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a b s t r a c t

Anhydrosugars (levoglucosan, mannosan and galactosan) were investigated during one year in three
Austrian regions at three types of sites (city-heavy traffic-impacted, city-residential and background) in
order to assess the magnitude of the contribution of wood smoke to the particulate matter load and its
organic fraction. The annually averaged concentrations of levoglucosan ranged from 0.12 to 0.48 mg m�3.
The levoglucosan concentration exhibited a strong annual cycle with higher concentrations in the cold
season. The minor anhydrosugars had a similar annual trend, but their concentrations were lower by
a factor of about 5 and about 25 in the cold season for mannosan and galactosan, respectively. Levo-
glucosan concentrations were higher at the inner-urban as compared to rural sites. The contribution of
wood smoke to organic carbon and PM10 levels was calculated using a constant ratio of levoglucosan and
OC, respectively PM10 as derived for fire wood typical for Alpine European regions [Schmidl, C., Marr, I.L.,
Caseiro, A.e, Kotianová, P., Berner, A., Bauer, H., Kasper-Giebl, A., Puxbaum, H., 2008a. Chemical charac-
terisation of fine particle emissions from wood stove combustion of common woods growing in mid-
European Alpine regions. Atmospheric Environment 42, 126–141]. The estimated contribution of wood
smoke-OC to the OC of PM10 ranged from one third to more than half in the cold season with higher
contributions up to 70% in winter (December, January and February) in the smaller cities and the rural
background. This indicates, that wood smoke is the predominant source of organic material at rural and
small urban sites in central Europe. Consistently, wood smoke was an important contributor to PM10

during the cold season, with contributions of around 10% in the Vienna larger region and around 20% at
rural sites in the densely forested regions of Salzburg and Styria during the winter months. In those
regions residential sites exhibited highest relative wood smoke contents in PM10 during autumn
(September till November), indicating the use of wood stoves for auxiliary heating in the transition of
warm to cold season. Using the relationships between the different anhydrosugars the combustion of
softwood was found to be dominant for the wood smoke occurrence in ambient air at the investigated
sites. Potassium, a commonly used tracer for biomass burning, correlated well to levoglucosan, with
a mass ratio of around 0.80 in the cold season.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The impact of particulate matter (PM) on climate (e.g. IPCC,
2007) and public health (e.g. Chapman et al., 1997; Peden, 2005;
Englert, 2004) is an environmental key concern. Therefore, an
understanding of its source contributions is required in order to
establish policies for reducing the emissions. A common technique
to apportion the ambient particulate mass is to chemically char-
acterise the aerosol for a set of compounds and to use them as
tracers (e.g. Rogge et al., 1993; Sheffield et al., 1994; Schauer et al.,
1996; Zheng et al., 2002).
t (H. Puxbaum).

All rights reserved.
There are quite different types of fire events which are of
concern for the aerosol budget. Globally, the emphasis is on wild
fires (forest, savanna etc.) and on biomass smoke from primitive
use of biofuels (e.g. cooking in Africa and Asia countryside) (e.g.
Bond et al., 2004). In Europe major biomass burning emissions are
regionally from wild fires (in southern Europe) (e.g. Pio et al., 2008),
agricultural fires (in eastern Europe, e.g. Stohl et al., 2007) and
wood smoke from fireplaces and stoves (in central and northern
Europe, e.g. Puxbaum et al., 2007). In the studies at the American
Continent and in Scandinavia the wood smoke from fireplaces and
stoves was identified as an important source of wintry fine particle
levels, in particular at rural sites (Wolff et al., 1981; Ramdahl et al.,
1984; Sexton et al., 1985; Freeman and Cattell, 1990; Schauer et al.,
1996; Zheng et al., 2002; Khalil and Rasmussen, 2003). In these

mailto:hpuxbaum@mail.zserv.tuwien.ac.at
www.sciencedirect.com/science/journal/13522310


Table 1
Detection and quantification limits for the three anhydrosugars.

Levo Manno Galac

LOD (ng m�3) 4.5 6.1 1.1
LOQ (ng m�3) 13 18 3.3
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studies levoglucosan, retene, selected resin acids and syringoles
were used as tracers for identifying wood smoke contributions to
fine particulate levels. Recently, also the property of ‘‘brown
carbon’’ has been elucidated to derive estimates for wood smoke
contributions to ambient PM (Reisinger et al., 2008; Sandradewi
et al., 2008).

Anhydrosugars, such as levoglucosan, mannosan and gal-
actosan, are formed in pyrolysis process of cellulose and hemi-
cellulose containing materials, and thus are important tracers for
biomass burning emission (e.g. wood, straw, paper) (Shafizadeh,
1968, 1984). Levoglucosan was found to be the most abundant of
the identified compounds in PM2.5 emission of stoves and fireplaces
burning wood, accounting for 3–30% of the fine particle organic
compound mass emitted (100� 40 mg g�1 organic carbon) (Scha-
uer et al., 2001; Fine et al., 2001, 2002). Schmidl et al. (2008a)
studied the PM10 emissions of residential combustion of different
kinds of wood commonly grown in central Europe and found
similar results (4–15% levoglucosan emitted in PM). Levoglucosan
has been studied not only in wood burning emission samples but
also in the ambient air. Many studies have now detected its
occurrence in biomass smoke-impacted plumes as well as in
remote, rural, suburban and urban air samples (e.g. Schauer and
Cass, 2000; Moreira dos Santos et al., 2002, 2004; Zheng et al.,
2002; Gao et al., 2003; Graham et al., 2004; Fine et al., 2004a;
Leithead et al., 2006; Ward et al., 2006; Puxbaum et al., 2007; Szidat
et al., 2007; Lanz et al., 2008).

