Dust Moni-
tor (Grimm Aerosol Technik GmbH & Co., Ger-
many) at SUB-2 and at SUB-3, a Tapered Ele-
ment Oscillating Microbalance (TEOM 1400ab;
Thermo Fischer Scientific Inc., Germany) at
URB-2, and a Particulate Monitoring Instru-
ment FH 62 I-R (ESM Andersen Instruments
GmbH, Germany) at URB-3. These different
PM measurement instruments have passed a test
against a reference method, and their results are
reliably comparable after using calibration func-
tions (Waldén et al. 2010). At URB-1 in 2006—
2007, the online mass concentration of PM, , was
measured using a TEOM 1400a (Rupprech &
Patashnik, USA) equipped with a Filter Dynam-
ics Measurement System (FDMS) to measure
the fraction of semi-volatile PM (Saarikoski et
al. 2007). At URB-1 in 2008-2009, the mass
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Fig. 1. Site locations (marked with circles with diameter
of 1 km) and the density of detached houses in the
HMA.
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concentration of PM | was determined from poly-
tetrafluoroethylene (PTFE) filters by weighing
them before and after sampling using a Mettler
Toledo UMT?2 micro-balance (Mettler Toledo
GmbH, Switzerland). At SUB-1, the online mass
concentrations of PM,, were measured with a
FH 62 I-R (ESM Andersen Instruments GmbH,
Germany).

Filter samples were collected for the deter-
mination of MAs. The PM, sampling duration at
URB-1 was typically 10-24 hours on working
days and 10-72 hours over weekends with the
manual sample exchange typically at 08:00 and/
or 18:00. The sampling procedures used were
presented by Saarikoski et al. (2008a) (sam-
plings during 2006-2007) and by Saarnio et al.
(2010b) (2008-2009). At the other sites, the filter
sampling was conducted for PM,; with sampling
duration of 24 hours starting at midnight. Micro
PNS samplers with PTFE filters were used at

Table 1. Information on the sites, samplings and measurements.

Site name Distance Site Local fine Sampling Filter Measured
from city description PM emission periods sampling® PM
centre sources size-class

SUB-1 10km NW  Suburban area  Small-scale 1Jan— PM,,; 24 h; PM,,

(Lintuvaara) of detached wood 30 Dec. 2005 occasionally

housing combustion®
SuUB-2 16 km NE Suburban area  Small-scale 1 Oct.— PM,,; 24 h; PM,
(lta-Hakkila) of detached wood 24 Dec. 2008 every 4 days
housing combustion®
SUB-3 10 km ENE  Suburban area  Small-scale 2 Feb.— PM,,; 24 h; PM,
(Vartiokyla) of detached wood 30 Mar. 2009 every 2 or
housing combustion®® 4 days
URB-1 4 km NNE Urban Traffic? (a) 10 Feb. 2006— PM,; typically  (a) PM,;
(Kumpula) background 28 Feb. 2007; 10—-24 h (few (b) PM,
(university (b) 8-19 Dec. samplings over
campus) 2008, weekend);
14 Jan.— continuously
13 Mar. 2009
URB-2 2km NNE  Urban Trafficb® 1 Oct.— PM,,; 24 h; PM,
(Kallio) background 24 Dec. 2008, every 2 or
(dwelling zone 2 Feb.— 4 days
in central area) 30 Mar. 2009
URB-3 1.5km SW  Urban Ships, traffic® 22 Nov.— PM,,; 24 h; PM,
(West Harbour) background 24 Dec. 2008 every 4 days

(harbour area)

2 Filter samples for analysis of MAs (PM size-class; duration; and frequency of the samplings).

® YTV (2009).
¢ HSY (2010a).

dSaarikoski et al. (2008).
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URB-2, URB-3, SUB-2 and SUB-3. At SUB-1,
samples were collected using a Wedding sampler
with PTFE coated glass fibre filters. MAs are
principally found in the fine fraction of particles
(Yttri et al. 2005, Engling et al. 2006, Frey et
al. 2009). In the burn tests by Engling et al.
(2006), approximately 98.8% of levoglucosan
was in PM, with the majority in sub-micron
particles. Yttri et al. (2005) found that 80% of
MAs was associated with particles smaller than
1 ym in ambient air in a small Norwegian town.
Since in the present study MAs were determined
from different filter materials and from samples
having different PM size-classes, it was esti-
mated that the comparison of the results had an
uncertainty of 20%.

The local meteorological data, including air
temperature, wind speed, and wind direction
(WD), were recorded at URB-1. The FLEXTRA
trajectory model (Stohl and Wotawa 1995) was
used to investigate the main directions and the
routes of the air masses. Four-day backward-
trajectories were calculated at noon each day at
the arrival pressure level of 950 hPa representing
about 500 m height. The sources of aerosol par-
ticles were considered in a regional scale, so the
accuracy of the trajectory calculations with the
chosen parameters was sufficient to reveal the
differences in source directions.

