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[1] On the basis of a 2-year comprehensive data set obtained within the CARBOSOL
project, seasonal source apportionment of PM2.5 aerosol is attempted for five rural/remote
sites in Europe. The approach developed combines radiocarbon measurements with
bulk measurements of organic carbon (OC), elemental carbon (EC), and two organic
tracers (levoglucosan and cellulose). Source types are lumped into primary emissions from

fossil fuel combustion and biomass burning, bioaerosol,
from precursors emitted by fossil and nonfossil sources.

and secondary organic aerosol
Bulk concentration ratios

reported for these source types in the literature are used to estimate the source
contributions which are constrained by measured radiocarbon concentrations. It has been
found that while fossil-related sources predominate EC throughout the year at all sites,

the sources of OC are primarily biogenic and markedly

different between summer and

winter. In winter biomass burning primary emission is the main source, with sizable
additional contribution from fossil fuel combustion. In contrast, in summer secondary
organic aerosol (SOA) from nonfossil sources becomes predominant (63—76% of TC),
with some contribution of SOA from fossil fuel combustion. The results agree well with
recent findings of other authors who established the predominance of biogenic SOA

for rural sites in summer in Europe. An uncertainty analysis has been conducted, which
shows that the main conclusions from this study are robust.
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1. Introduction

[2] Although it has been recognized that organic aerosol
plays an increasingly important role in inadvertent climate
modification, their origin in the boundary layer as well as in
the free troposphere is virtually unknown. Current models
can simulate the global distribution of bulk organic aerosol
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by considering all major types of organic aerosol, including
primary organic aerosol emitted by fossil fuel combustion,
biomass burning and vegetation, as well as secondary
organic aerosol (SOA) formed by the photo-oxidation of
anthropogenic and natural volatile organic compounds
(VOCs) [Liousse et al., 1996; Chung and Seinfeld, 2002].
At the level of our current understanding (see Gelencsér
[2004], and Kanakidou et al. [2005] for reviews) these
models can only estimate atmospheric concentrations
of organic aerosol with very high uncertainties, and the
accurate apportionment of the anthropogenic contribution is
beyond their capabilities. That prevents us from predicting
how future changes in human activities will affect the global
distribution and properties of organic aerosol and thus how
they will modify global climate.

[3] In terms of source apportionment the simple question
would be to know what fraction of organic aerosol results
from anthropogenic and natural sources, but this is a
question to which no definite answer could ever be hoped
for. The reason for this is that the theoretical borderline
between these two source types simply dissolves when
secondary aerosol formation processes are considered. The
amount of aerosol produced from a given source depends in
a nonlinear way upon the presence of other aerosol species,
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and on atmospheric oxidation processes. Therefore new
questions have to be asked which would help improve our
understanding on the key processes involved in organic
acrosol production. The first is what fraction of OC is
primary and secondary in origin. While this question is
straightforward for individual particles (e.g., bioaerosol
particles), it becomes vague when semivolatile organic
species are considered which could either be emitted directly
or formed in photochemical reactions (e.g., short-chain
dicarboxylic acids). Apart from these conceptual ambigui-
ties only indirect methods are available to answer this
question, and only on a regional scale. Another key question
is what fraction of OC comes from fossil and biogenic
sources, a more definitive question for which up-to-date
radiocarbon measurements can provide direct answers. In
policy terms, the question which we would like to answer is
to what extent we can reduce atmospheric concentrations of
aerosols through reduction of anthropogenic emissions.

[4] In the field of aerosol chemistry, measurement of the
14C, which is produced naturally in the atmosphere, can be
used for basic apportionment of modern and fossil fuel
carbon. Apart from the experimental difficulties and the
related uncertainties, this simple division alone cannot
provide apportionment of natural and anthropogenic sources
since modern carbon could result from natural emissions as
well as biomass burning or other anthropogenic activities
(e.g., cooking). "*C measurements made on fine particles
collected at an urban/suburban site and a forested rural site
revealed that the contribution of modern carbon varied
between 27—-73% and 44—77%, respectively [Lemire et al.,
2002]. Similarly, in urban aerosol in Ziirich in August 2002
the share of contemporary carbon was found to vary
between 51 and 80% [Szidat et al., 2004]. Since these
measurements were performed on aerosol in the Northern
Hemisphere, one would expect biogenic sources to be even
more important on a global scale.

[s] Primary organic aerosol emission can be reliably
constrained in source apportionment studies based on
source emission estimates and measured ambient concen-
trations of atmospheric tracers only for areas under strong
anthropogenic influence, such as the South Californian Air
Basin. These studies could either be based on source-
oriented models which use emission data and transport
calculations to predict concentrations at specific receptor
sites, or on receptor-oriented models which infer source
contributions by calculating the best fit linear combination
of emission source chemical profiles of atmospheric tracer
compounds. On this basis SOA can be derived as the
residual amount left after apportionment of primary sources.
On the other hand, source apportionment data based on
organic tracers in rural and remote locations remain sparse.

[6] The lack of direct chemical analysis method for
the determination of either primary or secondary organic
aerosol led to the development of different indirect
approaches, among which the most widespread is the
method based on variations of measured OC/EC ratios.
In this concept elemental carbon (EC) is assumed to be
a conservative tracer for primary combustion-generated OC
emissions, and SOA simply appears as an increase in the
OC/EC ratio relative to that of the primary OC/EC ratio,
particularly during the summer season, showing an increas-
ing trend as the pollution plume moves with the prevailing
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wind [Turpin and Huntzicker, 1991]. A critical step of this
method is the estimation of a characteristic primary OC/EC
ratio which is usually determined in source areas at times
when minimum photochemical activity is expected.