Favourable properties of levoglucosan as biomass combustion
tracer are a reported good photochemical stability in the atmo-
sphere (Locker, 1988, as cited by Simoneit, 2002) and in liquid
phase (Fraser and Lakshmanan, 2000).

Levoglucosan derives from the D-glucose units of the hol-
ocellulose molecules (cellulose and hemicelluloses) when those
undergo a pyrolysis process (Shafizadeh, 1968, 1984). The less
investigated anhydrosugars mannosan and galactosan evolve in
a similar way but from the mannose and galactose units of the
biofuel’s hemicellulose molecules (Otto et al., 2006), though they
are not emitted in such high quantities. Recently, Schmidl et al.
(2008a) have pointed out the potential of those substances for
differentiating the contribution of hard and softwoods to the PM
load. The ratio between levoglucosan and mannosan in the
particulate emissions from the burning of woods commonly used in
Austria (softwoods: spruce and larch, hardwoods: oak and beech)
was found to be high for hardwoods (typically 14–15) and lower for
softwoods (3.6–3.9). Briquettes from softwoods had a ratio of 2.5
(Schmidl et al., 2008a).

Here, through the concentration and the seasonal behaviour of
the three major anhydrosugars emitted from wood burning, we
investigate the impact of wood smoke on organic carbon and PM10

levels in three Austrian regions. Each region included three types of
sites: a heavy traffic exposed site in a city, a residential site in a city,
and a site not strongly impacted by city emissions. The three cities
(Vienna, Graz, Salzburg) are capitals of Austrian counties. We
investigate the relationships of the concentrations of the minor
anhydrosugars to levoglucosan, and derive a predominance of
softwood as wood smoke source at the three regions. Closeness to
the access of wood as a fuel appears to influence the relative
contents of wood smoke in PM10.

2. Experimental

2.1. Sampling and sampling sites

Vienna is the largest and capital city of Austria with about 1.8
million inhabitants. Plains surround the city except in the West,
where woody hills are present. Two sites with background
characteristics and two sites impacted by traffic were selected from
the Vienna monitoring network for this campaign. Schafberg (SCH)
and Lobau (LOB) are the two background sites. The former is
located at the north-west end of the city, in a park-type residential
area and the latter lies within the Donau Auen national park.
Kendlerstrasse (KEN), alongside a busy street, and Rinnböckstrasse
(RIN), close to a highway, are the traffic-impacted sites. The four
sites are oriented in a NW-SE transect, which is the dominant wind
direction. With this feature, one of the two city-fringe sites is
expected to be upstream of and minimally influenced by the city
PM production.

Graz (population around 288,000) is the second largest city of
Austria and capital of the federated state of Styria. It is located some
200 km south of Vienna on the banks of the Mur River. The city lies
south east of the Alps, which shield the city from prevailing
westerly winds and gives the climate some Mediterranean influ-
ence. It is located in a basin with only one opening, to the south,
which often gives the city’s atmosphere stagnant characteristics.
The sampling sites form a N–S transect, with two sites within the
city, impacted by traffic (Don Bosco, DB and Graz Süd, GS, this last
one with more residential characteristics), and one background site
outside the city (Bockberg, BB).

Salzburg has around 150,000 inhabitants and is the fourth largest
city in Austria. Salzburg is situated approximately 300 km West of
Vienna. It lies along the Salzach River and is surrounded by moun-
tains at the northern border of the Alps. The sampling site located at
a roundabout at Rudolfsplatz (RU) is representative for highly traffic-
impacted conditions. Lehen (LE) is another site located in the city-
centre, though in a residential area and not as much impacted by road
traffic. Anthering (AN) is a sampling site situated outside the city and
representative for regional background conditions.

Approximately 750 m3 of ambient air were sampled daily
through 2004 using hi-vol samplers (DHA-80, DIGITEL elektronik
AG, Hegnau, Switzerland) on quartz fibre filters (Pallflex�
2500QAT-UP, 15 cm diameter, PALL life sciences, USA) for 24 h. The
local authorities who run the sampling network conducted all the
gravimetric measurements. Filters were weighed after and before
sampling, and had been previously conditioned in a clean room
with controlled temperature and humidity (20 �C� 1 �C;
50%� 5%). For chemical analysis, aliquots from the daily samples
were combined into pools of selected periods. Table 2 refers the
total number of pools for each site.