Analysis of MAs

Two analysis protocols were used for analysis
of MAs: The samples from the years 2005-2007
were analyzed with liquid chromatography—
mass spectrometry (LC-MS) and those from
years 2008-2009 with high-performance anion-
exchange chromatography—mass spectrometry
(HPAEC-MS). The LC-MS method was adapted
from Dye and Yttri (2005) and it was presented
earlier by Saarikoski et al. (2007). The samples
were extracted with 2-ml of a tetrahydrofuran—
water mixture (1:1, v/v) with 30-min ultrasonic
agitation, and filtered. The used column system
consisted of two Atlantis™ C -columns in line
(Waters) and deionized water was used as an
eluent. Electrospray ionization (EI) and ion trap
MS were used (Agilent Technologies SL). The
HPAEC-MS method was validated and pre-
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sented in detail by Saarnio et al. (2010b). In this
method, the samples were extracted with 5 ml of
deionized water with internal standard and with
15-min shaking, and filtered. The used column
system consisted of CarboPac™ PA10 guard
and analytical columns (Dionex) and the eluent
was produced by a KOH eluent generator. The
ionization technique was EI and the MS was
equipped with a quadrupole mass analyzer. Both
LC-MS and HPAEC-MS methods used m/z 161
for determination of MAs.

Multiplying factor for estimating wood
combustion impact

The impact of wood combustion on ambi-
ent PM concentrations in the HMA could be
roughly estimated using MAs concentrations
with a multiplying factor (MF). MF was derived
from previous ambient-environment studies and
estimated uncertainties (A) by assuming that
83% + 3% (mean = A) of MAs is levoglucosan
(levo) in the HMA (average range in this study)
and by using the ratio of biomass-burning origi-
nated OC (BB-OC) to levoglucosan [9.2 = 0.9
(mean + A); positive matrix factorization (PMF)
results in urban Helsinki in winter by Saarikoski
et al. (2008a)], and estimating the contribution
of OC to PM, .. The OC concentration was con-
verted to particulate organic matter (POM) by
multiplying it by 1.6 + 0.2 (mean = A) (Turpin
and Lim 2001, Saarnio et al. 2010a). The contri-
bution of POM to PM, , is the most crucial factor
that largely depends on the material combusted
and the combustion technique. In combustion
experiments with a masonry heater, the POM-
to-PM, | contribution ranged between 33% (good
combustion) and 67% (smouldering combustion)
(Frey et al. 2009). In the present study, no
ambient OC concentration was measured, and
therefore the POM-to-PM, ; contribution had to
be estimated. Viidanoja et al. (2002) found that
in the ambient air in Helsinki the POM-to-PM, .
contribution is approximately 50%. That value
was used with the uncertainty of 17 percentage
units, which is the difference between POM-to-
PM, , contribution presented by Viidanoja et al.
(2002) and that in good and smouldering com-
bustions given by Frey et al. (2009). By combing
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the abovementioned factors, a semi-quantitative

MF was derived for MAs:
levo » BB-OC » POM
MEF = MAs levo ocC
POM /PM, (D
_ 0.83%x92x%x1.6 — a4
0.5

The uncertainty of MF (AMF) was calculated
using the following equation:

0.5

A levo BB-OC
MAs levo
levo BB-OC
AMEF = MF x MAs 2 levo 2
A POM A PM,
" ocC POM
POM PM,, )
L oC POM
003 (09Y |
083) o2
=244 ' )
02 0.17 )
+H =1 +| =—
1.6 5
=244x%x038=92

This MF and its uncertainty were used for MAs
concentration to estimate indicatively the PM,
concentration originated from wood combustion
(BB-PM, ,):

BB-PM, , = MAs x (MF = AMF)
=MAsx(244£92) (3

It must be emphasized that this kind of use of
a multiplying factor is very crude and it includes
a wide range of uncertainty but, nonetheless, it
enables the estimation of the order of local wood
combustion impact on the PM concentration.

Wood combustion experiments in
laboratory

The study included wood combustion experi-
ments conducted in an emission research labora-
tory. The detailed description of the combustion
procedure is given in Lamberg ef al. (2011). Two
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different materials were burnt: wood logs made
of birch and coniferous pellets made mainly
of pine. The experiments were conducted with
three different small-scale combustion appli-
ances: a pellet boiler (pellets), a conventional
heat-storing masonry heater (wood logs) and
sauna stove (wood logs). The sauna stove and
masonry heater represented the typical wood
combustion methods used in Finland (Tissari et
al. 2008, Lamberg et al. 2011). The pellet boiler
represented a modern technology that is not
yet widely used in Finland. The dilution ratio
of the combustion air emitted from the pellet
boiler was about 100. Six combustion tests were
performed for the sauna stove (sampling dura-
tion 55 min) and five for the masonry heater (65
min). These samplings contained the emissions
from an ignition batch and two addition batches.
The dilution ratio was ~900 for the masonry
heater emissions and ~2000 for the sauna stove.
The diluted PM, emissions were sampled on
PTFE filters using the five uppermost stages of a
Berner low-pressure impactor first to remove the
particles larger than 1 ym. The sample flow rate
was 25 | min™'. The filters were weighed before
and after sampling using a Mettler Toledo UMT2
micro-balance, and MAs were analysed with
HPAEC-MS (as described earlier).

Results and discussion
Temporal variation
Seasonal variation

MAs were determined from the filter samples
collected in the HMA in selected periods during
2005-2009 (Table 2), including two one-year
campaigns at SUB-1 in 2005 and at URB-1 in
2006-2007 (Fig. 2). The measurements were
classified either as warm season (April-Septem-
ber) or cold season (October—March) periods
to demonstrate the typical MAs concentration
levels at the suburban and urban sites in the
HMA (Table 2). In the cold season, the mean
MAs concentrations were 115-225 ng m® and
83-98 ng m? at the suburban and the urban sites,
respectively. In the warm season, the measure-
ments were only conducted at one suburban
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Fig. 2. Concentrations of MAs in the HMA during 2005-2007. In order to distinguish the long-range-transported
open land fire smoke episodes from the seasonal variation, they are presented separately (light-grey bars). The
concentrations of MAs were determined from PM,/ filter samples at SUB-1 (grey bars) and from PM, at URB-1
(dark-grey bars). Additionally, the monthly mean concentrations are presented with horizontal black lines.