[7] On a global scale, models suggest that direct emission
from combustion processes dominates the carbonaceous
aerosol sources, amounting to 44.6 Tg yr ' and 28.5 Tg yr '
from tropical biomass burning and fossil fuel combustion,
respectively [Liousse et al., 1996; Penner et al., 2001]. In
contrast, production of secondary organic aerosol (SOA)
from photo-oxidation of terpenes is now expected to make
up only 13-24 TgC yr ' globally [Griffin et al., 1999]
(adopted by IPCC [see Penner et al., 2001]). Another recent
modeling study has found very low zonally averaged mass
contribution of SOA over the entire boundary layer, and
somewhat higher, but still relatively small contributions
toward the upper troposphere [Chung and Seinfeld, 2002].
The predicted global SOA production was only 11.2 Tgyr~!,
which was in fact lower than the low bound of previous
model predictions. While the reasonable agreement between
the model-predicted OC mass concentrations and the scarce
but available atmospheric observations could give us the false
illusion that we have understood the major sources and key
processes of organic aerosol properly, mounting evidence
suggests that this is far from being the case [Volkamer et al.,
2006]. Formerly Andreae and Crutzen [1997] estimated
global SOA formation to be in the order of 30—270 Tg yr ',
comparable to that of secondary sulfate aerosol. In another
global model Kanakidou et al. [2000] found that SOA from
the ozonolysis of biogenic VOCs contributed about 40—60%
to the total organic aerosol in the tropics and continental
regions at northern midlatitudes, and calculated a global
SOA production rate of 61—79 Tg yr~'. It should be noted
that the model suggested that ~75% of current biogenic
SOA production may be induced by human activities. On a
European scale, various studies have suggested that SOA
from biogenic emissions should dominate over OC from
anthropogenic sources [Andersson-Skéld and Simpson, 2001;
Schell et al., 2001; Kanakidou et al., 2005], but the results
are very dependent upon model assumptions [Andersson-
Skold and Simpson, 2001; Tsigaridis and Kanakidou, 2003].
Further, the increasing evidence of multiphase formation
mechanisms [e.g., Gelencsér, 2004; Jang et al., 2002;
Kalberer et al., 2004; Limbeck et al., 2003; Simpson et al.,
2007] for organic aerosol would invalidate essentially all
approaches tried in European or global modeling studies
to date, since these models all rely upon gas/particle
partitioning theories which assume no further reactions of
species once condensed into aerosols.

[8] The substantial differences between the results pro-
duced by state-of-the-art European and global models, and
the growing evidence of multiple pathways to OC formation
point to the urgent need to reconcile atmospheric models
with field observations not only with respect to mass
concentrations of organic carbon, but also to the distribution
of derived parameters such as the relative contribution of
SOA. This would necessitate extensive and reliable source
apportionment studies in areas outside the immediate source
regions.

[9] This paper is the first attempt to provide a first-order
source apportionment of organic aerosol along the basic
source types considered by atmospheric models, based on a
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comprehensive 2-year data set obtained for PM2.5 aerosol
collected at 5 sites in Europe within the EU project
CARBOSOL. The approach taken quantitatively combines
up-to-date radiocarbon measurements with bulk OC/BC
determinations and analyses of specific organic tracers in
order to assess the relative contributions of fossil fuel
combustion, biomass burning, and natural primary emis-
sions as well as nonfossil and fossil-derived SOA. The
results, together with all uncertainties are evaluated by sites
and seasons and compared with those of other studies, either
modeling or experimental.

2. Experimental Section and Description of the
Approach

[10] PM2.5 aerosol samples were collected at 6 sites
along a west-east transect in Europe between October
2002 and July 2004, on a weekly basis. The sites were:
Azores (AZO) (Portugal, 38°38'N, 27°02'W, 50 m a.s.l.),
Aveiro (AVE) (Portugal, 40°34'N, 8°38'W, 40 m a.s.l.), Puy
de Déme (PDD) (central France, 45° 46'N, 2° 57°E,
1450 m a.s.l.), Schauinsland (SIL) (southwestern Germany,
47° 55'N, 07°54'E, 1205 m a.s.l.), Sonnblick (SBO)
(Austrian Alps, 47°03'N, 12°57'E, 3106 m as.l) and
K-Puszta (KPZ) (Hungary, 46°58'N, 19°35’E, 136 m a.s.L.).

[11] The samples were collected on quartz fiber filters,
and stored in the refrigerator until analysis. The detailed
description of the sampling sites, sampling and analyses can
be found elsewhere [Pio et al., 2007]. Analyses were carried
out by one assigned laboratory using a single and validated
method from parts of the filters which were distributed
according to a predetermined protocol. Radiocarbon deter-
minations were performed on 20 subsets of pooled aerosol
samples which were selected to be representative of sites
and seasons after the completion of all other analytical
measurements, including analysis of radioactive tracers for
continental transport processes (*'°Pb). The targets prepared
from the filters were analyzed by '*C accelerator mass
spectrometry at the accelerator facility of the University of
Vienna. The sample preparation involved the combustion of
the filters at high temperature (900°C for 15 min) together
with Ag wool in a stream of synthetic air (7.5 ml/min) or
pure oxygen (6.9 ml/min) respectively. All carbon was
converted to CO,, which was then reduced by H, gas to
carbon monoxide and further reduced over Fe powder to
graphitic carbon at 610°C. The "C results were reported as
percentage of modern carbon (pmC) relative to oxalic acid
used for radiocarbon dating (SRM4990b) [Steier et al.,
2006]. The rationale behind the selection of samples as
well as all details of sample preparation, analysis, and use of
correction methods for proper interpretation of data are
reported by B. May et al. (manuscript in preparation,
2007). OC/EC analysis was performed at the University
of Aveiro using a thermo-optical method similar to that in
use in the IMPROVE network [Chow et al., 1993]. The
details of this method as well as the evaluation of its
inherent uncertainties are given by Pio et al. [2007]. The
analyses of levoglucosan and cellulose were performed at
the Vienna University of Technology. Cellulose was deter-
mined with the method of Puxbaum and Tenze-Kunit
[2003]. Levoglucosan was determined with a gradient-
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HPLC method with electrochemical detection (EDA40,
Dionex) using a CarboPac PA10 column (Dionex) for
carbohydrate analysis. The method is described in detail
by Puxbaum et al. [2007].