2.2. Anhydrosugars

The method used in this work was described in detail by Caseiro
et al. (2007). Sample aliquots were extracted in ultra pure water
(Millipore, resistance of 18.2 MU cm�1) and the extracts were
subsequently analysed using high pH anion exchange ion chro-
matography. The eluent was an alkaline solution (stepwise increase
of NaOH concentration) so that the carbohydrates would behave as
weak acids and ionize. Detection was done using pulsed ampero-
metric detection, which is indicated for carbohydrates. The repro-
ducibility at the mid calibration range was between 3 and 5%,
recovery was between 95% and 108% and the detection limits were
3.6, 5.0 and 0.9 ng m�3 for levoglucosan, mannosan and galactosan,
respectively. The whole procedure repeatability tested with a real
sample was 3.5%.



Table 2
Number of analysed pools below the quantification limit and total number of pools.

Levo Manno Galac pools

RIN 0 10 11 52
KEN 3 12 12 52
SCH 1 12 12 51
LOB 0 19 13 48
DB 0 6 7 44
GS 0 8 9 44
BB 0 12 8 39
RU 0 11 6 39
LE 0 12 12 36
AN 0 16 13 40
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2.3. Organic carbon and potassium

The determination of total carbon (TC) was done measuring the
CO2 evolved from the combustion, in oxygen and at 1000 �C, of all
the material on the filter. Non-dispersive IR photometry (NDIR,
Maihak) was used for this determination. The same apparatus was
used to determine elemental carbon (EC), but the filters were
previously heated at 340 �C so that it was free of all the organic
matter (Cachier et al., 1989). Carbonate carbon (CC) was determined
as the last form of carbon to be released as CO2 in the thermo-
optical gradient temperature method, at temperatures higher than
550 �C (Puxbaum, 1979; Schmid et al., 2001). Organic carbon (OC)
was computed as the difference between TC and the sum of
elemental and carbonate carbon (ECþ CC).

Potassium was determined using cation chromatography
(Schmidl et al., 2008a).

3. Results and discussion

3.1. Blank filters, detection and quantification limits

A set of 101 blank filters were analysed for the whole campaign.
The three anhydrosugars considered in this work were not detected
in any of those filters.

Therefore, the detection and quantification limits were calculated
using the detection (LOD) and quantification (LOQ) limits of the
method (Caseiro et al., 2007). The LOD is defined as three times the
standard deviation of the lowest concentration standard. The LOQ is
Table 3
Levoglucosan, mannosan (M.) and galactosan (G.) concentrations (mg m�3), levoglucosan

Vienna

RIN KEN SCH LOB

Levoglucosan average 0.16 0.14 0.12 0.12
winter 0.24 0.23 0.22 0.19
spring 0.06 0.06 0.05 0.05
summer 0.04 0.03 0.03 0.02
autumn 0.30 0.24 0.20 0.24
winter/summer 6.1 7.6 8.2 8.0

Mannosan average 0.044 0.038 0.024 0.018
cold season 0.067 0.066 0.043 0.034

Galactosan average 0.010 0.012 0.007 0.005
cold season 0.02 0.022 0.013 0.01

Levo/Manno 4.1 (5.6) 4.2 (5.7) 5.2 (6) 6.4 (7.5
Levo/Galacto 16 (18) 11 (22) 19 (21) 22 (30)

BQL – below quantification limit.
Winter is January, February and December; spring is March till May; Summer is June till A
following tables.
Cold season: months from January till March and October–December.

a weighed average ratio for the months January, February and December. Into brackets:
at BB).
three times the LOD. Those limits (given in mg mL�1) were applied to
an average extraction volume (3 mL), an average filter portion (1/32)
and an average sampled air volume (approximately 750 m3). Results
are reported in Table 1. Also, Table 2 reports the number of filter pools
which were below the quantification limit for each compound and
each site, as well as the total number of filter pools considered for the
whole year. For calculation purposes, values below the LOD or the
LOQ were set to ½ of the respective limit.

3.2. Levoglucosan, mannosan and galactosan annual averages

The annual average concentration for levoglucosan ranged
from 0.12 (at the Viennese background sites SCH and LOB) to
0.48 mg m�3 in the densely populated urban residential site in
Graz, GS. Annual average concentrations were the lowest in
Vienna (0.12–0.16 mg m�3), and the highest in the Graz region
(0.25–0.48 mg m�3). Salzburg area had intermediate values (0.15–
0.22 mg m�3) (Table 3). Higher maximum values were also
observed in the region of Graz, and lower in the region of Vienna,
consistent with regional statistics of biomass fuel use for space
heating in Austrian countries (e.g. fuel wood for space heating is
used in 16% of houses and apartments in Styria, 13% in Salzburg
and below 3% in Vienna; from: ÖSTAT Statistical yearbook for the
Republic of Austria, 1997).

Mannosan and galactosan annual averages (Table 3) were
around a factor of 4–7 and 11–24 lower than the respective levo-
glucosan values. Levoglucosan/mannosan and levoglucosan/gal-
actosan ratios might change between the seasons, due to different
emission patterns of the three anhydrosugars from the different
types of combustion occurring in different seasons. Thus, we
investigated in more detail the seasonal variation of those
compounds.