(SUB-1) and one urban site (URB-1), and as
expected, the mean MAs concentrations were
quite low in the warm season (19-78 ng m?),
excluding the wildfire smoke episode periods
(222-378 ng m?). Since SUB-1 and URB-1
were the only sites where MAs concentrations
were measured throughout the year, we focused
on these sites to describe in more detail the sea-

sonal variation of MAs and PM concentrations.
The concentration of MAs showed a clear
seasonal variation at both sites with the highest
concentrations during winter and the lowest in
summer (Fig. 2). The seasonal variation in the
PM concentration was not seen as clearly as in
the concentration of MAs, especially, at URB-1
(Fig. 3). This was mainly due to different emis-

Table 2. Average concentrations of MAs and PM in the HMA during 2005-2009. n = number of filter samples.

Site Sampling season or period Sample n MAs Measured PMa
type (ng m?) PM size-class (ng m=)
SUB-1  Warm season (Apr.—Sep. 2005) PM,, 35 78 PM,, 22.6
SUB-1 Cold season (Jan.—Mar., Oct.—Dec. 2005) PM,, 43 225 PM,, 27.3
SUB-2 Cold season (Oct.—Dec. 2008) PM, 22 215 PM, 8.2
SUB-3 Cold season (Feb.—Mar. 2009) PM,, 21 115 PM, 9.6
URB-1  Warm season (Apr.—Sep. 2006)° PM, 105 19 PM, 9.5
URB-1  Wildfire smokes (Apr.—May 2006) PM, 20 378 PM, 35.5
URB-1  Wildfire smokes (Aug. 2006) PM, 12 222 PM, 21.6
URB-1  Cold season (Feb.—Mar. 2006, Oct. 2006-Feb. 2007) PM, 153 84 b 10.3
URB-1 Cold season (Dec. 2008—Mar. 2009) PM, 131 90 PM, 9.3
URB-2 Cold season (Oct.—Dec. 2008) PM,, 22 85 PM, 8.6
URB-2 Cold season (Feb.—Mar. 2009) PM, 21 83 PM, 11.1
URB-3 Cold season (Nov.—Dec. 2008) PM,, 9 98 PM, 9.5

@ PM concentration from only those days when the filter samples were collected.
® Season without major episodes of long-range transported wildfire smokes.
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Fig. 3. Daily mean PM concentrations in the HMA during 2005-2007. The long-range-transported open land fire
smoke episodes are presented separately (light-grey bars). The mass concentration of PM, was measured at
SUB-1 (grey bars, left axis) and PM, ; at URB-1 (dark-grey bars, right-hand-side axis). The monthly mean con-
centrations are presented with horizontal black lines. Due to instrumental problems, data for the end of 2006 was

discontinuous.

sion sources during different seasons. At this lat-
itude, secondary organic aerosol formation from
biogenic precursors and small-scale wood com-
bustion are the major sources of PM during the
warm and cold seasons, respectively (Saarikoski
et al. 2008a). Other important emission sources
in the HMA are traffic and LRT throughout the
year (Saarikoski et al. 2008a) as well as coarse
road dust in spring (Anttila and Salmi 2006). At
SUB-1, where wood combustion is a local emis-
sion source, a notable influence of wood com-
bustion on the PM concentration was seen (Figs.
2 and 3). Occasionally, the MAs concentration
behaved similarly to the PM concentration at
both urban and suburban sites, implying that
wood combustion was a major source of PM in
the area at the time. Besides wood combustion,
long-range-transported open land fire smokes
occasionally raised the levels of MAs and PM,
e.g. during spring and summer 2006 (Saarikoski
et al. 2007, Saarnio et al. 2010a) (Figs. 2 and 3).

The contribution of MAs to PM,, at SUB-1
in 2005 and MAs to PM,  at URB-1 in 2006—
2007 had a similar seasonal variation as did
the concentration of MAs. During those peri-
ods, the correlation coefficient (Pearson’s r)
between MAs and PM,  at SUB-1 was 0.66,

and between MAs and PM,  at URB-1 its was
0.71. At SUB-1, the monthly mean contribution
of MAs to PM, was at its highest in December
2005 (monthly mean contribution 1.7%) and at
its lowest in August 2005 (0.2%). At URB-1,
the monthly mean MAs-to-PM, . contribution
was highest in January 2007 (1.9%) and lowest
in June 2006 (0.1%). The mean MAs-to-PM, |
contributions were somewhat lower than those
reported previously for Helsinki by Saarikoski
et al. (2008b): 0.98% in spring 2003, 3.0% in
autumn 2003, 2.0% in winter 2004, 2.3% in
spring 2004, and 0.95% in summer 2004.