[12] In this integrated source apportionment approach the
total aerosol carbon (TC) is divided into the following basic
classes which are well defined and distinguishable by origin
on the basis of the available analytical data and other
information. They include biomass burning (index BB),
fossil fuel (index FF) and biogenic primary (index Bio)
fractions. In this way elemental carbon (EC) determined
directly by the thermo-optical method is subdivided in two
subcategories, ECgp emitted by biomass burning which is
derived from OC/EC emission factors reported for wood
burning in the literature and ECgp released from fossil fuel
combustion obtained by subtraction ECgp from measured
EC. Organic carbon (OC) measured by the thermo-optical
method is subdivided into three primary subcategories
(OCpgp, OCpgp, and OCy;,) and two secondary (SOAgr and
SOAnonfossil)-

[13] OCkgr represents the primary organic aerosol carbon
related to fossil fuel combustion, and is derived from ECgp
by using (OC/EC)pim ratios reported for fossil fuel
combustion in the literature which are also commonly used
for SOA estimation.

[14] OCgp is primary organic aerosol carbon from
biomass burning which is calculated from measured
levoglucosan concentrations and reported OC/levoglucosan
emission factors.

[15] OChy;, corresponds to primary organic aerosol carbon
emitted from natural (vegetation) sources, and is derived
from measured cellulose concentrations.

[16] Secondary organic aerosol fraction is partitioned
between fossil and nonfossil derived SOA: SOA,onfossil
corresponding to secondary organic aerosol carbon formed
from VOCs emitted by vegetation and/or biomass burning is
derived as:

SOAonfossit X TM(nonfossit = TC X fm — OCrio X Fupio)
— (OCgp + ECgg) X fysa)
— (OCkr + ECpr + SOAEr) X fyrr)

where TC and OCg;,, OCgp, ECgg are measured and
derived concentration data, respectively; fy; represents the
1C/"2C ratio of the sample related to that present in
the reference year 1950 [Szidat et al., 2004]; f\; values for
the subfractions (fvemonfossily fMbio) Tm@B), and fuer)
are selected on the basis of the principles set forth in
subsection 2.6.

[17] SOAEE is determined as a residual term by subtracting
all other components from TC. Note that it is formally
included in the calculation of SOA, onfossil, though this does
not lead to a loop in the calculations since the multiplication
factor fyyer) = 0.

[18] The classification described above covers all major
source processes which produce carbonaceous aerosol in the
troposphere, and provides a closure for aerosol carbon. At
the same time the subcategories are sufficiently lumped to
be validated against regional organic aerosol climatology
models. These subcategories cannot be measured directly
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but can only be inferred from combination of data from
radiocarbon and organic tracer measurements. It should be
noted that thermo-optical method yields elemental carbon
(EC) and not BC, which is a conceptually different species
[Gelencsér, 2004]. However, linking of their concentrations
to other chemical species dissolves the borderline between
EC and BC, and any differences simply merge into
a combined uncertainty which will be discussed in the
respective subsection.

2.1. Estimation of EC

[19] As discussed extensively by Schmid et al. [2001]
different methods give rather similar values for TC, but very
different values for EC. Within CARBOSOL all samples
were analyzed by one laboratory using one method [Pio
et al, 2007], and so site to site comparability of EC is
ensured. However, the absolute values of EC itself are more
uncertain than those of TC. Given the basic observed value
of EC,yp,s, we therefore calculate an uncertainty range using:

EC = ECobs X fEC

where fgc is a factor between 0.75 to 1.25 (central value
1.0), designed to encompass biases and uncertainties
associated with determinations of EC. It is well known that
elemental carbon concentrations are highly dependent on
the method used for their determination. A comprehensive
round robin study on EC in an urban aerosol sample
revealed more than a factor of 2 differences between
concentrations measured by various techniques [Schmid
et al., 2001]. Since the thermal-optical technique we applied
for EC determination is one the most widely accepted, we
slightly reduced this error range. Given EC; we then derive
OC as:

OC =TC - EC

2.2. Estimation of ECgp

[20] OC mass emission factors and OC/EC ratios for
hardwood and softwood burning are available in the liter-
ature [Oros and Simoneit, 2001a, 2001b]. Unfortunately,
much depends on the analytical method used to determine
EC concentrations, which itself can introduce a factor of
5—10 uncertainty into the estimation. Traditional thermal
methods for OC/EC determination had been optimized for
the determination of graphitic diesel soot particles, therefore
they are unsuitable for the analysis of biomass smoke which
is known to be almost devoid of polycrystalline graphitic
structures [Martins et al., 1998]. Watson et al. [2001]
reported OC/EC ratios as low as 4.2 for residential wood
burning, and 14.5 for forest fires using a more reliable
thermal-optical method, though the number of fire tests
was extremely limited. Kupiainen and Klimont [2005]
combined a literature review of OC/EC ratios with details
of the European emissions activities, and estimated a ratio
of about 2.6:1 for biomass burning sources. One of the most
recent and extensive study on emission factors using
the most reliable method for the OC-EC split (basically
identical to the method used for EC determination within
CARBOSOL) reported a range between 1 and 15, centered
around 6 [Chow et al., 2004]. Thus we accepted this value
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as the central value to estimate ECgg from OCgp concen-
tration, with a range between 2.5 and 10.