3.3. Levoglucosan, mannosan and galactosan seasonal variation

At all sites, levoglucosan had a pronounced annual cycle with
elevated concentrations in the cold and low ones in the warm
season (Fig. 1). Winter average concentrations were around 6–8
times higher than summer (June till August) ones in the three
experimental regions. The winter/summer ratio in Vienna (6.1–8.2)
was more pronounced at the urban-fringe sites, and less important
at the heavy traffic-impacted site. In Salzburg (ratios in the range
/mannosan and levoglucosan/galactosan ratios.a

Graz Salzburg

DB GS BB RU LE AN

0.41 0.48 0.25 0.22 0.21 0.15
0.74 0.86 0.45 0.30 0.33 0.25
0.18 0.22 0.16 0.07 0.07 0.06
0.09 0.10 0.08 0.05 0.05 0.03
0.68 0.82 0.36 0.40 0.48 0.27
8.4 8.2 5.8 5.9 6.9 8.1

0.102 0.114 0.037 0.04 0.037 0.027
0.160 0.212 0.068 0.065 0.069 0.047

0.037 0.033 0.014 0.011 0.012 0.007
0.07 0.063 0.025 0.018 0.024 0.012

) 4.8 (4.6) 5.0 (6.4) 6.4 (7.7) 5.6 (5.8) 5.4 (5.7) 5.7 (6)
13 (18) 16 (58) 18 (22) 20 (25) 20 (28) 24 (24)

ugust and autumn is September till November. The same terminology is used for the

January–May and September–December (September was omitted at Vienna sites and
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Fig. 1. Levoglucosan monthly averages for 2004 in Vienna, Graz and Salzburg.
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Fig. 2. Mannosan monthly averages for 2004 in Vienna, Graz and Salzburg.
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5.9–8.1) the same trend was observed, with a higher ratio at the
rural site AN, an intermediate ratio at the urban site with residential
characteristics LE and the lower ratio at RU, the site located nearby
a traffic source. In the Graz region, winter/summer ratios were
between 5.8 and 8.4, on the other hand, the difference was more
accentuated at the city sites DB and GS (Table 3) and more
moderate at the background site BB.

Both mannosan and galactosan had the same seasonal trend
as levoglucosan. Mannosan concentrations were lower than
levoglucosan ones (Figs. 2 and 3). Averages for the cold season
(January–March and October–December) ranged from 35 to 68,
69 to 212 and 46 to 69 ng m�3 in the Vienna, Graz and Salzburg
regions, respectively. Galactosan occurred in even lower levels,
with cold season averages of 6–20 ng m�3 (Vienna), 24–
70 ng m�3 (Graz) and 9–23 ng m�3 (Salzburg). The values found
in Austria are comparable to those reported for Ghent by Zdráhal
et al. (2002) and Pashynska et al. (2002). As for levoglucosan,
concentration ranges were higher (about the double) in the Graz
region. This is probably a consequence of the geophysical
surroundings of the city, which are able to confer its atmosphere
stagnant characteristics where the accumulation of particulate
matter can be important. Though the seasonality is similar, at all
sites except SCH and LOB the concentrations of mannosan and
galactosan at the end of the year were clearly higher than at the
beginning. Indeed, the concentration in December is about the
double of that in January. For levoglucosan, this feature was only
observed for the city of Salzburg. Probably, a change in the types
of wood burnt (e.g. for availability reasons), and not an increase
in the quantity of wood burnt was the reason for such obser-
vations (Schmidl et al., 2008a).

The mannosan and galactosan concentrations from the warm
season were frequently below the quantification limit. Therefore,
those months were omitted in the following discussion.
3.4. Contribution of levoglucosan-C to OC

The average contribution of levoglucosan to the organic
carbon (OC) load ranged between 1.3% (RIN and KEN) and 1.6%
(SCH) in Vienna in 2004. Lower values were recorded in summer
(less than half a percent on average) and higher values during
the cold season (winter and autumn, around 2–3%). In the
regions of Graz and Salzburg, the contributions were higher
(1.7–2.8% in Graz, 1.6–2.7% in Salzburg). Seasonally, the contri-
bution of levoglucosan to OC was also higher there: up to 5%, on
average, in the cold season. Except for the region of Graz, where
this trend is not as clear, it can be noted that the contribution of
levoglucosan to OC is higher at the background sites, lower at
the traffic-impacted sites and intermediate in the residential
areas. This reveals the contribution of other sources to organic
carbon at the urban sites and not a higher input from wood
smoke at the background sites (see the wood smoke to PM load
section).
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Fig. 3. Galactosan monthly averages for 2004 in Vienna, Graz and Salzburg.
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3.5. Contribution of wood smoke to OC, OM and PM

Using the factors derived by Schmidl et al. (2008a), it was
possible to compute the relative contribution of wood smoke to the
total OC, OM and PM load. The considered relationships were the
following (levoglucosan and OC, OM and PM from wood smoke in
mass per volume units):

wood smoke OC ¼ Levoglucosan� 6:1 (1)

wood smoke OM ¼ Levoglucosan� 9:1 (2)

wood smoke PM ¼ Levoglucosan� 10:7 (3)

From the data presented in Schmidl et al., 2008a it can be
derived, that for spruce as major representative of softwood, the
conversion factor OC/levoglucosan (on a weight basis) is around 5,
while for beech as a representative for hardwood it is around 12.

