
Tellus (2008) C© 2008 The Authors
Journal compilation C© 2008 Blackwell Munksgaard

Printed in Singapore. All rights reserved

T E L L U S

The anthropogenic influence on carbonaceous aerosol

in the European background

By BA R BA R A M AY 1∗, D IETM A R WAG EN BAC H 1, SA M U EL H A M M ER 1, PETER STEIER 2,
H A N S PU X BAU M 3 and C A SIM IRO PIO 4, 1Institut für Umweltphysik, Universität Heidelberg, Germany;

2VERA laboratory, University of Vienna, Austria; 3Institute for Chemical Technologies and Analytics, Vienna
University of Technology, Austria; 4CESAM & Department of Environment, University of Aveiro, Portugal

(Manuscript received 15 January 2008; in final form 28 August 2008)

A B S T R A C T
To constrain the relatively uncertain anthropogenic impact on the organic aerosol load, radiocarbon analyses were
performed on aerosol samples, collected year-round, at six non-urban sites including a maritime background and three
remote mountain stations, lying on a west-east transect over Western Europe. From a crude three component model
supported by TOC and levoglucosan filter data, the fossil fuel, biomass burning and biogenic TOC fraction are estimated,
showing at all stations year-round, a relatively constant fossil fuel fraction of around (26 ± 6)%, a dominant biogenic
contribution of on average (73 ± 7)% in summer and the continental as well as the maritime background TOC to be only
about 50% biogenic. Assuming biomass burning as completely anthropogenic, the carbonaceous aerosol concentration
at the mountain sites was found to have increased by a factor of up to (1.4 ± 0.2) in summer and up to (2.5 ± 1.0) in
winter. This figure is significantly lower, however, than the respective TOC change since pre-industrial times seen in an
Alpine ice core. Reconciling both observations would require an increase, since pre-industrial times, of the background
biogenic aerosol load, which is estimated at a factor of 1.3–1.7.

1. Introduction

The tropospheric aerosol exhibits a net cooling impact on Earth’s
climate, but to quantify the anthropogenic induced radiative forc-
ing of the different aerosol components, their increase since
pre-industrial times or the man-made contribution to the recent
aerosol burden has to be known (Ramanathan et al., 2001). For
SO2−

4 , the increase since onset of industrialisation is relatively
well settled regarding both deposition and emission changes
(Fischer et al., 1998; Fagerli et al., 2007; Vestreng et al., 2007).
The largely unknown anthropogenic contribution to the carbona-
ceous aerosol fraction may eventually be quantified through
compilation and modelling of the related emission changes and
transformation processes (e.g. Liousse et al., 1996), from ice
core studies (Yalcin and Wake, 2002; Legrand et al., 2007)
or through investigation of the radiocarbon (14C) signature of
present aerosol samples (Currie et al., 1983).

Most 14C studies on organic aerosol span a relatively short
time interval and a small area (with the exception of Schichtel
et al., 2008 and Gelencsér et al., 2007, considering a vast area
within the US and Western Europe, respectively) and basically
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use the radiocarbon signature to separate fossil and contempo-
rary source contributions, assuming emissions from the con-
temporary living biosphere to be tagged by the well-known ra-
diocarbon content of current atmospheric CO2, whereas fossil
fuels are 14C-free (Currie et al., 1989; Klinedinst and Currie,
1999; Lemire et al., 2002; Bench, 2004; Lewis et al., 2004;
Szidat et al., 2004a,b; Tanner et al., 2004). These two source
component studies present the so called contemporary carbon
fraction f C, which corrects the measured 14C concentration for
the contemporary enhancement of the atmospheric 14C content
remaining from the nuclear bomb-peak in the early 1960s. The
f C values, which have been obtained mostly in urban/suburban
areas and over short sampling periods, show strong variations
ranging from 27% up to 80% in summer and 16% to 64% in
winter. This approach, however, does not consider that the sig-
nificant biomass burning contribution may be tagged by a certain
bomb 14C integrating signature, which is, in case of wood burn-
ing, significantly larger than the present-day atmospheric CO2