Local meteorological conditions can affect
remarkably the emissions and concentrations of
PM and MAs that may be seen as greater sea-
sonal means. Therefore, year-to-year compari-
sons are not straightforward. For example, the
concentration of MAs was exceptionally high on
21-22 November 2005, when a strong tempera-
ture inversion occurred in the area. The accu-
mulation of local wood combustion emissions
in the ambient air was evident at SUB-1 with
daily mean concentrations of 1.1 g m= for MAs
(Fig. 2) and 150 yg m~ for PM,  (Fig. 3). This
was the highest 24-h ambient MAs concentration
ever measured in the HMA and in Finland. These
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samples, collected during the meteorological
inversion, raised the monthly mean concentra-
tion of MAs to 0.46 ug m= while the median of
the samples was 0.30 pg m=. High daily MAs
concentrations (up to 0.63 ug m™) were also
observed in 2006 at URB-1 due to long-range-
transported smokes from wildfires. Typically,
high daily concentrations of PMs at the urban
sites in the HMA are caused by long-range-
transported particles or road dust (mainly coarse
particles), not by local wood combustion (Anttila
and Salmi 2006, Niemi et al. 2009).

Day-of-week variation

Similarly to seasonal differences between the
cold and warm seasons, the day-to-day differ-
ences are related to ambient temperature that is
reflected both in quantity of wood combustion
emissions and in atmospheric mixing of emis-
sions. The data from the three suburban (Fig. 4a)
and three urban sites (Fig. 4b) were combined
to show the differences in MAs concentrations
between the days of the week during the cold
season (October—March).

At the suburban sites, the range of the con-
centrations of MAs was three to four times larger
than at the urban sites. That was mainly due
to the local wood combustion at the suburban
sites. The dataset for the suburban sites was lim-
ited and therefore there were large differences
between the weekdays. However, stagnant con-
ditions can cause high concentrations of MAs
if wood combustion exists (Fig. 4). Those high
concentrations increased remarkably the mean
of the measured values as compared with their
median. Therefore here, it is more convenient to
compare the day-specific medians. The higher
medians of MAs on Wednesdays and Saturdays
than on other days of the week at the suburban
sites (Fig. 4a) can be explained (at least partly)
by the fact that in Finland those two are the days
when sauna stoves are traditionally heated. At
the urban sites, the MAs concentrations were
somewhat elevated on Saturdays even though the
variation in concentrations was large (Fig. 4b).

Saarnio et al. (2010b) found a clear differ-
ence between the weekends and weekdays at
URB-1 in winter 2008-2009 when the MAs con-
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centration during the weekends (n = 31) was on
average 58% higher than during the weekdays
(n = 83). However, at the same site during the
cold season in 2006-2007 (n = 30 and n = 115,
respectively), the respective difference was only
4%.

Night/day variation

Typically MAs are analyzed from filter samples
with sampling times of several hours or days.
To our best knowledge and excluding our pre-
vious study (Saarnio et al. 2010b), no studies
presenting information on the night/day varia-
tion in the ambient MAs concentrations from
small-scale wood combustion exist. The present
study was based mainly on 24-h samples, except
for URB-1 where sampling durations varied.
The filter samplings were conducted continu-
ously, with the sample exchange in the morn-
ing and in the evening (typically at 08:00 and
18:00, respectively), at the URB-1 site during
the winter 2008-2009 and during one week in
February 2006. The concentrations of MAs in
the nighttime samples (n = 64) were on aver-
age only 12% higher than those in the daytime
samples (n = 65) during the winter 2008—-2009
(Saarnio et al. 2010b), and 8% in February 2006
(n=15 and n = 5, respectively).

The difference in MAs concentrations
between day and night is more distinct at the
suburban sites than at the urban sites probably
because the emission sources of MAs at the sub-
urban sites are closer to the measuring point. In
this study, the samplings of the MAs concentra-
tions at the suburban sites were conducted with
a 24-h time-resolution and not on a daily basis
and, therefore, the above hypothesis could not be
confirmed. However, based on the changes in the
concentration of PMZ_S, it could be observed that
in the suburban areas wood combustion raised
the particulate concentrations, especially in the
evenings (data not shown here) when people
spend more time at home. Additionally, lower
ambient temperature at night increases the need
for heating, and at the same time the atmospheric
mixing is less efficient, causing higher ambient
concentrations. For example at SUB-2, the con-
centration of PM, ; rose typically in the evening
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(18:00-23:00). At the same time, the respective
concentration at the urban sites of the HMA was
clearly lower.

Spatial variation

During the cold season (October—March) in
2008-2009, the samplings were conducted con-
currently in the suburban areas (SUB-2 and
SUB-3), where residential wood combustion is
a major local-emission source, and at the urban
background sites (URB-1, URB-2, and URB-3),

where no local wood combustion exists or it
is only a minor source at the local scale. Even
though URB-3 is directly exposed to marine
winds, the MAs concentrations were only
slightly lower (mean + SD = 12% + 19%) than
those measured at URB-2 which is situated 2 km
inland from the city centre (Fig. 5). The concen-
trations of MAs were on the same level also at
the third urban background site, URB-1, 4 km
inland from the city centre. The similarity of the
MAs concentrations in the parallel samplings
at different urban sites implied that there were
not major local wood combustion sources in the
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URB-1 where it was mostly 10 or 14 hours.

urban areas. Instead, fine particles containing
MAs in the urban areas of Helsinki were mainly
regionally distributed or long-range transported.

In October—December 2008 the concentra-
tion of MAs was on average 4.7 times higher
at SUB-2 than at URB-2, whereas in Febru-
ary—March 2009 it was only 1.6 times higher at
SUB-3 than at URB-2. Obviously, there are dif-
ferences in various suburbs but also the remarka-
ble difference between SUB-2 and SUB-3 can be
caused by the locations of the sampling sites; the
SUB-2 sampling site was totally surrounded by
detached houses while the SUB-3 site was only
partly surrounded by houses due to a small green
area beside the site. Furthermore, there might be
large differences in the amounts of wood com-
bustion emissions from surrounding houses but
they were not studied in this work.