The value of 6.1 used in the submitted manuscript is for a 15%
beech and 85% spruce mixture. Comparing with wood felling
statistics in Austria (see Schmidl et al., 2008a) it can be seen that
this value is a conservative one, because a lower contribution of
hardwood than 15% is rather unlikely. A higher contribution of
hardwood, however would shift our factor to far higher values. The
highest assumed fraction of hardwood in small stoves (stoves with
manual filling with logs) is 40%. This value is derived from a selling
statistics of fuel wood from Austrian federal forests, which does not
include other sources. Based on analytical data from observed
levoglucosan/mannosan ratios (shown later in the text) it appears
that the fraction of softwood as source of the observed anhy-
drosugar levels is rather around 85% (for single events 75–95%).
Thus we conclude, that the factor of 6.1 applied for a constant OC/
levoglucosan ratio is correct due to the widespread use of spruce
wood and derived products and the factor is conservative as it is
derived for an observed estimate of softwood use, while selling
statistics would demand for a factor 30% higher than 6.1.

From the uncertainty concerning the fuel mix and from the
potential variation of the OC/levoglucosan ratio in different
combustion conditions we derive, that the combined uncertainty
will be not higher than �15% to þ35%, due to the choice of the
factor at the low side and a good knowledge about OC/levoglucosan
ratios in fuel wood used in the regions studied.

The relationship to convert ambient OC into OM used was
(Puxbaum et al., 2000, see discussion therein):

OMambient ¼ OCambient � 1:7 (4)

Since this methodology is based on average values, it has some
limitations. Indeed, in sites where the wood smoke impact is the
strongest, it is possible that the average factors are not totally
adequate and the calculated contribution to OC or OM may be
beyond 100%. This was the case for one pool in LE and another one
in GS. For statistical purposes, those values were set to 100%.

On a yearly average, wood smoke is a considerable source of
organic carbon and organic matter in the ambient aerosol. About
one fifth to one third of the annual OC and OM could be attributed
to wood smoke (Table 4). In Vienna, wood smoke contributed 18–
22% to the yearly OC and OM, with differences between sites being
small, but with higher contributions at the urban-fringe sites. The
differences between sites were not much more pronounced during
the different seasons. In the other two regions, a gradient in the
relative contribution of wood smoke can be observed: higher
relative contributions occurred at the background sites (BB and AN)
and lower at the traffic-impacted sites (DB and RU). The sites with
densely populated residential characteristics (GS and LE) generally
showed contributions close to those of the rural sites (GS and BB
had similar figures). The relative contributions in Graz and Salzburg
were higher than in Vienna: 19–38% of the annual particulate OC or
OM load was found to originate in wood smoke (30–70% in winter).
At all sites, maximum values ranged up to, or close to, 100%. For the
residential and rural sites located in or around those two cities,
wood smoke was an overwhelming contributor to OM (40–62% in
the cold season), clearly higher than for the urban-fringe sites in
Vienna, where the difference between sites, as well as the indi-
vidual values, was not as high (Table 4). Still, though the annual
averages and the contributions at the traffic-impacted sites are very
similar, a difference between the Salzburg and Graz regions can be
found for the residential and rural sites, with higher contributions
in Salzburg. It is interesting that, in winter, background sites have
the highest relative wood smoke-C to OC contributions, while for
Salzburg and Graz, where the background sites are further away
from the city borders, in autumn the residential sites within the
cities show the higher relative wood smoke-C to OC contributions.
This might be due to an increased use of supplementary wood
stoves in addition to central heating.

On a yearly average basis, wood smoke contributed less to the
PM load in Vienna (5.1–6.7%) than in the other cities (Graz: 8.9–13%;
Salzburg: 7–12%) (Table 5). On absolute values, the concentration of
wood smoke PM10 was the strongest in Graz (2.7–5.2 mg m�3),
followed by Salzburg (1.7–2.3 mg m�3). The absolute values were
the lowest in Vienna (1.3–1.7 mg m�3). Absolute contributions of
wood smoke were higher in winter and autumn and the relative



Table 4
Contribution of levoglucosan and wood smoke to OC and OM.

Vienna Graz Salzburg

RIN KEN SCH LOB DB GS BB RU LE AN

Levo-C/OC (%) average 1.3 1.3 1.6 1.5 1.7 2.8 2.7 1.6 2.4 2.7
winter 2.3 2.3 2.7 2.9 2.8 3.0 4.4 2.5 4.5 5.1
spring 1.1 1.3 1.7 1.5 1.6 2.6 3.2 1.2 1.9 2.4
summer 0.4 0.2 0.4 0.4 0.6 1.1 1.0 0.5 0.7 0.7
autumn 1.5 1.3 1.7 1.7 2.0 3.8 2.6 2.0 3.4 2.8
winter/summer 6.0 10.7 6.6 6.9 4.8 2.9 4.6 4.8 6.3 7.2

WS-OC/OC (%) average 18.0 17.7 22.1 20.9 23.4 37.7a 35.1 22.2 31.9 37.5
winter 31.3 32.2 36.8 39.5 38.4 41.7 58.9 34.4 57.9 70.2
spring 15.3 17.4 23.6 19.8 22.1 36.1 43.0 16.1 26.3 33.6
summer 5.3 3.0 5.6 5.7 8.1 14.6a 13.1 7.1 9.7 9.77
autumn 20.5 18.3 23.0 22.7 27.7 51.3 36.0 28.0 46.9 38.4
winter/summer 6.0 10.7 6.6 6.9 4.8 2.9a 4.5 4.8 6.0 7.2

