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Abstract. The source contributions to carbonaceous PM2.5
aerosol were investigated at a European background site at
the edge of the Po Valley, in Northern Italy, during the pe-
riod January–December 2007. Carbonaceous aerosol was
described as the sum of 8 source components: primary (1)
and secondary (2) biomass burning organic carbon, biomass
burning elemental carbon (3), primary (4) and secondary (5)
fossil organic carbon, fossil fuel burning elemental carbon
(6), primary (7) and secondary (8) biogenic organic carbon.
The mass concentration of each component was quantified
using a set of macro tracers (organic carbon OC, elemen-
tal carbon EC, and levoglucosan), micro tracers (arabitol and
mannitol), and14C measurements. This was the first time
that14C measurements covered a full annual cycle with daily
resolution. This set of 6 tracers, together with assumed un-
certainty ranges of the ratios of OC-to-EC, and the reference
fraction of modern carbon in the 8 source categories, pro-
vides strong constraints to the source contributions to car-
bonaceous aerosol. The uncertainty of contributions was as-
sessed with a Quasi-Monte Carlo (QMC) method accounting
for the variability of OC and EC emission factors, the un-
certainty of reference fractions of modern carbon, and the
measurement uncertainty.

During winter, biomass burning composed 64 % (±15 %)
of the total carbon (TC) concentration, while in summer sec-
ondary biogenic OC accounted for 50 % (±16 %) of TC.
The contribution of primary biogenic aerosol particles was
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negligible during the entire year. Moreover, aerosol associ-
ated with fossil sources represented 27 % (±16 %) and 41 %
(±26 %) of TC in winter and summer, respectively. The con-
tribution of secondary organic aerosol (SOA) to the organic
mass (OM) was significant during the entire year. SOA ac-
counted for 30 % (±16 %) and 85 % (±12 %) of OM during
winter and summer, respectively. While the summer SOA
was dominated by biogenic sources, winter SOA was mainly
due to biomass burning and fossil sources. This indicates that
the oxidation of semi-volatile and intermediate volatility or-
ganic compounds co-emitted with primary organics is a sig-
nificant source of SOA, as suggested by recent model results
and Aerosol Mass Spectrometer measurements. Comparison
with previous global model simulations, indicates a strong
underestimate of wintertime primary aerosol emissions in
this region. The comparison of source apportionment results
in different urban and rural areas showed that the sampling
site was mainly affected by local aerosol sources during win-
ter and regional air masses from the nearby Po Valley in
summer. This observation was further confirmed by back-
trajectory analysis applying the Potential Source Contribu-
tion Function method to identify potential source regions.

1 Introduction

During the last decade the impacts of atmospheric aerosol on
climate and human health have led to more intensive efforts
to characterize particulate matter (IPCC, 2007; Pope and
Dockery, 2006; Nel, 2005). Long-term measurements have
shown that in Ispra the European legislation has effectively
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succeeded in reducing PM10 concentrations over the last
decade (Gruening et al., 2009), while the relative contribu-
tion of carbonaceous aerosol to PM2.5 increased (Yttri et al.,
2009).

Carbonaceous aerosol is an ubiquitous and significant
component of atmospheric aerosol; it accounts for 20 to 50 %
of the PM2.5 mass in urban and rural locations, and up to
70 % of the PM1 mass (Zhang et al., 2007; Querol et al.,
2009). In the following years strategies to mitigate carbona-
ceous aerosol emissions will be necessary to control and
lower aerosol concentrations. To achieve this, a better knowl-
edge of carbonaceous aerosol sources on a regional scale is
mandatory.

Molecular and elemental tracers have been used to identify
the contribution of one or several aerosol sources. However,
tracer methods have not completely characterized organic
aerosol and especially Secondary Organic Aerosol (SOA).
Field measurements on global (Zhang et al., 2007) and Eu-
ropean scale (Morgan et al., 2010; Lanz et al., 2010) have
shown that oxygenated organic aerosol (OOA), of which a
major fraction is SOA, composes on average 60 % of submi-
cron organic mass in urban locations and 80 % downwind of
urban areas.

Receptor models, like Chemical Mass Balance, apportion
primary carbonaceous aerosol sources based on the knowl-
edge of chemical profile of each single source and the unap-
portioned mass is then assigned to SOA (Stone et al., 2008;
El Haddad et al., 2010). The uncertainty of this derived
SOA concentration is therefore large because it is affected
by the sum of each primary source uncertainties. Other au-
thors use the elemental carbon (EC) to organic carbon (OC)
ratio to account for SOA mass and then explain the remain-
ing aerosol mass by tracer analysis (Docherty et al., 2008;
Yu et al., 2009). This method assumes that OC is emitted
only by combustion sources and that the OC to EC ratio of
primary emissions is well-known (Yu et al., 2009). This last
assumption is seldom justified, since literature OC to EC ra-
tios range over one order of magnitude, and when the ratio is
empirically measured, it might be affected by sampling arti-
facts, and might not represent the variety of carbon sources
and meteorology (Lee et al., 2010).

Using a different approach, source apportionment studies
have been integrated with14C measurements to distinguish
fossil from non-fossil carbon (Currie, 1982; Szidata et al.,
2004; Gelencser et al., 2007; Hodzic et al., 2010). Fossil
carbon is produced by fossil material use like fossil fuel com-
bustion and production, while non-fossil carbon refers to car-
bonaceous aerosol with contemporary origin, like biogenic
aerosol or biofuel combustion aerosol.

The isotope14C is formed in the upper troposphere and
layers above mainly following the absorption of cosmic ray-
produced neutrons by nitrogen atoms (Lal and Peters, 1967).
The 14C produced is quickly oxidized to carbon dioxide
which is taken up by plants through photosynthesis in the
troposphere. Thus,14C is incorporated into all land-living

organisms. When an organism dies, the exchange of car-
bon with the surrounding environments ends and the14C/12C
ratio starts decreasing following the slow radioactive decay
(half-life of 5730± 40 years) of the14C isotope. This decay
is slow compared to the life time of organisms, but it is fast
compared to fossil material time scale. As a consequence, the
14C/12C ratio in fossil fuels is zero and the isotopic ratio of
atmospheric aerosol depends on the relative contribution of
fossil and non-fossil carbon and on the age of modern carbon
sources.

When radiocarbon data are combined with tracer measure-
ments, they can be used to discriminate anthropogenic from
natural, and primary from secondary aerosols (Gelencser
et al., 2007; Ding et al., 2008; Lee et al., 2010).

In this paper we present a source apportionment study,
focused on carbonaceous aerosol, which combines macro-
tracers (OC, EC, and levoglucosan), micro-tracers (arabitol
and mannitol), and14C measurements to explain both pri-
mary and secondary components of atmospheric carbona-
ceous aerosol. Tracers were used to apportion primary car-
bon, while14C data allowed us to distinguish fossil from non-
fossil carbon. Carbon associated with SOA was calculated by
combination of primary/secondary and fossil/non-fossil data.