2.3. Estimation of OCgy

[21] The estimation of OCgr from ECgr and reported
OC/EC ratios is more straightforward than that for the
corresponding biomass burning fractions. Indeed there are
much more data available in the literature for fossil fuel
primary OC/EC ratios since they form the basis for the
estimation of SOA contribution to organic aerosol mass (for
a summary see Gelencsér [2004]). Furthermore uncertain-
ties resulting from the application of different methodolo-
gies for OC/EC determination are less critical for fossil fuel
than for biomass smoke, since diesel soot resembles more
closely to elemental (graphitic) carbon for which most
methods were optimized [Schmid et al., 2001]. In our
calculations, however, care has to be taken not to rely
unconditionally on OC/EC primary ratios reported for urban
aerosol. This is because these ratios also include nonfossil
combustion and other sources (e.g., biomass burning and
food preparation) which do not fit our concept relying
strongly on radiocarbon measurements. Results from tunnel
experiments, or direct emission measurements much better
fit for this purpose, since they include purely fossil fuel
combustion sources. With this in mind, OC/EC ratios for
tunnel experiments range from 0.76 [Gillies et al., 2001] in
the United States down to 0.3 for heavy-duty diesel vehicles
in Vienna [Laschober et al., 2004]. Unpublished results of
road tunnel measurements in Birmingham (with 90% of
fleet running on gasoline) using thermal-optical methodol-
ogy indicated OC/EC ratios between 0.48 and 0.81 (average
0.58) (C. Pio, unpublished results, 2003). It has been very
recently anticipated that these low values refer to PM2.5
aerosol since in the coarse fraction additional OC comes
from abrasion of street surface, brake linings and tires thus
raising PM 10 OC/EC values well above unity (H. Puxbaum,
private communication, 2005). Kupiainen and Klimont’s
[2005] study estimated a ratio of about 0.71:1 for fossil fuel
sources in the “old” 15 EU countries, but a ratio of 1.2 for
the new member states. For our calculations we accept the
average value of 0.58 from the Birmingham study, with a
corresponding range (0.48—1.2).

[22] Since, however, the calculation is based on OC/EC
primary ratio one might argue that differences in scavenging
ratios for the two species can undermine the validity of the
calculations at high-elevation sites which are very sensitive
to deposition processes. Indeed, there have been numerous
experimental studies proving that scavenging efficiencies
for EC and OC are markedly different, which in turn can
affect their mass concentration at remote sites where long-
range transport is significant. This should mean, for exam-
ple, that the concept of estimation of SOA formation based
OC/EC ratio gradually breaks down moving away from the
source regions, so it should not be reliably used for remote
sites, especially if they are at high elevations.

[23] On the other hand, the concept of our study is
retrospective in the sense that it tries to reconstruct major
primary aerosol components from different sources from
measured mass concentrations of specific conservative
tracers. This concept does not require that the scavenging
efficiencies of EC and (total) OC be the same (which are
not), but only assumes that the scavenging efficiency of

4 of 12



D23S04

primary OCgp emitted by fossil fuel combustion is approx-
imately the same as that of EC which is coemitted with it.
Therefore there is a fairly good probability that they will
soon form internally mixed particles, and whatever happens
to them upon further ageing, will happen to both approx-
imately at the same proportion [see Tsyro et al., 2007]. So
we believe it is not unrealistic to assume that differences in
scavenging efficiencies may not significantly affect these
calculations. Perhaps it adds some uncertainty to them, but
the largest uncertainties remain those associated with pri-
mary emission ratios.

2.4. Estimation of OCgp

[24] On a mass basis, the largest source of biomass
burning emission in Europe is wood burning in stoves
and fireplaces used for residential heating and cooking. In
summer, wood is also burned in open fires for grilling. In
certain periods of the year, under severe drought conditions
persistent in southern Europe, wildfires occur sporadically
which sometimes impact quite large areas. Agricultural
waste burning is now prohibited in most European
countries, yet it is frequently practiced in many of them,
particularly in spring and autumn. In the selection of pooled
aecrosol samples, however, these periods were omitted,
therefore emission of levoglucosan and OC from wood
burning are used in our calculations. Levoglucosan is a
tracer for cellulose pyrolysis but unlike other molecular
tracers has the unique property of being emitted at an
exceptionally large rate comparable in magnitude to total
carbon mass emission [Simoneit et al., 1999]. Albeit emis-
sion factors of both OC and levoglucosan vary by orders of
magnitude depending on the type of the wood burned and
the conditions of burning [Oros and Simoneit, 2001b], the
mass emission factor of levoglucosan relative to OC is more
constrained [Fine et al., 2002]. Although OC in itself is not
a conservative quantity, if only its primary aerosol compo-
nent is considered and assumed to be preserved in the
atmosphere, the ratios of the emissions factors can also be
applied to aerosol mass concentration. Test combustion in
fireplaces and stoves in the US resulted in a mean value of
7.35 for the OC/levoglucosan mass emission ratio [Fine
et al., 2004] which has essentially been confirmed in test
burns of beech and spruce in a tile oven [Schmidl, 2005].
Higher ratios (e.g., 12.5) are probably more typical for open
fires, and may also in part reflect the experimental difficul-
ties in emission measurements [4Andreae and Merlet, 2001].
Therefore as a central value we take the factor of 7.35, and
set the lower and upper limit to 6 and 12.5, respectively.