WS-OM/OM (%) average 15.8 15.5 19.4 18.3 20.6 33.5 32.3 19.5 28.25 32.98
winter 27.4 28.3 32.3 34.7 33.7 36.6 53.0 30.2 51.93 61.84
spring 13.4 15.3 20.7 17.4 19.4 31.8 39.1 14.1 23.06 29.44
summer 4.6 2.6 4.9 5.0 7.1 12.8 11.5 6.3 8.51 8.58
autumn 18.0 16.0 20.2 19.9 24.5 45.9 31.9 24.5 41.16 33.73
winter/summer 6.0 10.7 6.6 6.9 4.8 2.9 4.6 4.8 6.34 7.21

values above 100% were set to 100%.
a GS – no OC data for June.
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contribution was on average 4.2 times stronger in winter than in
summer (Table 5 and Fig. 4). In Vienna, the winter/summer differ-
ence in the relative contribution of wood smoke to the total PM load
was slightly higher in the residential sites than in the traffic-
impacted ones, in Salzburg it was clearly stronger and in Graz the
ratios were fairly similar. The cold season relative contribution in
Viennese residential sites (about 10%) was higher than in the traffic-
impacted ones (about 8%). This tendency was also seen in the other
cities, where the relative contribution of wood smoke at back-
ground and residential areas was stronger than at traffic-impacted
sites: LE and AN: around 19%, DB: 14%; GS and BB: around 20%, RU:
11%.

Table 6 reports the concentration of wood smoke and PM10

during exceedance periods and non-exceedance periods for the
cold season (January–March and October–December). It can be
seen that the increase in the concentrations is always higher for
PM10 than for wood smoke, except for DB, where the increase is
equal. Thus, the relative contribution of wood smoke to PM10

increases, at most, as much as the total PM10. This is an indication
that other sources, or meteorological effects, such as accumulation,
are responsible for the exceedance episodes. Secondary organic
aerosol seems to be less important according to a study performed
in a southern Alpine valley (Lanz et al., 2008).
Table 5
Contribution of wood smoke (WS) to PM10 (%) and ambient wood smoke concentrations

Vienna

RIN KEN SCH LO

WS/PM (%) average 5.1 5.4 6.7 6
winter 6.7 8.0 10.3 9
spring 2.8 2.9 4.2 3
summer 1.9 1.9 2.3 2
autumn 8.8 8.6 10.1 10
winter/summer 3.5 4.3 4.6 4

WS mg m�3 average 1.7 1.5 1.3 1
winter 2.5 2.5 2.3 2
spring 0.7 0.6 0.6 0
summer 0.4 0.3 0.3 0
autumn 3.2 2.5 2.1 2
winter/summer 6.1 7.6 8.2 8
3.6. Mannosan, galactosan and the differentiation between
the soft and hardwood combustion contributions

At all sites, the correlation between the three anhydrosugars
was high: all were above 0.8 and only 6 out of 30 below 0.9. Both
mannosan and galactosan followed the same trend shown by levo-
glucosan, with lower concentrations at the background sites.

The average levoglucosan/mannosan ratios did not vary much
when considering the period when wood burning is at its highest
(January–February–December) or January–May/September(Octo
ber)–December (Table 3).

The levoglucosan/mannosan ratio (weighed average) for the
period January, February and December (winter, Table 3) was
between 4.1 and 6.4. Following the findings by Schmidl et al.
(2008a), this indicates that the use of biofuel is dominated by
softwoods. In Austria, the main softwood sold for residential
heating is spruce. In Vienna and in Graz, the ratio was slightly
higher at the background sites, in Salzburg, the difference was very
small (Table 3). This lower ratio at the city-centre sites might
indicate the use of different biofuels. Indeed, briquettes from soft-
wood have a levoglucosan/mannosan ratio of about 2.5 (Schmidl
et al., 2008a), lower than for spruce logs of around 3.6. Due to
availability reasons, it is possible that the share of hardwood in the
(mg m�3).

Graz Salzburg

B DB GS BB RU LE AN

.2 8.9 13 13 7 10 12

.3 12.4 17.2 19.3 9.5 16.8 19.9

.7 5.7 9.3 11.1 3.4 5.5 5.3

.0 3.7 5.6 6.3 2.3 3.6 3.0

.6 15.0 23.4 19.0 11.6 20.8 17.9

.7 3.4 3.1 3.1 4.1 4.7 6.6

.3 4.4 5.2 2.7 2.3 2.2 1.7
.1 7.9 9.2 4.8 3.2 3.5 2.7
.6 1.9 2.4 1.7 0.8 0.8 0.6
.3 0.9 1.1 0.8 0.6 0.5 0.3
.5 7.3 8.7 3.9 4.3 5.7 2.9
.0 8.4 8.2 5.8 5.9 6.5 8.1
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biofuels mix might be higher at the background sites than at the
city sites.

Schmidl et al. (2008a) proposed the following equation to
calculate the contribution of softwood burning to PM10 (in Austria,
Table 6
PM10 and wood smoke (WS) concentrations (mg m�3) for exceedance and non-
exceedance periods during the cold season.