To solve the source apportionment problem using macro-
tracers, micro-tracers, and carbon isotopic ratio we needed
to know for each source the corresponding emission factors
and the reference fraction of modern carbon corresponding
to the non-fossil sources. Due to the large variability and
uncertainty of these input parameters, we decided to use a
statistical approach to determine the source composition that
has the best agreement with the measurements. This study
presents a similar approach to that suggested byGelencser
et al. (2007) and Szidat et al.(2009), who used Latin Hy-
percube Sampling to calculate a large number of combina-
tions of the input variables. We implemented instead an al-
gorithm based on Quasi-Monte Carlo simulations (Caflisch
et al., 1998); this method does not require to define a-priori
the number of combinations of input variables, but defines
this number according to the convergence of the solutions.
The algorithm gave us the option to define the probability
distribution function of the input variables: for example, we
used step functions to describe the variability of parameters
and Gaussian functions to describe the variability of obser-
vations. Finally, the algorithm implemented in this work al-
lowed us to vary the reference fraction of non-fossil carbon
(fM(nf)) depending on the value used for the reference frac-
tion of biomass burning aerosol (fM(bb)), which in turn de-
pends on the age of the biomass burnt.

To the best of our knowledge, this was the first time that
radiocarbon analysis and tracer measurements were applied
to such a large dataset, covering a full seasonal cycle. This
enhances the representativeness of results and the signifi-
cance of seasonal differences. The QMC approach allowed
the quantification of the carbonaceous aerosol sources, and
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at the same time the effect of the input parameter variability
on the uncertainty of the apportionment results.

2 Methods

2.1 Aerosol sampling

Aerosol sampling was performed at the Joint Research Cen-
tre station for atmospheric research in Ispra, at a background
site located to the northwest edge of the Po Valley in north-
ern Italy (45◦48′52′′ N, 8◦38′410′′ E, 209 m a.s.l.). The dis-
tance from major anthropogenic emission sources is larger
than 10 km. The main urban areas around the site are Varese
to the east (at 20 km), Novara to the south (at 40 km), and Mi-
lan to the south-east (at 60 km). The site was recently charac-
terized and compared with other European rural and remote
background sites, and it was categorized as a typical back-
ground site in an environment generally strongly affected by
anthropogenic emissions (Henne et al., 2010).

The site has been running under the European Monitor-
ing and Evaluation Program (EMEP) since 1985. Measure-
ments include meteorological parameters, aerosol scattering
and absorption, particle number size distribution, and gas-
phase species concentration (O3, SO2, NOx, and CO). Since
2000 aerosol mass, organic and elemental carbon, and major
inorganic ions have been routinely measured in the aerosol
phase. Results presented in this paper refer to carbonaceous
aerosols collected during 2007; a subset of daily samples was
used for further analysis of organic aerosol (see next section).

24-hour fine aerosol samples (PM2.5) were collected daily
from 08:00 a.m. at 1 m3 h−1 on 47 mm quartz filters, and
were stored at 4◦C until the analysis. Filters were not pre-
heated prior to analysis. Filters were weighted before and
after the exposure at 50 % and 20 % relative humidity in a
controlled atmosphere glove box.

2.2 Carbonaceous aerosol measurements

One punch (1 cm2) of each quartz filter was analyzed to mea-
sure organic carbon (OC) and elemental carbon (EC) concen-
tration. OC and EC were measured by thermal-optical analy-
sis with a Sunset Laboratory dual optical carbonaceous ana-
lyzer (Birch and Cary, 1996); the thermal evolution protocol
EUSAAR-1 was followed (Cavalli et al., 2010). Quality con-
trol was performed with routine measurements of samples
prepared with standard sucrose solution and the instrument
was periodically calibrated with CO2.

A subset composed of 48 daily PM2.5 aerosol samples was
further analyzed to measure tracers of primary biomass burn-
ing (levoglucosan) and primary biogenic aerosol (arabitol
and mannitol), and to measure14C content. The samples
were chosen according to the following criteria: to repre-
sent both cold and warm season, to represent both week days
and week–end days, and to have a total carbon (TC) loading
large enough to perform tracer and14C analysis (larger than
3 µg m−3).

Levoglucosan (1,6-anhydro-β,d-glucopyranose) has been
measured in atmospheric aerosol where it has been identified
as a prevalent organic compounds in smoke from biomass
combustion (Fraser and Lakshmanan, 2000; Nolte et al.,
2001; Zdráhal et al., 2002; Simoneit et al., 2004; Dixon and
Baltzell, 2006). Although other sources have been discussed
for atmospheric emissions of levoglucosan, such as com-
bustion of lignites (Fabbri et al., 2009) and char/charcoal
(Kuo et al., 2008), these are not relevant for the site of the
present study. The correlation of levoglucosan with non-
dust soluble potassium, an inorganic tracer of biomass burn-
ing (r2

= 0.73), confirms that atmospheric degradation, if
present, did not compromise the use of this marker as a spe-
cific tracer of biomass combustion.

Arabitol and mannitol have been proposed as tracers
of fungal spore emissions, and thus of primary biological
aerosol particles (PBAP), according toBauer et al.(2008a).
PBAP include viable organisms, dead cells and cell frag-
ments, such as pollen, bacteria, spores, plant debris, and
viruses. The size of biological particles ranges over three
orders of magnitude. Pollen grains, fragments of plants and
animals are typically larger than 10 µm and their contribu-
tion to fine aerosol is negligible; on the contrary, spores can
be smaller than 10 µm, bacteria can be as small as 1 µm, and
viruses range around 100 nm (Matthias-Maser and Jaenicke,
2000). The concentration of primary biogenic carbon has
been quantified using cellulose as a tracer of vegetation de-
bris (Sanchez-Ochoa et al., 2007) and saccharides as tracers
of fungal spores (Bauer et al., 2008a,b; Jia et al., 2010). In
the present study we quantified primary biogenic OC based
on arabitol and mannitol concentration, assuming that fungal
spores dominated PBAP. Nevertheless, it should be kept in
mind that other PBAP could be present and this work calcu-
lated a lower estimate of primary biogenic OC.

It has been reported that saccharides (including arabitol)
may be emitted during leaf burning, but not during wood
burning (Schmidl et al., 2008b). In the area around Ispra,
leaf burning could be associated to agricultural waste com-
bustion, which would take place in fall. Since arabitol con-
centration peaked in March and April and was zero in fall,
we excluded the influence of burning emissions on arabitol
concentrations.

For the analysis of levoglucosan, arabitol, and mannitol a
method was implemented, based upon positive electrospray
ionization mass spectrometry (Wan and Yu, 2006). Punches
of 2 cm2 were extracted for 7 min by ultrasonic treatment in
methanol. The solvent was evaporated to near dryness by a
mild flow of N2, and the residue was dissolved in 250 µl, wa-
ter containing 18 % methanol and 2 mM aqueous ammonium
acetate. Aliquots (50 µl) were analyzed by high performance
liquid chromatography mass spectrometry (HPLC-MS) us-
ing a 25 cm× 4.6 mm Prevail Carbohydrate, 5 µm column
and a Thermo Ion-trap atmospheric pressure LCQ mass spec-
trometer. The mobile phase was composed of 20 % 10 mM
aqueous ammonium acetate, 8 % methanol, and 72 % water.
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Arabitol, levoglucosan, and mannitol were analyzed as am-
monium adducts[M +NH4]

+ and quantified by compari-
son to external standards; signals used for their quantifica-
tion werem/z170,m/z180, andm/z200, respectively. The
precision of the method was evaluated by multiple extrac-
tions and injections to be better than 10 %. There was no
interference with other compounds with the exception of iso-
meric forms of levoglucosan, such as the monosaccharide an-
hydrides mannosan (1,6-anhydro-β,d-mannopyranose) and
galactosan (1,6-anhydro-β,d-galactopyranose), whose con-
tribution was proved to be lower than 10 % (Ma et al., 2010).