2.5. Estimation of OCy;,

[25] Since it was assumed that a major fraction of
cellulose found in atmospheric aerosol comes from decom-
position of leaves, the contribution of plant debris to fine
organic aerosol was suggested to be estimated simply by the
multiplication of total cellulose mass concentrations by the
factor of 2 [Puxbaum and Tenze-Kunit, 2003]. The fraction
that was measured is free cellulose, which forms on average
about 70% of total cellulose. Furthermore, for the carbon
mass balance the amount of plant debris has to be expressed
in carbon equivalent, which is about 57% of the total mass.
Thus measured cellulose concentrations were multiplied by
a factor of 1.6 to estimate the contribution of OCy;, on a

GELENCSER ET AL.: SOURCE APPORTIONMENT OF ORGANIC AEROSOL

D23S04

carbon equivalent basis. It should be added that plant debris
from leaves is clearly not the only contributor to primary
biological particles [Matthias-Maser and Jaenicke, 1994];
thus other biogenic sources, e.g., with no cellulose, based
on protein may add to the OCy,,. Degrading plant material
exhibits a lower cellulose content than green leaves, as
cellulose is preferentially consumed by fungi and other
degrading organisms, this would enhance the conversion
factor. Also nearly pure cellulose containing plant parts may
contribute to atmospheric cellulose levels (e.g., plant hairs
or seeds with pure cellulose containing parachute like tuffs);
for those the cellulose content approaches 100%. Given that
the two effects may cancel to some extent, we can take the
factor of 2 as the central value, noting that the accompa-
nying uncertainty could be around a factor of 2. Allowing
for the conversion factor 1.6 discussed above, we obtain
low, central and high values of 0.8, 1.6 and 3.2 for
converting measured free cellulose mass concentration to
OCio.

2.6. Calculation of SOA ,¢nfossil

[26] SOA, onfossit 18 calculated from the above source
contributions by the formula specified above. fypio) is
assumed to be close to the CO, radiocarbon concentration
whose fy; value lies still slightly over the reference value
from 1950 because of the enhancement of the atmospheric
'4C concentration by bomb-released *C. The average "*C
signature of atmospheric CO, for the CARBOSOL sam-
pling years 2002, 2003 and 2004 at the Jungfraujoch is
measured to be (107 + 0.5) pmC [Levin and Kromer, 2004].
The *C signature of biomass burning emissions (fyisg)) is
more uncertain, ranging from fy; = 1.07 for burning of
agricultural residues to a maximum tree signature of 1.25
[Lewis et al., 2004]. As a central value we adapted fyygp) =
1.15, with the range specified above. At the other end of the
scale carbonaceous emissions from fossil fuels are free of
radiocarbon, and carry therefore a 4c signature (fyipr)) of
0. Since we have no a priori information about the fraction
of biogenic or biomass burning SOA and therefore no clear
information on the '*C signature of SOA onfossit SOMe
assumptions about fyymonfossiiy have to be made. Assuming
SOA  onfossit 10 be completely of recent biogenic origin
fMmonfossity would be 1.07, while assuming it to be produced
completely by biomass burning fyimonfossiy would be equal
to fvesg)- On the basis of the traditional concept of SOA we
adapted fyjnonfossiy = 1.07, noting that any contribution
from biomass burning VOCs would increase this value up
to fyme) resulting in a decrease of SOA;nfossiic In the
uncertainty analysis below we explore a wider range of

fM(nonfossil) .

2.7. Uncertainty Analysis

[27] Table 1 summarizes the eight “uncertain’ inputs to
the source apportionment (SA) calculation, along with their
low, central and high values. It is clear that the SA
calculation involves many steps, each of which has sub-
stantial uncertainties. In order to tackle the multitude of
possible combinations of these uncertain parameters, we
have made use of an effective statistical approach known as
Latin-hypercube sampling (LHS [e.g., Iman et al., 1981]).
LHS approaches are somewhat similar to Monte Carlo
(MC) calculations, and allow vast numbers of combinations
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Table 1. Summary of Low, Central, and High Factors Used in
Deriving the Source Apportionment Contributions and as Input
Parameters to the Uncertainty Analysis®

Parameters Low Central High
EC error factor” 0.75 1.0 1.25
Levoglucosan to OCy, ratio 0.08 0.136 0.167
OCyy, to ECyy, ratio 1.0 6.0 15.0
OCy to ECy ratio 0.48 0.58 1.2
OCy;, to cellulose ratio 0.8 1.6 32
fuen) 107 115 125
M(nonfossil) 107 107 no single value®
f(fu)." % -5 0 +5

“See text for details.

EC values multiplied by given factor.

CfM(m,nf(,ss“) constrained to be < fM(BB)-

Maximum analytical error of the measured fy; values, reaching up to
10% at SBO.

of input variables to be computed. An MC simulation would
involve testing all possible combinations of input parame-
ters. LHS provides a much more effective way of sampling
the data, and for our purposes provides essentially the same
results as a full MC analysis.

[28] For each uncertain input parameter, P, we have set up
a frequency distribution of N possible values, e.g., Py, P,..
Pyn. This is done for each of the parameters shown in
Table 1. With MC simulation we would require 8" calcu-
lations to combine all the eight factors of Table 1, and
this proved prohibitive in terms of CPU time for this
study. With LHS we can achieve very similar results with
just N calculations (here, we use N = 3000, and make use of
the software for improved distributed hypercube sampling
from http://people.scs.fsu.edu/~burkardt/f src/ihs/ihs.html).