Exceedance Non-exceedance Exceedance/non-exceedance

RIN PM10 65.0 29.8 2.2
WS 4.5 2.1 2.1

KEN PM10 66.6 27.6 2.4
WS 4.1 2.1 1.9

SCH PM10 60.9 22.8 2.7
WS 4.6 2.0 2.3

LOB PM10 56.4 20.8 2.7
WS 5.5 2.1 2.6

DB PM10 77.4 33.8 2.3
WS 10.1 4.4 2.3

GS PM10 76.4 29.8 2.6
WS 12.4 6.1 2.0

BB PM10 58.0 18.9 3.1
WS 7.1 4.1 1.7

RU PM10 64.3 33.0 1.9
WS 5.4 3.3 1.6

LE PM10 61.1 17.7 3.4
WS 8.3 3.7 2.2

AN PM10 61.6 18.5 3.3
WS 3.7 2.8 1.3
softwood burned for residential heating is mainly spruce) using the
levoglucosan/mannosan ratio:

%spruce ¼
�

14:8� Rlevo=manno

�
=0:112 (5)

Using the ratio levoglucosan/mannosan for the months
January, February and December given in Table 3 and equation
(5), the spruce contribution in the biofuel mix burned was
estimated to be in the range 75–95% at the three regions.
According to the Austrian selling statistics burning wood sold in
Austria consisted 59% of soft and 41% of hardwoods. The
discrepancy may arise from the fact, that equation (5) was
obtained for combustion in a ceramic stove, which is widely
used in Austria but not the sole source of biomass emissions, and
from a potential distortion of the statistics not accounting for
private wood sources from forests and gardens. Thus, we think
that softwood will be the major wood type used in Austria, with
a contribution between the numbers obtained from the two
evaluations (e.g. 60–85% in the mix). Further combustion tests
with different types of stoves and wood types typical for Europe
will be required, to evaluate with better accuracy the soft/
hardwood contributions.

Galactosan concentrations happened to be low in relation to
levoglucosan. The levoglucosan/galactosan winter average ratios
ranged between 11–22, 13–18 and 20–24 in Vienna, Graz and
Salzburg, respectively (Table 3). The same spatial trend is found as
for the levoglucosan/mannosan ratios, with higher ratios at the
background sites. As for the levoglucosan/mannosan ratio, it is not
possible to observe a seasonal trend since many sample pools in
summer had mannosan or galactosan levels below the quantifica-
tion limit.
3.7. Comparison of levoglucosan and potassium

In the scope of the AQUELLA projects, other compounds
commonly used for wood burning tracers have also been measured.
One of them was potassium.

Potassium concentrations are reported in Table 7. Average
concentrations ranged from 0.20 to 0.57 mg m�3 and were clearly
higher in Graz than in Salzburg or Vienna, as for levoglucosan and
the other anhydrosugars. Despite the fact that potassium in
particulate matter also has other sources than biomass burning (e.g.
Schauer et al., 1999), its correlation to levoglucosan was high at all
sites, with a range of r¼ 0.7–0.9 as determined from the pools’
individual data (Fig. 5).

The average ratio of K/levoglucosan was 0.8–2.1 at the
different sites for the whole year’s pools. The ratio was in the
Table 7
Potassium concentrations (yearly averages, minima and maxima) and Potassium/
levoglucosan ratios in the warm and cold seasons.

K (year, mg m�3) K/Levo (warm) K/Levo (cold)

min avg max avg stdev correl avg stdev correl

RIN 0.03 0.31 1.27 2.22 1.06 0.90 0.94 0.48 0.79
KEN 0.04 0.29 1.14 4.46 3.35 0.72 1.11 0.55 0.69
SCH 0.03 0.26 0.85 2.72 2.39 0.86 1.06 0.48 0.86
LOB 0.03 0.25 1.26 2.63 1.31 0.88 1.07 0.43 0.81

DB 0.08 0.51 2.79 1.81 1.38 0.99 0.69 0.32 0.78
GS 0.11 0.57 2.54 1.78 0.96 0.98 0.59 0.17 0.82
BB 0.05 0.37 1.20 2.50 3.70 0.80 0.78 0.31 0.85

RU 0.07 0.28 1.29 1.97 0.89 0.31 0.92 0.45 0.77
LE 0.07 0.30 1.24 2.56 1.68 0.70 0.87 0.43 0.76
AN 0.06 0.20 0.96 2.92 1.26 0.80 0.88 0.35 0.88



Table 8
Potassium/levoglucosan ratios from the recent literature.