2.3 Radiocarbon measurements

The carbon isotopic ratio of the non-fossil carbon in atmo-
spheric aerosol has been affected by the nuclear bombing
tests that took place during the late 1950’s and early 1960’s.
The14C level of atmospheric CO2 almost doubled during the
tests. Since the test ban in 1963, the atmospheric14C/12C
ratio has decreased due to the uptake of CO2 in the oceans
and the biosphere and due to fossil fuel14C-free CO2 input.
The bomb-pulse in atmosphere at clean-air sites at different
latitudes has been extensively studied and monitored (Levin
and Kromer, 2004; Levin et al., 2008). At present the atmo-
spheric14CO2 is still elevated compared to the natural ref-
erence level; in 2006 the enrichment was about 5 % (Levin
et al., 2008). Environmental14C measurements are often ex-
pressed as the14C activity of the sample related to that of
the international standard for modern carbon (Currie et al.,
1989). This ratio is called “fraction of modern carbon” and
is denotedfM . Since it refers to the period prior to the nu-
clear bombing test, its value can be larger than one. Instead,
the term reference fraction of non-fossil carbon (fM(nf)) in-
dicates the factor needed to calculate the non fossil carbon
concentration.fM(nf) corrects for the nuclear bomb enrich-
ment and the different content of14C of biomass burning and
biogenic aerosol: because of the older age of burnt wood,
carbonaceous aerosol from biomass wood burning is more
enriched in14C than biogenic aerosol associated with PBAP
and biogenic SOA.

The same subset of 48 samples as used for the organic
tracer measurements was analyzed for14C. Prior to the14C
measurements, 50–150 µg of carbon were extracted from the
part of the residual filter area according to the principles
described byGenberg et al.(2010). The 14C content was
quantified using the Lund University single-stage accelera-
tor mass spectrometer (SSAMS) facility (Skog, 2007; Skog
et al., 2010). Results are expressed in units of fraction of
modern carbon,fM .

The concentration of non-fossil carbon was calculated as
the fraction of modern carbon divided by the reference frac-
tion of non fossil carbon (fM(nf)), and multiplied by the con-
centration of carbon (TC).

2.4 Source apportionment problem

2.4.1 Sources of carbonaceous aerosols

Carbonaceous aerosol was described as composed of the
following 8 categories: primary OC from biomass burning
(POCbb), EC from biomass burning (ECbb), primary OC
from fossil fuel burning (POCff ), EC from fossil fuel burn-
ing (ECff ), primary OC from biogenic sources (POCbio), sec-
ondary OC from biomass burning (SOCbb), secondary OC
from fossil sources (SOCff ), and secondary OC from bio-
genic sources (SOCbio). We assumed that these categories in-
clude all major sources of carbonaceous aerosol at the study
site.

POCbb and ECbb are emitted by combustion of biomass,
that around Ispra includes wood burning for residential heat-
ing in winter and episodic agricultural waste burning at the
beginning of fall. During incomplete combustion of bioma-
terial, such as wood for residential heating, pyrolytic pro-
cesses may lead to the formation of a number of compounds
deriving from cellulose such as levoglucosan. POCbb was in-
ferred from the concentration of levoglucosan and ECbb was
calculated assuming a constant EC to OC ratio for primary
biomass burning emissions.

POCbb= [levoglucosan] ·k1 (1)

ECbb=
POCbb

k2
(2)

wherek1 andk2 are the OC to levoglucosan and OC to EC
emission ratios of biomass combustion, respectively.

POCff and ECff are emitted directly from combustion of
fossil fuel including residential heating in winter, traffic and
industrial processes during the entire year. ECff was inferred
from the total EC concentration after subtraction of ECbb,
while POCff was calculated from ECff using the expected
OC to EC ratio for primary fossil fuel combustion emissions
(k3).

ECff = [EC]−ECbb (3)

POCff = ECff ·k3 (4)

POCbio is the OC associated to fungal spores, whose con-
centration was quantified using arabitol and mannitol, sac-
charides composed respectively by 5 and 6 carbon atoms.
The number of spores was calculated as the average num-
ber of spores derived from arabitol and mannitol concentra-
tions, according toBauer et al.(2008a). To calculate the con-
centration of POCbio in fine particles (PM2.5) the content of
OC from a single spore was assumed constant and equal to
5.2 pg C spore−1 (k4 in Eq. 5), corresponding to the lower
bound reported for PM10 aerosol (Bauer et al., 2002).

The contribution of primary biogenic carbon was then cal-
culated according to Eq. (5).

POCbio = [number of spores] ·k4 (5)
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SOCff and SOCbb correspond to OC produced by the
oxidation (e.g. through aging) of intermediate volatility
(IVOC), semivolatile (SVOC), and volatile organic com-
pounds (VOC) from anthropogenic activities (Robinson
et al., 2007), while SOCbio is produced by the oxidation of
gas-phase biogenic precursors. SOCff was determined by
subtraction of primary carbon associated with fossil sources
(POCff and ECff ) from the fossil carbon (FC).

SOCff = FC−POCff −ECff (6)

with

FC= [TC] ·(1−
fM

fM(nf)
) (7)

where TC is total carbon andfM(nf) being the reference frac-
tion of modern carbon in non-fossil aerosols.

Secondary organic carbon from modern sources (SOCbb
and SOCbio) was calculated by the combination of the fol-
lowing two equations:

OC= POCff +POCbb+POCbio+SOCff +SOCbb+SOCbio(8)

fM · [TC] = (POCbb+SOCbb+ECbb) ·fM(bb) (9)

+(POCbio+SOCbio) ·fM(bio)

wherefM(bb) andfM(bio) are the reference fraction of mod-
ern carbon in biomass burning aerosol and biogenic aerosol,
respectively. fM(bio) is known from measurements of14C
content in atmospheric CO2 and it’s equal to 1.05 (Levin
et al., 2008) in 2006. The discrimination between SOCbio
and SOCbb was based on the different reference fraction of
biomass and biogenic carbon. Table 1 summarizes the list of
acronyms introduced in this section and the corresponding
meaning.

2.5 Solution of the linear equations

2.5.1 Quasi-Monte Carlo approach

To solve the system of linear equations reported in the previ-
ous paragraphs, the following input parameters are needed:
OC to levoglucosan emission ratio of biomass burning (k1),
OC to EC emission ratio of biomass burning (k2), OC to
EC emission ratio of fossil fuel combustion (k3), fM(bb), and
fM(nf).

Due to their variability and uncertainty, it would not be
defendable to use single values for these parmeters. Instead,
we explored the parameter space using a Quasi-Monte Carlo
(QMC) approach to solve the linear equations (Boyle and
Tan, 1997), and the 5 input parameters were allowed to vary
with a step function across the whole uncertainty range re-
ported in Table 2. To take into account measurement uncer-
tainty of EC, OC, fM , levoglucosan, arabitol, and mannitol,
Gaussian curves were used to simulate distributions of obser-
vations; mean and standard deviations of the Gaussian distri-
butions were set equal to measured concentrations and un-
certainties, respectively. The uncertainties of levoglucosan,

Table 1. List of acronyms used in the paper and the corresponding
descriptions.