Combining the concurrent concentrations
of MAs at the urban and suburban sites with
observed meteorology and the calculated four-
day backward-trajectories, the samples were
divided into two categories even though the
dataset was limited (n = 43): (1) fine particles
mainly from regional sources (with a horizontal
scale from about ten to several hundred kilo-
metres) or from LRT (from several hundreds to
over thousand kilometres), and (2) fine particles
assessed to be mainly caused by local wood-

combustion sources close to suburban sites (dis-
tance up to few kilometres).

Regionally distributed wood combustion
particles

The particulate matter was expected to be
regionally distributed, either from the emission
sources in the surrounding region or long-range
transported from farther afield, when the concen-
trations of MAs were fairly similar both at the
urban and suburban sites (Fig. 5). Meteorologi-
cal data and backward-trajectories showed that
during such periods the air masses were mainly
from east or south, i.e. WD was from the east-
ern or southern sector and the route of the air
masses was mainly over Russia and/or eastern
and/or central Europe, which means that the
biomass burning emissions may be transported
to the HMA. These cases included both sam-
ples of low and relatively high concentration of
MAs. During these sampling periods, the mean
concentration of MAs and the average MAs-to-
PM, , contribution were only slightly higher at
the suburban sites than at URB-2 at the same
time (Table 3). The somewhat higher contribu-
tions at the suburban sites could be explained by
different PM sources, e.g. the influence of local
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wood combustion at suburban sites and traffic at
urban sites.

Fine particles from local wood combustion

When the air masses came from north and/or
west (i.e. WD was from northern or western
sector and the backward-trajectories showed the
route of air masses coming mainly over the
Scandinavia and/or the Arctic Sea, which means
that the air was relatively clean), the concen-
trations of MAs were often clearly higher at
the suburban than at the urban sites. During
these events, both ambient temperature and wind
speed were lower than during the events with
southern and eastern air masses. Therefore, those
high concentrations of MAs at the suburban sites
were estimated to originate mainly from local
wood combustion. The local emissions could
be registered at the suburban sites but they were
diluted and/or mixed before the same air-masses
reached the urban sites, or the local emissions
from the suburbs did not drift to the urban sites,
and therefore the concentrations of MAs were
notably lower there.

There were remarkable differences in the con-
tributions of MAs to PM, ; between the suburban
sites, especially SUB-2, and the urban back-
ground sites when fine particles were caused
mainly by local wood combustion (Table 4).
The mean concentration of MAs and the aver-
age MAs-to-PM,  contribution were clearly
higher at the suburban sites than at URB-2 at
the same time. The sites SUB-2 and SUB-3 are
both located in the middle of residential areas
but remarkably higher concentrations of MAs

Table 3. Average MAs concentrations and MAs-to-PM
contributions in the cold season samples when bio-
mass burning particles were mainly regionally distrib-
uted or long-range transported.
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were detected at SUB-2 (Fig. 5). The difference
between SUB-2 and SUB-3 could result from the
locations of the sampling sites in the suburbs as
explained earlier.

These results were in line with the con-
tributions measured previously in the Nordic
countries. The average MAs-to-PM, . contribu-
tion was 2% at an urban background site in the
HMA in winter 2004 (Saarikoski et al. 2008b).
In Denmark, the average contribution of MAs
to PM, ; was 3.6% in a residential area and 1.7%
at a background site (Glasius et al. 2008) while
in Norway, the average contribution of MAs to
PM,, was 3.1% in a residential area and 0.6% in
urban background of Oslo in winter (Yttri et al.
2005).

Impact of wood combustion on PM
concentration

The data on MAs and PM concentrations during
the cold season (October—March) were used to
estimate semi-quantitatively the contribution of
wood combustion to ambient PM concentra-
tions. During the warm season, open land fire
smokes occasionally drift to the HMA (Niemi et
al. 2009) that would complicate the estimation.
Additionally, it has been proposed that MAs are
more stable in the atmosphere in winter when
solar radiation is low and there are less hydroxyl
radicals that might react with levoglucosan in the
air (Hennigan et al. 2010, Hoffmann et al. 2010).

The impact of wood combustion on ambient
PM concentrations in the HMA was roughly esti-
mated using the measured MAs concentrations
and the multiplying factor derived in this study

Table 4. Average MAs concentrations and MAs-to-PM
contributions in the cold-season samples when bio-
mass burning particles at the suburban sites originated
mainly from local sources.

Site Period n  MAs conc. MAs-to-PM Site Period n MAs conc. MAs-to-PM
(ug m) (%) (ug m=) (%)
SUB-2 Oct.—Dec. 2008 14 0.12 1.6 SUB-2 Oct.—Dec. 2008 8 0.38 4.6
URB-2 Oct.—Dec. 2008 14 0.09 0.9 URB-2 Oct.—Dec. 2008 8 0.08 1.0
URB-3 Nov.—Dec. 2008 6 0.10 0.9 URB-3 Nov.—Dec. 2008 3 0.09 1.3
SUB-3 Feb.—Mar. 2009 13 0.12 1.1 SUB-3 Feb.—Mar. 2009 8 0.11 1.6
URB-2 Feb.—Mar. 2009 13 0.10 0.7 URB-2 Feb.—Mar. 2009 8 0.06 0.8
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Fig. 6. PM, , concentrations (black bars) with the estimation of the PM, . concentrations caused by wood combus-
tion (BB-PM, ) in regional scale (red bars) and from local sources (orange bars) at URB-2 (upper part), and at

SUB-2 and SUB-3 (lower part) during the cold season in 2008—2009.