K/Levo Reference

Wood stove – Austria Hardwood 0.031–0.05 Schmidl
et al., 2008Softwood 0.005–0.019

Fireplace – NE US Hardwood 0.068–0.103 Fine et al., 2001
Softwood 0.114–0.171

Fireplace – S US Hardwood 0.017–0.230 Fine et al., 2002
Softwood 0.119–0.138

Fireplace –
Midwest and W US

Hardwood 0.036–0.122 Fine et al., 2004b
Softwood 0.014–0.192

Wood stove –
prevalent woods US

Hardwood 0.094–0.254 Fine et al., 2004c
Softwood 0.026–0.038

Fireplace – US Pine 0.019 Schauer
et al., 2001Oak 0.047

Eucalyptus 0.035

Wood stove – US Western hemlock 0.2 Hays et al., 2002
various 0.02–0.04

Asian biomass
(wood stove)

Coconut leaves 1.09 Sheesley
et al., 2003Rice straw 1.4

Cow dung 1.05
Biomass briquettes 0.14
Jackfruit branches 0.26

Agricultural fires Wheat straw 7.4 Hays et al., 2005
Rice straw 0.084

Biomass burning impacted
ambient air, Amazonia

Pasture site 0.33 Graham
et al., 2002Forest site 0.34

Northern America, summer
(wildfires period)

High-smoke 0.045–0.225 Ward et al., 2006
Post-smoke 0.99–2.6

Savannah fires Directly over fire 0.93 Gao et al., 2003
background 1.03

Portugal, summer, PM2.5,
forest fires

Very intense
fire period

3.6 Pio et al., 2008

Baseline period 1.8
Fire input 8.7

New Zealand, winter, PM10 Ambient air w3 Wang et al., 2006
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range 2–4.5 in the warm season and 0.6–1.1 in the winter season.
The seasonal difference of the K/levoglucosan ratio reflects lower
wood smoke emissions and the presence of potential other K
sources, such as primary biogenic emissions and possibly meat
grilling.

Schmidl et al. (2008a) found K/levoglucosan ratios of 0.005
and 0.05 for the major Austrian wood types beech and spruce,
respectively, when burnt in a small ceramic stove (‘‘tiled stove’’).
In US studies burning north American wood types in fireplaces
(e.g. Fine et al., 2001, 2002) K/levoglucosan ratios were in the
range of 0.017–0.23. Despite those low K/levoglucosan values
from source (fireplaces, stoves, .) studies, authors have reported
higher ratios from smoke-impacted or non smoke-impacted
ambient aerosol (see Table 8), closer to what was found in this
study. This means that a source of potassium is lacking. Recent
studies have shown, however, that larger combustion units with
higher combustion temperatures, as well as modern stoves and
boilers operate a more complete combustion. The particulate
emissions of those appliances consist predominantly of inorganic
material (K-salts) and contain little OC (Valmari et al., 1998;
Johansson et al., 2003; Schmidl et al., 2008b). Thus, the wintry K/
levoglucosan ratio might originate mainly from the different types
of wood combustion for space and water heating, with a currently
unknown but assumedly weak influence from cooking and related
activities. Also, some earth crust influence on the PM10 potassium
load is possible.
4. Conclusions

� Levoglucosan yearly averages ranged from 0.12 to 0.48 mg m�3.
The sites in Graz showed higher concentrations compared to
the other regions, while background sites, in general, evi-
denced slightly lower concentrations than urban sites.
� Levoglucosan showed a pronounced seasonal cycle. Concen-

trations were 6–8 times higher during the colder months.
� Annual averaged levoglucosan-C contributions to OC were

lower in Vienna (1.3–1.6%) and higher in Graz and Salzburg
(1.6–2.8%). There was a strong seasonality of the contribution of
levoglucosan to OC with ratios between winter and summer in
the range of around 3–11.
� The yearly average contributions of wood smoke to OC, OM and

PM were in the ranges 18–38%, 16–34% and 5.1–13%, respec-
tively. Values in the larger city, Vienna, were lower than in the
regions of Graz and Salzburg. Contributions were generally
lower at sites located closer to the denser populated city-
centre. Cold season (winter and autumn) average contributions
to OM were very high: 24–30%, 30–44% and 28–52% in Vienna,
Graz and Salzburg, respectively. Thus making wood smoke the
main contributor to the organic aerosol in the cold season and
a major contributor to PM. For the residential and rural sites,
the contribution of wood smoke to OM was overwhelming
(close to or above 50% in the less populated cities). The
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difference between the city-fringe sites and the city-centre
sites in Vienna was not as marked as in the other two regions.
� From the uncertainty concerning the fuel mix and from the

potential variation of the OC/levoglucosan ratio in different
combustion conditions we derive, that the combined
uncertainty for the wood smoke source contribution to OC
will be not higher than �15% to þ35%, due to the choice of
the factor at the low side and a good knowledge about OC/
levoglucosan ratios in fuel wood used in the regions studied.
� The relative contribution of wood burning to PM10, in the cold

season, does not increase during PM10 exceedance episodes.
This is an indication that other sources, or meteorological
factors (such as accumulation of particulate matter in a given
area), are responsible for the occurrence exceedances.
� Mannosan and galactosan had a similar seasonal cycle as lev-

oglucosan, and the correlation between the compounds were
quite high. Their concentrations, however, were much lower
than for levoglucosan.
� The ratios between levoglucosan and mannosan and between

levoglucosan and galactosan showed a range of 4.1–6.4 and 11–
22, respectively, in the periods where biomass burning is
expected to be a strong source.
� The ‘‘best estimate’’ for the contribution of softwood in the mix

of burned wood ranged between 60 and 85% for the three
regions.
� Levoglucosan and potassium, another tracer for biomass

burning, were well correlated at all sites. The ratios between
those two species were rather below 1 in the cold season and
around 3 in the warm season.
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