Acronym Description

POCbb Biomass burning primary OC
SOCbb Biomass burning secondary OC
ECbb Biomass burning EC
POCbio Biogenic primary OC
SOCbio Biogenic secondary OC
POCff Fossil primary OC
SOCff Fossil secondary OC
ECff Fossil fuel burning EC
fM(nf) Reference fraction of modern carbon of non-fossil aerosol
fM(bb) Reference fraction of modern carbon of biomass burning aerosol
fM(bio) Reference fraction of modern carbon of biogenic aerosol

Table 2. Variability ranges of the input parameters used in the Quasi
Monte Carlo simulations.

Parameter Lower bound Upper bound

OC to levoglucosan ratiok1 4 13
OC to EC ratio–bbk2 1 20
OC to EC ratio–ffk3 0.3 1.2
OC to spore numberk4 5.2∗ 5.2∗

fM(bb) 1.13 1.31
fM(nf) 1.05 fM(bb)

∗ unit is pg C spore−1.

arabitol, and mannitol were calculated with the error prop-
agation formula and taking into account peak integration,
calibration, dilution error, and method reproducibility. fM
uncertainty was quantified based on analytical uncertainty.
The uncertainty of OC and EC was determined based on the
method reproducibility (Birch and Cary, 1996), and averaged
7 % and 15 %, respectively. The EC uncertainty was equal to
the highest estimate of the measurement artifact calculated
for EUSAAR-1 protocol (Cavalli et al., 2010). Uncertainty
associated to filter inhomogeneity was neglected. In fact,
replicate TC measurements on 150 mm filters showed that
the error associated to the filter homogeneity assumption was
smaller than 4 %; for 47 mm filters (as the ones used in the
present study), the uncertainty would be even smaller and
thus negligible compared to measurement uncertainty.

In a classical Monte Carlo approach, a large number of
combinations of the input parameters would be tested and
their values would be chosen randomly across the whole
variability range. Quasi-Monte Carlo methods reduce the
number of combinations needed to represent the parameter
space, thanks to the use of deterministic sequence of val-
ues uniformly, rather than randomly, dispersed throughout
the parameter domain. In this study we used the Sobol algo-
rithm (Sobol, 1967) to create a 10-dimension deterministic
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sequence. Each point of the sequence, described by 10 coor-
dinates, is a combination of 5 input parameters and 5 input
observations that can be used to solve the system of linear
equations.

The Sobol sequence is a low discrepancy series. This
means that any additional point of the series keeps the dis-
tribution of sampling points uniform. Thus, we did not need
to define a priori the number of sampling points, but we could
optimize it to guarantee the solution convergence.

During each iteration of the set of equations a new combi-
nation of parameters was tested. The maximum number of it-
erations was set to 100 000 and the convergence was achieved
when:

– the number of iterations was at least 10 000,

– the number of non-negative solutions was larger than
1000,

– and the solution estimate varied by less than 1 % during
the last three iterations.

The QMC method allowed us to calculate for each source
during a certain day more than 10 000 solutions, correspond-
ing to more than 10 000 iterations. As an example, Fig. 1
shows the frequency distribution of QMC solutions corre-
sponding to primary and secondary OC measured on 11 Jan-
uary 2007. For each daily sample and for each carbon source
the probability distribution of the solutions was analyzed to
record the 5th, 25th, 50th, 75th, and 95th percentile, as well
as the arithmetic mean value.

Some combinations of parameters led to negative concen-
trations. Negative solutions were considered meaningful if
they were within the blank noise level. To investigate the
blank noise, we studied the distribution of QMC solutions
for a model blank sample; the resulting solution frequency
distributions were symmetrical around zero. For each carbon
source, the minimum concentration with physical meaning
was assumed equal to the 25th percentile of the blank so-
lutions. Concentrations larger than the 25th percentile and
smaller than the 75th percentile were considered equal to
zero, while concentrations larger than the 75th percentile
were considered real. Combinations of input parameters that
led to solutions smaller than the 25th percentile were dis-
carded.

2.5.2 Input parameter variability range

Literature data indicate that emission ratios depend on na-
ture and properties of fuel and on combustion conditions
(i.e. temperature, open burning, contained burning, technol-
ogy for pollution abatement); in addition, the EC emission
factors are further affected by the variability related to the
specific measurement technique, which can differ widely
(Hitzenberger et al., 2006). Since EC and OC used in this
study were measured by thermal-optical technique, the emis-
sion ratios here considered include only literature studies
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Fig. 1. Example of QMC solution frequency distributions corre-
sponding to primary and secondary OC concentrations; EC fre-
quency distributions are not reported for simplicity.

based on thermal-optical measurements, excluding absorp-
tion measurements, which would unrealistically widen the
uncertainty.

The OC to EC ratios of fossil fuel burning strongly de-
pends on the technology adopted for combustion and emis-
sion abatement. We consider here fossil fuel burning associ-
ated to transportation, residential heating, energy production,
and industrial activities. Although the ratios reported in lit-
erature vary between 0.2 for boilers and heavy duty diesel
vehicles and 6 for gas vehicles (Kupiainen and Klimont,
2004), values higher than 1.2 were measured only for vehi-
cles used before 2000 (Watson and Chow, 2001; Kupiainen
and Klimont, 2007). The variability range used in this study
was 0.3–1.2; it comprises the ratio suggested for the over-
all fossil fuel consumption in western Europe (0.7) (Kupi-
ainen and Klimont, 2007), as well as the emission ratio of
vehicles in the Milan metropolitan area (60 km south of the
sampling site) and measured from tunnel experiments (0.7)
(Lonati et al., 2005).

OC and EC emission factors of biomass burning and
fossil fuel combustion have been recently compiled in the
IIASA interim report (Kupiainen and Klimont, 2004) and by
the EPA SPECIATE4.1 program last updated in July 2008
(www.epa.gov/ttnchie1/emch/speciation). The compilation
indicates that OC to EC ratios of biomass burning range be-
tween 0.5 and 69, depending on fuel type and burning con-
ditions, with higher values for leaves and agricultural waste
burning (Hays et al., 2002). The range used in the present
study (1–20) corresponds to the range 5th–80th percentile of
the literature ratios, and it is also in broad agreement with the
range measured byColombi et al.(2010) for wood and agri-
cultural burning in northern Italy (1.7–20), which is likely
representative for our measurement site.

The quantification of primary carbon in this study was
based on emission factor ratios measured at relatively high
dilution ratios compared to ambient conditions. For example,
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the emission of carbonaceous aerosol from wood burning
is usually determined at dilution ratios of 20 to 45 (Fine
et al., 2001, 2002), while ambient conditions correspond to
dilution of 1000–10 000. Robinson et al.(2007) showed
that primary emissions evaporate significantly upon dilution
and the gas-phase species formed by volatilization are then
photo-oxidized to produce SOA. Since the majority of emis-
sion inventories available so far do not take into account the
semivolatile character of primary emissions, the source ap-
portionment results here presented might overestimate the
effective primary pollution and underestimate by the same
amount the corresponding secondary component.