[20] Ideally one would like the input parameters to be
specified with a well defined statistical distribution, e.g., a
normal distribution. Unfortunately, there are so few data
upon which to base our parameters that a simpler procedure
is chosen. Instead we have assigned parameters equally
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between the low and central, and between the central and
high values of Table 1.

[30] Thus, in essence we have superimposed two ““top-
hat” functions, with one top-hat function between the min
and central values, and one between the central and high.
For fyimonfossity the high value is constrained to be equal to
the fyse) value, and the central value defined as 0.5 x
(1074 fnvpenonfossily)-

[31] A great advantage of the LHS (or MC) approach is
that combinations of parameters which are very unlikely
(e.g., that only the minimum-possible values from each
parameter were used) will represent only a small percentage
of the output. Specifically, the chances of this happening for
N runs would then be about 1/N, in our case 1/3000. Some
combinations of parameters even lead to negative concen-
trations and are thus impossible; these combinations are
simply rejected from the analysis. The remaining valid
combinations can be presented graphically as a frequency
distribution of possible solutions to the SA problem we
have set up.

3. Results and Discussion

[32] The CARBOSOL aerosol data used in our calcula-
tions are given in Table 2. Data for those filters were used
for which pooled radiocarbon measurements were available.
For AVE, KPZ and SBO pooled samples were used for '*C
measurements, while the determination of all other aerosol
components and fractions was performed on individual
filters collected weekly. Therefore weighted average mass
concentrations based on individual sample volumes were
calculated to make the results fit for the pooled samples. For
levoglucosan and cellulose, when the mass concentrations
were below the detection limit, the values of the detection
limit were used in the calculations. The samples, though
limited in number because of constraints on the costs of
radiocarbon measurements, are thought to represent typical

Table 2. Sampling Data and Volume-Weighted Average Measured Mass Concentrations of Total Carbon (TC), Elemental Carbon (EC),
Organic Carbon (OC), Levoglucosan, Cellulose, as Well as the Share of Modern Carbon (fy) for Seasonal Aerosol Samples for All Sites®

Site Season Sampling Date TC, ngC/m*®  EC, ugC/m®  OC, ugC/m®  Levoglucosan, ng/m®  Cellulose, ng/m’ fm
AVE  winter Dec 2002, Jan—Feb 2003, 14.1 1.80 12.3 1220 107 0.9240.009
Dec 2003 to Jan 2004
AVE  summer Jul-Aug 2002, 4.04 0.57 3.47 38 39 0.78+0.006
May—Aug 2003,
Jun 2004
PDD  winter Dec 2002, Jan 0.86 0.21 0.65 10.9 15 0.62+0.005
and Dec 2003
PDD  summer Jun and Jun 2003 4.92 0.29 4.63 7.4 125 0.87+0.004
SIL  winter Dec 2002, Jan 1.66 0.28 1.38 32 21 0.79+0.004
and Dec 2003
SIL summer Jun to Aug 2003 4.05 0.25 3.80 10.4 134 0.83+0.004
SBO  winter Oct—Dec 2002 0.21 0.02 0.19 2.7° 10 0.72+0.04
SBO  summer May—Jun 2003 1.56 0.12 1.44 4.5 30 0.83+0.017
KPZ  winter Nov—Dec 2002, 10.7 1.74 8.91 585 90 0.78+0.006
Feb and Dec 2003,
Jan—Feb 2004
KPZ  summer Jul to Aug 2002, 5.04 0.53 4.52 44.1 153 0.88+0.012

May 2003,
Aug—Sep 2003

*For AVE, KPZ and SBO pooled samples were used for '“C measurements, while the determination of all other aerosol components and fractions was
performed on individual filters collected weekly and their concentrations are reported as volume-weighted average mass concentrations. (An outlier was
rejected because of identified contamination problem in December 2002 at SBO.)

“Including analytical uncertainty.
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Table 3. Estimated Mass Concentrations of Elemental Carbon (EC), Organic Carbon (OC), and Secondary Organic Aerosol Carbon

(SOA) Subcategories®

OCpgp, ECpgg, OCrr, ECrr, OCio, SOAnonfossils SOAg,
Site Season ngC/m’ ngC/m’ ngC/m’ ngC/m’ ngC/m’ ngC/m’ ngC/m’
AVE winter 8960 1490 178 307 171 699 2270
AVE summer 279 47 301 518 62 2540 296
PDD winter 80 13 114 197 24 374 57
PDD summer 54 9 160 276 200 3720 504
SIL winter 235 39 140 241 34 900 72
SIL summer 76 13 138 237 214 2850 523
SBO winter 22 4 9 16 16 97 45
SBO summer 33 6 66 114 48 1130 165
KPZ winter 4300 717 593 1020 144 2240 1630
KPZ summer 324 54 273 471 245 3480 191

“Indices are as follows: BB, biomass burning; FF, fossil fuel; bio, biogenic. Only concentrations calculated with central values are given. For details see

text.

characteristic winter and summer aerosol conditions for the
five CARBOSOL sites. Note that the '“C measurements at
SBO in winter have been done specifically for a sampling
time where the station was most likely to be in the free
troposphere, thus reflecting the tropospheric background.
From Table 2 it is straightforward to obtain the basic source
apportionment for the samples selected following the con-
siderations set forth above, using the central estimates
(Table 1) to obtain our “best estimate” of the different
contributions. We discuss these best estimate data first
(section 3.1) in order to outline the main features of the
results, and then discuss the robustness of these conclusions
with an analysis of the uncertainties (section 3.2).