one. Hildemann et al. (1994), Ward et al. (2006), Zencak et al.
(2007) and Szidat et al. (2007) tried to tackle the problem of this
over-contemporary aerosol contribution by discerning the fossil
carbon fraction from a so-called biomass fraction, denoting a
composite of biomass burning and contributions from the liv-
ing biosphere. Finally, Szidat et al. (2006) and Gelencsér et al.
(2007) attempted to improve the distinction of more than two
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different carbonaceous aerosol fractions using 14C analysis. In
any case, the two source component approach does not allow
to infer the entire anthropogenic contribution to the carbona-
ceous aerosol since the biomass burning contribution cannot be
quantified on its own.

Aiming to constrain the anthropogenically induced fraction
of present carbonaceous aerosol, we report on the 14C mea-
surements of carbonaceous aerosol filters collected weekly
from 2002 to 2004 at six relatively remote sites over Western
Europe (EU-CARBOSOL project, Legrand and Puxbaum,
2007). In this context, radiocarbon analyses were made on
specifically selected aerosol samples and evaluated by a crude
three component model, which considers fossil fuel, biomass
burning and biogenic contributions.

A 14C supported study of the CARBOSOL aerosol samples
has been already performed by Gelencsér et al. (2007), but fo-
cuses on the detailed source apportionment of total organic car-
bon (TOC) at the different sites, including elemental carbon (EC)
as well as primary and secondary organic carbon (OC); (for de-
tails on the extension of 14C analyses with respect to Gelencsér
et al., 2007, see 2.3 Sampling selection for 14C analyses).

Here we will address the specific limitations in attempting
to derive a representative figure on the anthropogenic versus
natural share of the present European TOC aerosol body via 14C
analyses. Thereby emphasis is on the remote CARBOSOL sites,
which are less directly influenced by local emissions.

2. Method

2.1. Sampling

Focusing on rural and remote sites, CARBOSOL aerosol filter
samples were taken at six sampling stations lying on a west-east
transect over Western Europe (Fig. 1). The quartz-filter samples
were taken weekly for 2 yr from 2002 to 2004 and analysed

Fig. 1. Map of the CARBOSOL sampling
network over Western Europe: Azores
(AZO, Portugal): maritime background;
Aveiro (AVE, Portugal); ground-level, rural
site; Puy de Dôme (PDD, France):
medium-elevated site on an isolated
mountain peak; Schauinsland (SIL,
Germany): medium-elevated site on a
mountain ridge in a biogenic environment;
Sonnblick (SBO, Austria): high Alpine
mountain site, continental background;
K-Puszta (KPZ, Hungary): ground-level,
continental site.

for various inorganic and organic aerosol components, includ-
ing TOC (OC, EC), (Pio et al., 2007), the transport tracer 210Pb
(Hammer et al., 2007) and the biomass burning tracer levoglu-
cosan (Levo), (Puxbaum et al., 2007).

For TOC and levoglucosan (used to infer the biomass burning
fraction), the detection limit is given as three times the standard
deviation of the filter blank, being 30–90 ng m−3 for TOC (Pio
et al., 2007) and less than 1 ng m−3 for levoglucosan (Puxbaum
et al., 2007). These values are equivalent to an average rela-
tive uncertainty for the here deployed figures of up to 10% for
Aveiro (AVE), Puy de Dôme (PDD), Schauinsland (SIL) and
K-Puzta (KPZ) and 30–40% for Azores (AZO) and Sonnblick
(SBO). Additional uncertainties arise from an inhomogeneous
distribution of the organic matter over the filter, incomplete de-
tection of TOC or disturbance of levoglucosan measurements by
other chemical components like arabitol (Puxbaum et al., 2007).
However, the data evaluation described in 3.1 proofs mostly in-
sensitive to the uncertainty of TOC and levoglucosan, therefore,
assuming a relative error of 10% for both components is deemed
sufficient enough even for the background stations.