The OC to levoglucosan emission ratios reported in litera-
ture range between 1.9 for fireplace combustion of eucalyp-
tus logs (Schauer et al., 2001) and 28 for open burning of
agricultural biomass (Hays et al., 2002). Most of the studies
refer to wood species used for domestic heating in the United
States (Fine et al., 2001, 2002, 2004) and only limited data
exist for European emissions (Schmidl et al., 2008b,a). The
emission ratios measured during burning of wood from cen-
tral and southern Europe range between 3.7 and 12.7, while
Puxbaum et al.(2007) recommend the interval 6–7 for con-
tained combustion of European wood. In the present study
the range 4–13 was employed.

fM(nf) could not be determined a priori since it de-
pends on the relative contribution of modern carbon sources,
e.g. biomass burning and biogenic aerosols, and their refer-
ence fractions of modern carbonfM(bb) andfM(bio). fM(bio)

is 1.05, whilefM(bb) depends on the age of the combusted
material and the tree growth rate; literature studies (Lewis
et al., 2004; Mohn et al., 2008) calculated thatfM(bb) for
wood harvested in 1999 and in 2005 are similar.Lewis et al.
(2004) showed that, based on the model assumptions,fM(bb)
can vary between 1.13 and 1.31. To account for this uncer-
tainty range,fM(bb) andfM(nf) are used as input parameters
in the QMC method:fM(bb) was let vary between 1.13 and
1.31, whilefM(nf) was let to vary between 1.05 and the value
assumed forfM(bb).

2.6 Atmospheric back-trajectories and PSCF analysis

To identify potential source regions for different aerosol frac-
tions we combined the observations with atmospheric back-
trajectory calculations. 5-day back-trajectories were calcu-
lated every 2 h for the sampling site using the trajectory
model FLEXTRA (Stohl et al., 1995). The model was driven
by 3-hourly European Center for Medium-range Weather
Forecasts (ECMWF) analysis and forecast wind fields with
0.2◦

×0.2◦ horizontal resolution. Trajectories were initial-
ized 50, 100, 200 and 500 m above model ground, to evaluate
the uncertainty associated with vertical mixing at the mea-
surement location. The atmospheric boundary layer height
along the trajectory path was evaluated using the method
described byStohl et al.(2005). To account for additional

vertical mixing in the Alpine terrain the envelope boundary
layer height was used (Stohl et al., 2005).

The potential source contribution function (PSCF) (Zeng
and Hopke, 1989) defines the probability for an aerosol
source to be located in a certain geographical area described
by a cell with coordinates (i, j). PSCF at (i, j) was calculated
assuming that, if a back-trajectory passes through the atmo-
spheric boundary layer of grid celli, j , it picks up emissions
from that area and transport them to the receptor site. To de-
cide if a back-trajectory was within the atmospheric bound-
ary at grid celli, j the trajectory altitude was compared with
the envelope boundary layer height and trajectory points out-
side the boundary layer were discarded. The function was
defined by the ratio between the number of times that a back-
trajectory associated with high concentrations passes through
grid cell (i, j) (mi,j ) and the total number of times that back-
trajectories pass through the grid cell (i, j) (ni,j ), according
to the equation 10.

PSCFi,j =
mi,j

ni,j

·wi,j (10)

The weight functionwi,j was used to reduce the contribution
from grid cells associated with low trajectory residence times
(Pekney et al., 2004). The functionwi,j was defined accord-
ing to the following formula, where 40 was roughly equal to
3 times the standard deviation ofni,j .

wi,j =

{
1 if ni,j ≥ 40;
(
ni,j

40 )3 if ni,j < 40;

Figure 2 shows for each 0.2◦
×0.2◦ grid cell the annual inte-

grated number of back trajectory points within the boundary
layer using 100 m as inizialitation altitude; regions affecting
the sampling site include the Po Valley to the south – south
east, the rural and marine area to the south, and Switzerland
to the north, the latter corresponding to the Foehn conditions.

3 Results and discussion

3.1 Carbonaceous aerosol and tracers

Table 3 reports the average concentration and standard devi-
ation of PM2.5 mass, EC and OC corresponding to the daily
aerosol samples collected from January till December 2007.
The annual PM2.5 average was higher than the target value
of 25 µg m−3 introduced by the European legislation in Jan-
uary 2010; the target value was exceeded 121 times during
the year, indicating a strong influence of regional and local
aerosol emission sources. The higher average values during
winter (about three times higher than summer averages) were
likely due to the contribution of residential heating and the
lower mixing layer height that prevented pollutant dilution
(Fig. 3a–b). Organic mass (OM) was calculated assuming an
OM to OC ratio equal to 1.4; this value, which is close to the
lower bound reported in literature (Turpin and Lim, 2001;
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Table 3. Annual and seasonal average concentrations of PM2.5,
OC, EC, corresponding to the entire set of samples collected dur-
ing 2007 (upper part) together with PM2.5, OC, EC, levoglucosan,
arabitol, and mannitol averages corresponding to the subset of 48
samples (lower part). Concentrations are in µg m−3 and standard
deviations are reported. Average values are calculated assigning
one half of detection limit concentration to samples below detection
limit (Antweiler and Taylor, 2008), and the number of samples with
concentration above detection limit is reported between brackets.

Species Entire year Winter Summer
(Jan–Mar Oct–Dec) (Apr–Sep)

PM2.5 25.7± 21.4 (322) 37.3± 23.6 (166) 13.5± 8.4 (156)
OC 9.2± 8.5 (334) 14.1± 9.2 (173) 4.0± 2.4 (161)
EC 2.3± 2.2 (334) 3.7± 2.3 (173) 0.9± 0.5 (161)

PM2.5 35.9± 22.6 (49) 48.1± 27.3 (28) 19.6± 9.3 (21)
OC 13.8± 10.1 (49) 19.5± 10.2 (28) 6.3± 3.1 (21)
EC 3.5± 2.6 (49) 5.1± 13.0 (28) 1.4± 0.9 (21)
Levoglucosan 1.3± 1.8 (33) 2.1± 2.1 (28) 0.2± 0.2 (5)
Arabitol∗ 2.9± 6.0 (49) 4.4± 7.3 (12) 0.8± 2.3 (2)
Mannitol∗ 4.2± 9.8 (14) 6.3± 12.4 (12) 1.2± 1.8 (4)

∗ Arabitol and mannitol concentrations are in ng m−3.
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Fig. 2. Frequency distribution map (on a logarithmic scale) of back
trajectory passes during aerosol collection periods.

Aiken et al., 2008), leads to a lower estimate of the OM con-
tribution to fine aerosol mass. Nevertheless, OM represented
53 % and 41 % of fine mass during winter and summer, re-
spectively, while the EC contribution was 10 % and 7 %.

The average PM2.5 mass concentration, as well as the av-
erage EC and OC concentration for the subset of 48 samples
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Fig. 3. Meteorological parameters(a), contribution of OM and EC
to PM2.5 (b), and best estimate results of source apportionment
study(c) corresponding to the subset of daily aerosol samples here
investigated.

(28 in winter and 20 in summer) selected for tracer and ra-
diocarbon analysis were slightly larger than for the original
data set. This was due to the selection criteria based on hav-
ing enough carbonaceous aerosol to perform multiple tracer
analysis and to overcome their detection limits. TC concen-
tration of the subset of samples ranged from 3 to 53 µg m−3,
while the range corresponding to the entire dataset was 0.4–
53 µg m−3. The subset TC concentrations corresponded to
the range 15th percentile–100th percentile, indicating that
clean days were included in the source apportionment analy-
sis, as well as polluted days. Student’s t-test showed that the
subset of samples was representative of the original data set
with a 99 % significance level for PM2.5 mass, OC, and EC.

PM2.5 mass, OM, and EC daily concentrations of the sub-
set of 48 samples are reported in Fig. 3b. The concentration
of OM and EC averaged 19.4 µg m−3 and 3.5 µg m−3, respec-
tively. The contribution of OM to PM2.5 mass varied between
27 and 83 %, while EC fraction ranged between 3 and 22 %.