3.1. Best Estimate Results

[33] The estimated mass concentrations corresponding to
the major source categories thus obtained for this “best
estimate” case are reported in Table 3. In Table 3 the Sth
and 95th percentiles derived from the statistical analysis of
uncertainties (section 3.2) are also reported. From that it is
then possible to evaluate the relative importance of primary
versus secondary sources, fossil fuel combustion versus
biomass burning, and to obtain typical seasonal averages
which are likely to be characteristic of most of the lower
troposphere over Europe.

[34] In Table 4, the relative contributions of all source
categories of OC and EC are expressed by site and season in
percentage of TC. The results suggest that EC emissions in
Europe are dominated by fossil fuel. The share of fossil-
derived EC is between 86 and 97% at high-elevation sites,
but 59% at KPZ and as low as 17% at AVE in winter where
biomass burning dominates. This finding agrees with those

of Hamilton and Mansfield [1991] who found that most BC
in summer came from diesel combustion. The minor differ-
ences may be explained by the technological development
diesel engines underwent in the past 15 years, clearly
offsetting any increase that would have resulted from the
increase of the number of light- and heavy-duty diesel
vehicles in Europe. Typically at the low-elevation sites in
winter the average mass concentrations of EC are a factor of
three higher than those in summer. On the contrary, at the
two elevated sites SIL and PDD winter and summer values
become comparable, and at SBO, under the conditions of
the free troposphere, the winter value is only 16% of that of
summer.

[35] Not surprisingly, primary organic aerosol emission
from biomass burning established a very significant contri-
bution at all sites in winter, ranging from 11% at SBO (free
tropospheric conditions) to the extremity of the very high
local contribution at AVE (64%). The two elevated rural
sites PDD and SIL exhibited nonnegligible biomass burning
primary components (9 and 14%, respectively), which, with
ECgp added approximated 11-16% of the total carbona-
ceous mass. In summer, the relative shares of OCgp and
ECgp become practically negligible (with the exception of
AVE and KPZ), thus biomass burning represented a primary
carbonaceous aerosol source with atmospheric concentra-
tions of only 11—14% of those of fossil fuel combustion at
elevated sites. At the rural site of KPZ this value was 50%,
indicating a nonnegligible contribution from this source.
In winter the overall contribution of biomass burning
(OCgp t+ ECgp) far exceeds that of fossil fuel combustion
(OCgr + ECgp) at low-level sites. On the contrary, at

Table 4. Relative Share of OC and EC Source Categories Within Total Carbon (TC)*

Site Season OCpgg, % ECgg, % OCkr, % ECrr, % OChig, % SOAonfossil, 70 SOAgr, %

AVE winter 64 (52-69) 11 (4.0-12) 1(0.6-7.8) 2 (1.0-10) 1(0.7-2.3) 5(1.8-23) 16 (1.7-20)
AVE summer 7(5.7-11) 1 (0.5-5.0) 7 (4.6-14) 13 (7.9-16) 2 (0.8-2.9) 63 (52-65) 7 (1.8-19)

PDD winter 9 (7.1-14) 2 (0.6-6.5) 13 (8.7-21) 23 (15.4-27) 3(1.5-5.3) 44 (33-47) 7(1.2-21)

PDD summer 1(0.9-1.7) 0(0.1-0.7) 3(2.3-6.7) 6 (4.2-6.9) 4022-77) 76 (66—78) 10 (6.3-19)
SIL winter 14 (12-23) 2 (1.0-10) 8 (3.6-14) 15 (5.7-18) 2 (1.0-3.8) 54 (37-57) 4 (1.0-21)

SIL summer 2(1.5-2.9) 0(0.1-1.3) 3(2.3-7.0) 6 (4.2-7.3) 5(2.9-10) 70 (60-73) 13 (8.8-21)
SBO winter 11 (5.8-11) 2(0.5-4.8) 5(2.5-10) 8 (4.1-11) 8 (4.1-14) 46 (37-56) 22 (13-31)
SBO summer 2 (1.5-3.0) 0(0.1-1.3) 4(2.9-8.7) 7 (5.4-9.0) 3 (1.7-5.8) 72 (61-77) 11 (3.5-22)
KPZ winter 40 (33-56) 7(2.7-13) 6 (1.6—13) 10 (2.6—16) 1 (0.7-2.6) 21 (4.1-31) 15 (3.2-28)
KPZ summer 6 (5.3-10) 1(0.4-4.7) 5 (3.0-9.8) 9 (5.0-11) 5(2.7-9.2) 69 (57-71) 4 (1.0-15)

“Indices are the same as in Table 3. In parentheses the 5th and 95th percentiles are given as derived from the LHS statistical analysis.
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elevated sites the latter was more significant. These differ-
ences between the low-level and elevated sites can be partly
explained by the higher scavenging ratios of OCgg — ECgp
compared to OCgr — ECpp.

[36] For all sites and seasons, SOA represents a very
important fraction of aerosol carbon mass (21—-86%). While
this was expected for summer, the surprisingly high
contributions in winter (up to 68% at SBO), including those
obtained for near-source areas (21 and 36% for AVE and
KPZ, respectively), as well as the very high SOAgr (up to
22%) at SBO necessitates a statement about the nature of
SOA. Thus in the context of this paper SOA does not
corresponds to the subset of organic aerosol generally
meant in aerosol science. Above the traditional concept
(condensation of photo-oxidation products of VOCs,
primarily terpenes) our SOA includes condensation of
directly emitted semivolatile organic compounds at low
ambient temperatures (since emission ratios are usually
defined for ambient temperature), and also covers primary
emissions from nonspecified sources, either fossil or non-
fossil. While the inclusion of the latter is clearly an
imperfection of the concept itself, one could argue for the
former as one possible mechanism of SOA formation.