(MF + AMF = 244 + 9.2). In October—Decem-
ber 2008, the average of the estimated contribu-
tion of wood combustion to PM, . (BB-PM, )
was clearly higher at SUB-2 than at URB-2 (Fig.
6) or at URB-3. The high contribution at SUB-2
was obviously due to major emissions from
local wood combustion. However, when the
local wood-combustion emissions dominated,
the BB-PM, . was occasionally overestimated.
It could be stated that the multiplying factor of
24 .4 was too high for fresh emissions from wood
combustion. In ambient aerosol that is heavily
impacted with fresh wood-combustion emissions
(like SUB-2 occasionally), the POM-to-PM, .
contribution is presumably higher than 50%,
and therefore the multiplying factor would be
smaller. In February—March 2009, the difference
in BB-PM, , between SUB-3 and URB-2 was not
as large as between SUB-2 and URB-2 in Octo-
ber-December 2008. Both the measured PM,
and the estimated BB-PM,  showed a fairly
similar pattern at SUB-3 and URB-2 (Fig. 6), yet
the PM, | concentration was somewhat higher at
URB-2 while the estimated BB-PM, ; was typi-
cally higher at SUB-3. The similarity indicated

that the fine particles were mainly regionally dis-
tributed at those two sites. The minor differences
were presumably caused by traffic at URB-2 and
by wood combustion at SUB-3.

The average PM concentrations caused by
wood combustion were 2.0-2.4 ug m™ (con-
tribution to total PM concentration 18%—-29%)
and 2.8-5.6 g m= (27%—-66%) at the urban and
suburban sites, respectively (Table 5). The urban
areas of the HMA were assumed to be influ-
enced by wood combustion emissions only on
a regional scale, not by local wood combustion.
Therefore, the estimated regional BB-PM,,  con-
centration at URB-2 (i.e. regional background
concentration) could be subtracted from the
values obtained simultaneously at the suburban
sites (SUB-2 or SUB-3), in order to estimate the
PM, , concentration and the contribution of local
wood-combustion emissions at the suburban
sites (i.e. “hotspot” concentration) (Fig. 6 and
Table 5). At the suburban sites, average contribu-
tions of local and regional wood combustion to
the total PM, . concentrations were 11%-41%
(local BB-PM 0.8-3.2 pug m™) and 20%-25%
(regional BB-PM 2.0-2.2 ug m™), respectively
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(Table 5). Due to local wood combustion in the
cold season, the concentration of PM,  at SUB-2
was higher than at the urban sites in the HMA
influenced by traffic.

During the measurements of the present study,
only two 24-h samples were estimated to exceed
the WHO guideline limit for the daily mean
concentration of PM, , (25 g m~; WHO 2006)
purely because of wood combustion (exclud-
ing the open land fire smokes). The exceedance
took place at SUB-1 in November 2005 when
the temperature inversion occurred. However,
wood combustion was more often a secondary
reason for exceedance together with LRT and/or
local traffic emissions. At SUB-2, the local wood
combustion emissions caused occasionally even
10-15 pg m™ of additional daily mean concen-
tration of PM, .. The most dramatic difference
between the urban and suburban samples, and
at the same time the highest PM, , concentration
from local wood combustion was detected at
SUB-2 at Christmas Eve (the last sample from
SUB-2 in Fig. 6) when fireplaces and sauna
stoves are used frequently in small-house areas.

A wide range of emission factors are given
in the literature for levoglucosan and MAs (e.g.
Engling et al. 2006, linuma et al. 2007, Schmidl
et al. 2008b). Schmidl et al. (2008b) found rela-
tively high emission factors of levoglucosan for
several wood species in Austria. Caseiro et al.
(2009) used those factors in estimation of the
wood combustion contribution to ambient PM
concentrations in three Austrian cities. In that
study, a multiplying factor of 10.7 for the lev-
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oglucosan concentration was used to calculate
the concentration of wood-smoke PM. However,
the ratio of levoglucosan to PM emissions from
wood combustion is dependent on the type of
wood (e.g. Engling et al. 2006, Caseiro et al.
2009) and also on the combustion technique
(e.g. Frey et al. 2009). In the combustion experi-
ment carried out by Frey et al. (2009), the con-
tribution of levoglucosan to emitted PM was
clearly lower than in the tests by Schmidl et al.
(2008b); being 3.0% = 1.2% in normal combus-
tion, and 2%-3% in smouldering combustion
when birch logs were burnt in a conventional
masonry heater (Frey et al. 2009), and therefore
the PM, -to-levoglucosan factor was about 33
and PM, -to-MAs about 25. The multiplying
factor from the combustion experiment by Frey
et al. (2009) was comparable to that derived in
the present study (24.4 + 9.2), assuming that
MAs-to-PM ratios measured in the laboratory
conditions do not change during dilution. In
other European studies, for example Puxbaum
et al. (2007) used a multiplying factor of 7.35
for levoglucosan to estimate the contribution of
wood combustion to OC and thereby attained
the contribution of 18.0%—-68.4% in winter at the
CARBOSOL sites. Bari et al. (2010) estimated
that levoglucosan contributes 3.7% to PM and
thus the relative contribution of wood heating
to wintertime ambient PM, pollution was esti-
mated to be 59% + 41% in a residential area near
Stuttgart in southern Germany.