Levoglucosan (biofuel/waste burning tracer) was detected
in all samples collected during the colder season, while
during the warmer period only a small number of sam-
ples showed concentrations above detection limit, mainly
collected at the beginning of spring and at the end of
summer, when environmental conditions were dry enough
to burn biomass waste. The average winter concentra-
tion in Ispra (2.1 µg m−3) was higher than the values mea-
sured in continental and maritime background European sites
(Puxbaum et al., 2007). However, it was comparable to
the upper bound of the concentration range measured at
European rural sites (i.e. K-puszta, Hungary, and Aveiro,
Portugal) (Puxbaum et al., 2007). In relative terms, the
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winter average contribution of levoglucosan to carbonaceous
aerosol in K-puszta and Aveiro was 5 and 9 %, respectively
(Gelencser et al., 2007), and it was 9 % in Ispra. The percent-
age contribution measured in the more urbanized Po Valley,
at close distance (ca. 50 km) from the measurement site, in
winter 2007 and 2009 was 5 % (B. R. Larsen, personal com-
munication, 2010), indicating a larger use of wood for resi-
dential heating in rural region surrounding Ispra.

About one third of the samples was characterized by de-
tectable amounts of saccharides (marker for PBAP), whose
concentrations ranged between 2.6 and 31 ng m−3 for ara-
bitol and from 2.3 to 52 ng m−3 for mannitol, with the high-
est values measured at the end of March. These concentra-
tions were smaller than those reported byBauer et al.(2008a)
for an urban site in Vienna, Austria, for PM10 samples (ara-
bitol: 7–63 ng m−3 and mannitol: 8.9–83 ng m−3), consis-
tently with a bimodal distribution of these species in fine and
coarse particles (Kourtchev et al., 2009). The range of ara-
bitol and mannitol concentrations measured in PM2.5 aerosol
at a rural site in Texas (Jia et al., 2010) were similar to those
measured in Ispra.

3.2 Sources of carbonaceous aerosol

For each daily sample and for each carbon source the Quasi-
Monte Carlo simulation calculated the frequency distribution
of the solutions from all combinations of the input parame-
ters. The 50th percentile of this distribution is here consid-
ered the best estimate of the carbon source strength. Figure
3c shows the best estimate results for the 8 carbon sources
described in the experimental section. Note that the OC is
not converted into organic mass so the plot does not account
for the contribution of atoms other than carbon, which may
add another 30–80 % to the carbon mass. Annual and sea-
sonal average carbon concentrations are reported in Table 4.

The single most important carbonaceous aerosol source
in Ispra was biomass burning. Although its presence was
limited to the colder months, it represented 41 % of the to-
tal mass of carbon during the whole year. POCbb, SOCbb,
and ECbb accounted for 79 %, 6 %, and 15 % of the total
biomass burning carbon, respectively. The highest concen-
trations were measured in January, November, and Decem-
ber, the coldest months of the year. In the study area the
possible sources of biomass burning carbon are wildfires,
agricultural waste burning, and wood burning for residential
heating. The absence of this source during summer, when
dryer weather conditions could facilitate wildfires in the sur-
rounding regions, and the small concentrations during fall,
when agricultural waste burning takes place, indicate that the
main source of biomass burning carbon observed in Ispra was
wood burning for residential heating. This conclusion was
further supported by the observation that non-dust soluble
potassium and levoglucosan concentrations correlated with a
slope equal to 0.13, a value closer to fireplace and wood stove

Table 4. Annual and seasonal average carbon concentrations (in
µg m−3) of the Quasi Monte Carlo best estimate results, and corre-
sponding fraction of carbon mass between brackets.

Source Entire year Winter Summer
(Jan–Mar Oct–Dec) (Apr–Sep)

POCbb 6.6 (31± 7 %) 11.9 (50± 10 %) 0.5 (5± 3 %)
SOCbb 0.5 (3± 7 %) 0.8 (3± 8 %) 0.3 (3± 5 %)
ECbb 1.3 (7± 5 %) 2.5 (11± 8 %) 0.2 (1± 2 %)
POCbio <0.1 <0.1 <0.1
SOCbio 2.5 (26± 10 %) 2.0 (9± 12 %) 3.1 (50± 7 %)
POCff 0.9 (7± 6 %) 1.2 (5± 5 %) 0.6 (9± 7 %)
SOCff 1.6 (12± 13 %) 2.3 (10± 12 %) 1.3 (14± 15 %)
ECff 2.0 (15± 7 %) 2.6 (12± 8 %) 1.2 (18± 7 %)

emission ratios rather than to open burning ratios (Puxbaum
et al., 2007).

Biogenic carbon was dominated by secondary sources.
The contribution of POCbio ranged between 5 and
110 ng m−3 and was negligible compared to SOCbio, whose
concentration ranged from values below 1 µg m−3 in win-
ter up to 7.5 µg m−3 in spring. On average SOCbio repre-
sented 9 % and 50 % of carbonaceous aerosol during win-
ter and summer, respectively, while POCbio contribution was
less than 1 % in all samples.

Karl et al. (2009) used global chemistry transport model
TM5 to evaluate the contribution of secondary biogenic
aerosol at Ispra. We compared the result of this source appor-
tionment study with the model output (Fig. 4). The SOCbio in
summer averaged 3.1 µg m−3, corresponding to 5.6 µg m−3

of organic mass, calculated with the ratio OM to OC equal
to 1.8 (Aiken et al., 2008); this concentration agrees well
with the average secondary organic aerosol (SOA) concen-
tration (5.4–5.8 µg m−3) simulated by the TM5 during July
2002 in northern Italy (Karl et al., 2009). In addition to ter-
pene oxidation, the model simulation includes the SOA de-
rived from isoprene oxidation. SOA is described as an equi-
librium partitioning of secondary biogenic species between
gas and aerosol phase.

From May to August biogenic emissions of e.g. isoprene
have been shown to peak at our measurement site (Du-
ane et al., 2002). Daily samples collected during the same
months showed that the mass fraction of biogenic secondary
carbon (i.e. SOCbio normalized to the fine aerosol mass)
correlated very well with the mass fraction of primary car-
bon (i.e. the sum of primary OC and EC normalized to fine
mass), that in summer is emitted almost exclusively by an-
thropogenic fossil sources. The normalization to fine mass
is used to remove the effect of meteorology. SOCbio has dif-
ferent sources (oxidation and aging of biogenic volatile pre-
cursors) compared to primary organic particles (combustion
processes, transportation). PSCF (Sect. 3.6) indicates that
the source region of the two carbon fractions are different:

www.atmos-chem-phys.net/11/5685/2011/ Atmos. Chem. Phys., 11, 5685–5700, 2011



5694 S. Gilardoni et al.:14C – macro tracer analysis of carbonaceous aerosols

primary fossil carbon is produced by local sources and emis-
sions of urban and industrial areas in the nearby Po val-
ley, while biogenic SOA is produced by oxidation of bio-
genic volatile compounds, likely originated in the rural area
around the sampling site. In addition, the lack of correla-
tion among other carbonaceous particle fractions indicates
that residence time or similar history of carbonaceous parti-
cles is not enough to explain the relationship between bio-
genic secondary and primary OA. In conclusion, the good
correlation between SOCbio and primary carbon fractions
(r2

= 0.79) could be explained by the promotion of biogenic
secondary aerosol formation by primary carbonaceous mate-
rial. As suggested byBowman and Melton(2004), a larger
fractions of anthropogenic aerosol can offer a larger surface
area with chemical affinity for condensation of biogenic gas
phase precursors. A similar enhancement was predicted by
CMAQ model in the eastern United States (Carlton et al.,
2010).