According to the classical aerosol definition, primary aerosol
particles are those released as particles directly from sources.
However, the compounds included in our SOA definition
are emitted as vapors from the sources, and experienced
transformations (albeit purely physical) to become aerosol-
borne. On the other hand, one may feel that this fraction
actually more closely belongs to primary emission than to
“classical” SOA resulting from the complex interactions
between various subsets of emissions (gases and vapors) and
sunlight. Therefore caution should be exercised when inter-
preting various modeling or experimental results on SOA
contributions without the knowledge on how this fraction is
treated. In the light of the above the winter SOA values
(both fossil and nonfossil) can possibly be attributed to their
corresponding primary sources. This likely gives biomass
burning an exceptionally high share in winter (55—-80%) in
Europe, though the high values may slightly be reduced by
the contribution of other nonspecified sources (e.g., cooking).

[37] In summer, however, this condensation process is
thought to be much less significant at most sites (and may
be subject to sampling artifacts), thus SOA values are
thought to more closely represent the “traditional” concept
of SOA. Nonfossil SOA dominates at all sites (63—76%),
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probably from VOCs emitted by vegetation but some
secondary contribution from biomass burning cannot be
excluded, either. These findings corroborate other studies on
rural acrosol which demonstrated the predominance of SOA
in summer (68—78% of OC) [Castro et al., 1999], and
points to the global importance of biogenic SOA in the
troposphere. SOAgr contributes a small but nonnegligible
fraction to TC (4—13%), and this statement is by far the
least uncertain. However, coal combustion and other fossil
related emissions may account for a part of SOAgg, which
thus may be a collective category for all non-traffic-related
fossil combustion sources.

3.2. Uncertainty Analysis

[38] Figures 1-3 give the results of these uncertainty
calculations for all sites. In these plots, each curve repre-
sents the probability distribution of that component’s
contribution to the total carbon (TC). As an example, we
discuss the results of the uncertainty calculations for PDD.
There the likely contribution of SOA ,nfossit to TC is seen to
be very large in summertime (Figure 2b), with the calcu-
lations suggesting a contribution of between 60—80%. The
most probable contribution is seen to be just over 70%.
ECkgr is seen to cover the range of 3—8%, but the frequency
distribution is very narrow and the most likely contribution
is seen to lie around 6% of TC. Regarding the other sources,
they will not be discussed in detail, but Figures 1-3 show
they all make smaller but nonnegligible contributions to TC.

[39] For the same site in wintertime (Figure 2a), a similar
picture emerges. The largest contributor is still SOA onfossils
with a likely contribution of between 30—50%. The reason
for its abundance is discussed in subsection 3.1. Fossil
sources together make very a significant overall contribu-
tion, with ECrr, OCgr and SOAgg representing 13—-30%,
8—24%, and zero—23% of TC, respectively. There is also a
quite robust indication that OCgp contributes to TC levels at
this site in wintertime, in the range of 6—30% of TC. The
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central (most likely) values of all the curves shown in
Figure 4 match well the “best estimate” results shown in
Table 3 and discussed in section 3.1 above (the results are
not identical, because the equations are nonlinear).

[40] It is important to note that the main conclusions to be
derived from Figures 1-3 are quite robust. For example,
SOA onfossit 18 clearly the biggest contributor to TC in
summertime, whether we look at the central (most likely)
estimates or the tails of the various curves (which represent
possible but unlikely results of the LHS analysis). Given the
wide range of uncertainties used in generating these figures,
these results demonstrate that in general we can clearly
identify the main contributors in the different seasons: the
answer does not depend very much on our assumptions.

4. Conclusions

[41] It has been found that while fossil-related sources
predominate EC throughout the year at all sites, the sources
of OC are primarily biogenic and markedly different
between summer and winter. In winter biomass burning
primary emission is the main source, with some additional
contribution from fossil fuel combustion. In contrast, in
summer secondary organic aerosol (SOA) from nonfossil
sources becomes predominant (63—76% of TC), with some
contribution of SOA from fossil fuel combustion. Direct
contribution from biomass burning is negligible in this part
of the year, being only a fraction of fossil-related primary
contributions. An uncertainty analysis has been conducted,
which shows that the main conclusions from this study are
robust.

[42] These findings extend other studies on rural aerosol
which demonstrate the predominance of SOA in summer,
and point to the global importance of biogenic SOA in
the troposphere. It should be recalled that even if most
of the SOA is biogenic and forms from VOCs emitted by
vegetation, its formation involves photo-oxidants
whose levels have been strongly enhanced by human
activities. Therefore, strictly speaking, most of the biogenic
SOA should be considered anthropogenic by origin
[see Kanakidou et al., 2000]. These aspects will also be
discussed from ice core data [Legrand et al., 2007].

[43] In summary, while the results of our study are
derived from a limited number of sites, and from a limited
number of measurements, they clearly demonstrate the
feasibility of the integrated approach to provide a bulk
source apportionment of carbonaceous aerosol which can
serve as validation data for atmospheric models.

[44] However, in contrast to previous studies in Europe,
these sites do cover a quite wide geographical area across
south-central Europe, and the relative contributions of
different sources to the measured total carbon was found
to be remarkably consistent between sites. Thus the findings
mentioned above do provide rather powerful evidence for
the relative importance of wintertime biomass burning and
summertime SOA as major sources of carbonaceous aerosol
in Europe. Further, these results provide important new
constraints on the results of models for carbonaceous
aerosols in Europe, providing a major improvement in
aerosol composition which can be directly tested [e.g.,
Simpson et al., 2007].
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