Typically source-specific estimations are
made using factor analysis techniques, such as

Table 5. Estimated mean (+ uncertainity A) concentrations of PM from wood combustion (BB-PM) and mean contri-
butions (+ with uncertainty) of wood combustion to PM concentration during the cold season. The multiplying factor
(24.4) for converting MAs to BB-PM was derived from Eq. 1 for PM, size class, which decreases the accuracy of
the results for other size classes (PM,, and PM,).

Site Period Size-class BB-PM BB-PM Regional Local
(ug m=3) (%) BB-PM (%) BB-PM (%)

SUB-1 Jan.—Mar., Oct.—Dec. 2005 PM,, 5.6 (x2.1) 27 (+10)

SUB-2  Oct.—Dec. 2008 PM, 5.2 (£2.0) 66 (+ 25) 25 (+10) 41 (= 16)

SUB-3  Feb.—Mar. 2009 PM, 2.8 (x1.1) 31 (x12) 20 (£ 8) 11 (£ 4)

URB-1 Oct. 2006—Feb. 2007 PM, 2.0 (x0.8) 29 (= 11) 29 (£ 11)

URB-1 Dec. 2008—Mar. 2009 PM, 2.3(x0.9) 24 (£ 9) 24 (£9)

URB-2  Oct.—Dec. 2008 PM, 2.1 (x0.8) 24 (£ 9) 24 (£9)

URB-2  Feb.-Mar. 2009 PM, 2.1 (x0.8) 18 (£7) 18 (£7)

URB-3  Nov.—Dec. 2008 PM, 2.4 (x0.9) 26 (+10) 26 (+10)
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PMF that uses a wide range of chemical values
(e.g. Saarikoski et al. 2008a). In the PMF analy-
sis presented by Saarikoski et al. (2008a), the
source apportionment was made for OC in fine
particles in Helsinki showing a 41% contribu-
tion of wood combustion to OC (and hence for
POM, as well) in winter. With the estimation that
approximately 50% of fine particles consisted
of POM, the contribution of wood combustion
to fine particles in that study was 20.5%. That
value was relatively close to the contributions
estimated for the urban sites in the present study
(18%—29%; Table 5). Therefore, it could be
concluded that the semi-quantitative estimations
were at a fairly correct level.

Proportions of the MAs isomers

Different plant species contain monosaccharides
in different proportions (e.g. Pettersen 1984,
McKendry 2002; see also Table 6), and they may
produce MAs isomers in the same proportions
when the plant species are burnt. In order to study
the production of the MAs isomers from different
wood species that are typically burned in Finn-
ish households, we conducted wood combustion
experiments in a laboratory. In those experiments,
particulate emissions of two wood materials were
measured. The proportions of the MAs isomers
from birch-log combustion experiments (aver-
age emission factor of MAs 7.9 mg kg™ fuel and
3.3 mg kg! fuel from a sauna stove and from a
masonry heater, respectively; Table 6) were close
to the proportions of respective monosaccharides
in birch wood (glucose 95%, mannose 4%, galac-
tose 1%; Pettersen 1984). Emissions of MAs
from combustion of coniferous pellets (mainly
of pine) in a modern pellet boiler were extremely
low (average emission factor of MAs 0.025 mg
kg™ fuel), which gave a large uncertainty to the
interpretation of the results. However, the propor-
tions of MAs from coniferous pellets differed
from that of birch logs (Table 6) and was roughly
comparable to the proportions of the three mon-
osaccharides in pine (77% of glucose, 18% of
mannose and 5% of galactose; Pettersen 1984).
Based on the comparison of the proportions of
the original monosaccharides in plant species and
the produced MAs, it was concluded that the pro-
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portions of MAs can be utilised to estimate what
kind of biomass material was burnt.

In real life, a single species is rarely burnt
and therefore the MAs in ambient PM are typi-
cally from mixtures of several plant species. In
the present study, the proportions of the MAs
in ambient air was studied from all the samples
collected during 2005-2009 (Table 7). There
seemed to be a difference in the proportions
when the analysis method was changed. The pro-
portions of mannosan and, especially, galactosan
in the samples from January 2005 to February
2007 analysed with LC-MS were higher than
in samples analysed with a validated HPAEC-
MS method (Saarnio et al. 2010b). The latter
proportions were relatively close to the propor-
tions that was crudely estimated based on the
firewood usage in Finland [86%/11%/3% for
levoglucosan/mannosan/galactosan; Saarnio et
al. (2010b)]. That estimation did not include the
use of waste wood (mostly coniferous species
from construction sites) as firewood. However,
based on the similarity of this crude estimation
and the measured proportions of MAs in ambient
air, it can be assumed that the monosaccharides
in a plant species produce MAs in the same pro-
portions when the plant is burnt. The proportions
of MAs in the HMA air somewhat differed from
those reported for the urban background and res-
idential area in Norway (Yttri et al. 2005) (Table
7). There, the contribution of galactosan to MAs
was minimal, obviously suggesting that the com-
position of burnt wood species in Norway was
different to that in the HMA and the surrounding
regions.