Carbonaceous aerosol from fossil sources was observed
both during winter and summer and composed on average
34 % of the total carbon mass. It partitioned into POCff
(20 %), SOCff (36 %), and ECff (44 %). Differently from
biomass burning, fossil fuel combustion produced a larger
amount of elemental carbon relative to primary and sec-
ondary organic carbon. Although, the fraction of TC rep-
resented by fossil source aerosol was higher in summer than
in winter, the average concentrations of POCff , SOCff , and
ECff during winter were about twice the summer values.

3.3 Can source apportionment data explain
model/observation disagreement?

The global chemistry transport model TM5 (Krol et al.,
2005) was employed byKarl et al. (2009) to simulate OM
concentration at Ispra during the EMEP intensive campaign
from July 2002 to June 2003. Globally, a horizontal resolu-
tion of 6◦

×4◦ was used, with a two-way zooming algorithm
resolving the European domain at a resolution of 1◦

× 1◦.
TM5 was coupled with the secondary organic aerosol module
developed byTsigaridis et al.(2006) and linked to the gas-
phase chemistry module CMB-IV (Gery et al., 1989). The
model underestimated the observation during most time of
the year, with the exception of July - August period.

The average OC concentrations measured during the in-
tensive campaign 2002/2003 (12.1 µg m−3 in winter and
4.8 µg m−3 in summer) were comparable to those measured
during 2007 within the variability range. The similarity
of carbonaceous aerosol concentrations observed during the
two periods allowed the comparison of source apportionment
results of 2007 with model simulation of 2002/2003.

The OM simulations were divided into POA and SOA con-
tributions. For comparison purposes the measured POA and
SOA were calculated according to the following equations:

POA= 1.4·POCbb+1.4·POCbio+1.4·POCff (11)
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Fig. 4. Comparison of POA (panela) and SOA (panelb) simulated
by TM5 model (white boxes) and calculated based on14C and tracer
concentrations.

SOA= 1.8·SOCbb+1.8·SOCbio+1.8·SOCff (12)

AMS studies reported OM to OC ratios in the range 1.4–2.5,
with higher values for oxidized organic aerosol and smaller
values close to the emission sources (Aiken et al., 2008). In
this study the ratio 1.4 was used for POA, and 1.8 for SOA.

The average OM, calculated as sum of SOA and POA, was
30.2 µg m−3 and 10.6 µg m−3, in winter and summer, respec-
tively. These values are 10 to 17 % higher that the OM es-
timates presented in section 3.1, indicating that an accurate
choice of the OM to OC ratio has to take into account the
aerosol sources and their seasonality.

Figure 4 reports the comparison between POA and SOA
simulated by TM5 model and estimated based on14C and
tracer concentrations. The average POA derived from 2007
measurements was 19.0 and 1.8 µg m−3 during winter and
summer, respectively. The corresponding model calculated
concentations were much lower (2.3 and 1.5 µg m−3). The
model simulated correctly POA concentration during the
warmer months, while it underestimated during the rest of
the year, likely due to the underestimation of biomass burn-
ing emission in the model; as highlighted in Fig. 4, the differ-
ence between source apportioned and model POA is roughly
equivalent to biomass burning POA during the entire year.

SOA concentrations derived from source apportionment
averaged 11.2 and 8.3 µg m−3 in winter and summer, respec-
tively. Although the model simulated correctly the biogenic
SOA during June–August, it generally underestimated the
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observations; the average model SOA was 0.8–1 µg m−3 and
3.2–3.4 µg m−3 in winter and summer, respectively. The dif-
ference between SOA observed and modeled was likely due
to the underestimation of biomass burning and fossil source
SOA from oxidation of IVOC, as well as underestimation of
biogenic SOA during seasons other than summer.

3.4 Uncertainty analysis

The QMC calculations provide uncertainty estimates for
each day and for each carbon source (Fig. 5). As a mea-
sure of the uncertainty we used the difference between the
95th and the 5th percentile of the solutions, corresponding
roughly to±2σ .

The uncertainty of POCbb was usually comparable to that
of SOCbb; their average values were 15 % and 14 %, respec-
tively. In a few cases (2 samples), SOCbb uncertainty was
higher than 25 %.

On the contrary, SOCff was characterized by a larger un-
certainty compared to that of POCff , especially during winter.
POCff uncertainty ranged between 6 and 20 % of TC, while
SOCff uncertainty was often larger than 20 %. The highest
uncertainties were associated with the lower concentrations
during summer.

Both ECbb and ECff were characterized by uncertainties
smaller than 25 % during the entire year; their uncertainties
averaged 10 % and 15 %, respectively.

The uncertainty of SOCbio averaged 20 %; the highest un-
certainties were observed during March and April. The lower
SOCbio uncertainties during summer were due to the negligi-
ble contributions of biomass burning aerosol. When biomass
burning carbon was zero, EC to OC emission ratio of fossil
fuel combustion was the only input parameters left to affect
the output variability, together with the measurement uncer-
tainties.

Neglecting the distinction between primary and secondary
sources, the carbon emitted by biomass burning and fossil
sources can be defined by the sum of the corresponding POC
and SOC; this results in a reduction of uncertainty. On av-
erage, during winter OCbb and OCff composed 50 %± 7 %
and 15 %±7 % of TC, respectively. During summer OCff
represented 28 %± 11 % of TC.

3.5 Seasonality of carbonaceous aerosol sources in
comparison with other studies

We compared the seasonality of the source contribution to
carbonaceous aerosols with apportionment data based on14C
and tracer measurements performed at other European urban
and rural locations (Table 5); data from remote sites are not
used because these are dominated by biogenic emissions dur-
ing the whole year (Gelencser et al., 2007).

OCbb, OCff , and OCbio in Table 5 are equal to the sum of
primary and secondary OC. At Aveiro and K-puszta the re-
ported OCbb include only the primary contribution since no
distinction was made between secondary biogenic and sec-
ondary wood burning OC. During summer the small contri-
bution of OC and EC from biomass burning suggests that
the secondary non-fossil OC was a good estimate of OCbio.
At Roveredo and Moleno OCbb was assumed equal to non-
fossil OC; in fact, aerosol mass spectra acquired during the
same study compared very well with wood burning emission,
pointing to an insignificant influence of biogenic OC (Szidat
et al., 2007).

During winter OC and EC fractions emitted by biomass
burning at the rural sites were, despite a large variability, con-
sistently higher than the urban values. Conversely, the con-
tribution of fossil carbonaceous aerosol did not show clear
differences. The biomass burning carbon measured in Ispra
compared well with the rural measurements and the fossil
carbon fraction was consistently lower than that measured in
urban sites.

A limited set of literature measurements were available
during the summer season. The contribution of biomass
burning was smaller than 11 % at all sites. The fossil car-
bon fraction at the urban sites was about two times larger
than the rural fractions, while the biogenic carbon contribu-
tion was markedly more significant at the rural locations. The
composition of carbonaceous aerosol in Ispra was compara-
ble to that of urban sites (Zurich, Göteburg): Ispra aerosol
had a larger fraction of fossil carbon aerosol relative to the
rural locations (K-puszta and Aveiro).
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Table 5. Percentage values of TC emitted by biomass burning (bb), fossil sources (ff) and biogenic sources (bio), together with average
carbon concentration in µg m−3 between brackets.

Site Notes OCbb ECbb OCff ECff OCbio Reference

Winter

Aveiro Rural 64a(9.0) 11(1.5) 17(3.7) 2(0.3) d

K-Puszta Rural 40a(4.3) 7(0.05) 21(2.2) 10(1.0) d

Rao Rural 31(0.6) 8(0.1) 28(0.5) 16(0.3) 17(0.3) g

Roveredo Rural 75b (12.6) 11(1.8) 4(0.5) 12(1.8) f

Roveredo Rural 62b(6.9) 8(0.9) 21(1.6) 11(1.0) f

Moleno Rural 54b(12.9) 4(1.0) 15(3.5) 30(6.7) f

Zurich Urban 29(6.9) 4(1.0) 25(5.4) 16(3.0) 46(4.5) e

Göteborg Urban 20(0.6) 3(0.09) 28(0.9) 26(0.8) 23(0.7) g

Ispra Rural 53(12.7) 11(2.5) 15(3.5) 12(2.6) 9(2.0) This study

Summer

Aveiro Rural 7a(0.3) 1(0.05) 7(0.3) 13(0.5) 65c(2.6) d

K-Puszta Rural 6a(0.3) 1(0.05) 9(0.3) 9(0.5) 69c(3.7) d

Zurich Urban 8(0.3) 1(0.06) 24(1.1) 22(1.0) 46(2.1) e

Göteborg Urban 9(0.2) 2(0.04) 31(0.8) 15(0.4) 44(1.2) g

Ispra Rural 8(0.8) 1(0.2) 23(1.9) 18(1.2) 50(3.1) This study

a Neglecting secondary OC,b Assuming non-fossil OC wasOCbb in winter, c Assuming secondary non-fossil OC wasOCbio in summer,d Gelencser et al. (2007),e Szidat et
al. (2006),f Szidat et al. (2007),g Szidat et al. (2009).

The similarity of the source contribution in Ispra with rural
sites in winter and with urban sites in summer was likely
due to the influence of urban polluted air masses linked to
lower atmospheric stability during summer. To verify this
hypothesis, we further investigated the origin of polluted air
masses with potential source contribution function (PSCF)
for biomass burning and fossil carbonaceous aerosol.

3.6 Source regions

For the analysis of PSCF, the contribution of a specific car-
bon source was considered dominant when the percentage of
TC was larger than the 75th percentile. We selected samples
characterized by dominant contribution of POCff and POCbb,
limiting the investigation to primary carbon. This limitation
was due to the smaller uncertainty of carbon from primary
sources compared to secondary ones, and to the fact that the
PSCF algorithm calculates the probability associated to pri-
mary pollutants transport excluding formation of secondary
species.

The contribution of POCff to TC was more significant dur-
ing summer, while the POCbb fraction was higher during the
colder months, especially November and December. As a
consequence, the PSCF maps of POCff and POCbb in Fig. 6
shows the influence regions typical of the winter and sum-
mer months, respectively. The smaller probability values of
POCbb are due to the lower mixing layer height during winter
and the consequent lower influence of regional air masses.

The fossil carbon PSCF was higher in the grid cells close
to Ispra and close to Milan, indicating a strong contribution
from local sources and from regional sources mainly located
in the urban areas of Milan and surroundings. The map
shows also a likely contribution from the Po Valley region,
to the south-east of Milan. This area is characterized by high
density of population and industrial activities.

The highest PSCF values of POCbb were observed in the
surroundings close to Ispra. The remaining grid cells were
characterized by probabilities smaller than 0.2, indicating
that the biomass burning primary carbon observed in Ispra
was mainly from local sources. The PSCF was larger than
0.1 in rural areas located to the south and south-east of Milan,
while zero values were observed in the areas characterized by
higher population density (Fig. 6c). This does not mean that
the biomass burning emissions in urban areas were null, but
that the influence of these emissions at the receptor site was
negligible compared to the local emissions.

4 Conclusions

The sources of carbonaceous aerosols in Ispra, a European
background site at the edge of the Po Valley, were inves-
tigated using macro-tracers (EC, OC, and levoglucosan),
micro-tracers (arabitol and mannitol), and14C measure-
ments. The concomitant use of tracers specific of a single
source and measurements related to multiple sources con-
strained the source apportionment results. A Quasi-Monte
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Fig. 6. PSCF maps of fossil fuel combustion (panela) and biomass
burning (panelb) aerosol; panel(c) shows northern Italy population
density (ISTAT 2005).

Carlo approach was used to determine the most probable
contributions of 8 source categories and the associated un-
certainties. The resulting uncertainty of the emission fac-
tors, usually smaller than 20 % of TC, was much reduced
compared to the range indicated a-priori assumptions derived
from the literature.

Ispra is located to the north of the Po Valley and it is rep-
resentative of rural/ near city areas. In Ispra anthropogenic
activities, through fossil sources and biomass burning, con-
tributed to 91 % and 50 % of TC during winter and summer,
respectively. During the colder months, the largest fraction of
the anthropogenic aerosol carbon was produced by biomass
burning for residential heating (64 %). Environmental poli-
cies need to take into account the contribution of anthro-
pogenic biomass burning to effectively reduce the concen-
tration of fine particulate mass.

The comparison of source apportionment data with the
global chemistry transport model TM5 showed the largest
discrepancy in winter POA. The discrepancy was similar
to the concentration of primary organic carbon emitted by
biomass burning, whose contribution was not included in
the model. Ispra, as other European rural areas, showed to
be strongly affected by emissions from biomass fuel com-
bustion, most likely wood burning; as a consequence, the
availability of up-to-date wood burning emission inventories
is a requirement to simulate correctly the OM distribution
and eventually to evaluate the efficiency of aerosol reduction
strategies. Moreover, TM5 model underestimated biogenic
SOA and anthropogenic SOA from oxidation of intermedi-
ate volatile organic carbon components.

SOA from anthropogenic activities reported in this study
represents a lower estimate of the actual SOA, due to the
semi-volatile character of primary organic aerosol, which is
currently not accurately described by the available emission
factors. Still, the contribution of SOA from biomass burning
and fossil sources burning was significant: SOA represented
30 % and 85 % of OM during winter and summer, respec-
tively. These results agree with the high oxidized character of
atmospheric organic aerosol reported by Aerodyne Aerosol
Mass Spectrometer (AMS) measurements in anthropogeni-
cally influenced Northern Hemisphere areas (Zhang et al.,
2007).

Biogenic SOA represented a significant percentage of OM
both during winter (13 %) and summer (56 %).

In summer the site was affected by polluted air masses
from the urban and industrialized areas located in the near Po
Valley. The concentration of secondary biogenic aerosol dur-
ing the same season was enhanced by anthropogenic primary
aerosol, in agreement with earlier modeling studies (Tsi-
garidis and Kanakidou, 2007). The ultimate consequence of
this would be that policies aiming to reduce aerosol species
associated with positive warming (e.g. black carbon) would
also reduce cooling secondary aerosol.

In closing, we showed that radiocarbon measurements, in
combination with tracer analysis, provide unique constraints
on the relative contributions of the major sources of carbona-
ceous aerosols, and that together with trajectory analysis, im-
portant information on the source regions can be determined.
An expanding dataset is necessary to further understand the
world wide contributions of sources to carbonaceous aerosol,
improve emission inventories, and provide important infor-
mation for emission reduction strategies.
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