During the cold season 2008-2009, the pro-
portions of the MAs isomers were fairly similar
at all sites in the HMA (Table 7). Therefore, it
could be assumed that the composition of the
combusted firewood was reasonably uniform in
southern Finland. However, by comparing the
seasonal variation in the proportions of MAs
at URB-1 and SUB-I1, the greater change in
proportions was noticed at the urban site. Even
though in Finland firewood is used throughout
the year (e.g. sauna stoves also in summertime),
the transported smokes from open land fires
in eastern Europe occasionally dominate during
the warmer half of the year (Niemi et al. 2009).
The influence of transported PM from trans-
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ported smokes could be seen more distinctively
at URB-1 that at SUB-1 where the transported
smokes were mixed with the local wood com-
bustion emissions.

The proportions of MAs altered having the
highest levoglucosan/galactosan ratio in the cold
season and lowest in the summer. The lowest
levoglucosan/galactosan ratio was measured
during the long-range transported open land fire
smokes in April-May and August 2006 (Table
7). This can be assumed to be caused partly by
burning of foliar material in the fires: dry and
agricultural biomass like straw and grass from
the previous season in the episode in April-May
2006, and bog peat and fresh forest containing
plant material of leaves and branches as well
as woody material and undergrowth in August
2006. Schmidl et al. (2008a) showed that high
concentrations of galactosan exist when foliar
material burns (Table 6). Comparable propor-
tions of MAs to that recorded during the trans-
ported open land fire smokes in Helsinki in 2006
was measured, e.g. from forest fires in Siberia
(Kuokka et al. 2007) whereas in forest fires in
USA (Medeiros et al. 2006, Ward et al. 2006)
the proportions of MAs was closer to that from
the firewood usage in Finland (Table 7). Sulli-
van et al. (2011a, 2011b) did not find any major
differences in MAs proportions between the
summer (wildfires and prescribed burning) and
winter (residential burning) in the Upper Mid-
west (USA). However, based on the difference
in the proportions of MAs in the air samples of
the present study, the open land fire smokes from
Russia and other eastern European countries
were separated from the local wood combustion
emissions in Finland.

Summary and conclusions

The concentrations of MAs and PM were meas-
ured at three urban background sites and at three
suburban residential small-house areas in the
Helsinki Metropolitan Area in selected periods
during 2005-2009. The concentration of MAs
showed a clear seasonal variation with the maxi-
mum in winter and the minimum in summer,
excluding open land fire smoke episodes. The
highest average concentrations of MAs appeared
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especially at suburban sites on Wednesdays and
Saturdays when sauna stoves are traditionally
heated in Finland. The concentration of MAs also
showed clear spatial variation in the area; the
measured concentrations were typically higher at
the suburban sites than at the urban sites.

The concentration of MAs was used to esti-
mate semi-quantitatively the contribution of
wood combustion to fine particles. A multiply-
ing factor of 24.4 + 9.2 (mean + uncertainty A)
was derived for MAs from the previous studies
and the results showed a fairly good agreement
at the urban sites with the previously published
contributions of wood combustion emissions to
fine particle concentrations. However, the factor
of 244 seemed to be too high for fresh emis-
sions at a suburban site. The average cold season
(October—March) contribution of wood combus-
tion emissions to fine particles ranged from 18%
to 29% at the urban sites and from 31% to 66%
at the suburban sites. At the urban sites, the
wood combustion particles were estimated to
be caused by regional distribution only, whereas
at suburban sites both local wood combustion
and regionally distributed emissions from wood
combustion contributed to the PM concentration.
The contribution of regionally-distributed fine
particles from wood combustion was notable
over the whole area. The contribution of local
wood combustion differed between the subur-
ban sites that might have been due to different
wood-combustion practices in different places
as well as the location of the sampling site in the
suburbs. The local wood-combustion emissions
were estimated to occasionally cause an addition
of even 10-15 pg m= to the daily mean concen-
tration of PM, | while, depending on the site, the
average the addition to the daily concentration
of PM,  during the cold season was about 1-3
pgm>.

The study included wood combustion experi-
ments in a laboratory that supported the inter-
pretation of the ambient air measurements. The
combustion experiments showed that by compar-
ing the proportions of the three MAs isomers, the
transported open land fire smokes can be sepa-
rated in the HMA from the local wood combus-
tion, which facilitates the source-specific estima-
tions. The experiments with a modern pellet boiler
indicated that MAs had very low emission factors
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and, therefore, MAs are not as usable as source-
specific tracers for emissions from efficient bio-
mass combustion like they are for emissions from
traditional wood combustion appliances.

In Finland, the use of renewable energy, such
as wood combustion is encouraged to increase.
If the amount of small-scale wood combustion
increases and the heating of the houses with fire-
wood becomes an everyday routine, the ambi-
ent PM concentrations will probably increase.
This emphasises the need to introduce strict PM
emission limitations for new residential wood-
combustion appliances. For instance, if the use
of modern pellet boilers and modern technology
heat-storing fireplaces increases in new hous-
ing areas, and the use of traditional combustion
appliances decreases, the PM emission could
fall significantly. However, pellet boilers are
expensive and pellet storage requires a lot of
space. In the near future, fireplaces and sauna
stoves will probably remain as the main methods
for supplementary heating and pleasure in the
HMA. Therefore, there is a clear need to give
more information to residents on low-emission
combustion technique (e.g. burning methods
and habits, use of dry and clean wood). Also
financial support is needed in densely populated
areas, in order to replace combustion appliances
that produce high emissions. In future, changes
in combustion appliances, technique and mate-
rial may alter also the amount and the com-
position of emissions from wood burning; for
example MAs are produced to a lesser extent
in efficient combustion, which poses new chal-
lenges to source-apportionment studies and to
the long-term trend monitoring of wood-burning
aerosols in ambient air.
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