2.2. Radiocarbon analysis

We analysed (after removing the inorganic carbon fraction) the
14C content of total organic carbon, here defined as TOC =
OC + EC, rather than separating the organic carbon (OC) and
elemental carbon (EC) fraction as done by Szidat et al. (2006).
Radiocarbon values are given as pmC = ( �14C

1000 + 1) × 100 [%]
(percent modern Carbon), which gives the radiocarbon concen-
tration relative to the oxalic acid standard concentration of 1950,
corrected for isotope fractionation according to Stuiver and
Polach (1977). Complying with most publications on 14C anal-
ysis of carbonaceous aerosol, we report measured radiocarbon
values as f m = pmC/100, that is fraction modern (carbon),
where ‘modern’ refers by definition to the standard value of
1950.
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Filter aliquots corresponding to 250 to 850 m3 air were com-
busted and purified in a stream of pure oxygen at 900 ◦C in
a specifically designed system (CARMEN). The graphitisation
and accelerated mass spectrometer (AMS) measurement per-
formed at the VERA laboratory in Vienna yields a blank con-
tribution of typically 0.5 μgC with a 14C signature of around
f m = 0.4 (Steier et al., 2006).

The CARMEN relevant system blank of (64 ± 8) μgC shows
a14C signature of (0.81 ± 0.03). Additionally, filter blanks (in-
cluding treatment in the field) were measured and contribute
with a varying blank between 0.56 and 7.52 μgC cm−2, depend-
ing on the sampling location and pre-treatment of the filters
(outlined by Pio et al. (2007)). The 14C signature of this filter
blank contribution ranged between 0.29 and 0.88.

The relative overall uncertainty of the measured radiocar-
bon values is thus less than 3% for sample masses larger than
500 μgC. Only the background filter pools had smaller carbon
masses leading to a relative error of up to 8%. We consider
this uncertainty to be sufficiently small since the investigated
seasonal and large-scale spatial variations are much larger.

2.3. Sample selection for 14C analyses

For the purpose of this study, the main catchment area of the
air mass reaching the sampling station is of special interest in
view of the natural and anthropogenic sources involved. Due to
the weekly collection period it is rather difficult to gain a clear
picture on the characteristic up wind source areas, for example,
by back trajectory analyses. We selected the weekly samples
therefore according to Hammer et al. (2007) through their co-
registered atmospheric 210Pb activity, reflecting the influence of
continental air mass during the sampling period.

Except for the maritime background site Azores, filters for 14C
analysis were selected as to obtain, as far as possible, represen-
tative means for the summer (May–Sep) and winter (Nov–Mar)
periods, respectively. Out of these seasonal distinguished sample
inventories at each site, primarily those filters were used, which
210Pb activity were significantly above the site specific mean.
According to the 210Pb climatologies of the CARBOSOL sites
investigated by Hammer et al. (2007), this criteria should ensure
a distinct and comparable influence of large-scale continental
TOC emission sources seen within both seasons at the different
sites. In this study, the synoptical scale of 210Pb variability (i.e.
weekly to bi-weekly) was shown to coincide particularly with
organic carbon suggesting that a good part of the OC variabil-
ity is governed by air mass transport patterns (i.e. imprint of
large-scale continental emission sources) rather than temporal
emission changes. Furthermore, clear outliers with respect to
chemical species (mostly TOC and Levo) are discarded.

Different from this selection procedure, two background com-
posite samples were produced: (1) a maritime background mean
selected from the Azores independent of season and the 210Pb
activity by considering only those filters sampled under per-

sistent sea wind conditions and (2) a continental background
composite made up by Sonnblick winter filters with relatively
low 210Pb values. It is assumed that the high Alpine site SBO
should be effectively decoupled from ground level air during
that condition, thus providing a representative large-scale mean
of the continental winter free troposphere.

The thus obtained sample pools included 5–10 weekly sam-
ples from which aliquots were combusted together to give the
respective mean 14C values.

For the mean 14C values of the ground level sites AVE and
KPZ, shown here for illustrative purpose only, we used the iden-
tical data already reported in Gelencsér et al. (2007). Also the
continental background mean is based on the same measure-
ment as deployed in Gelencsér et al. (2007), though slightly
revised by an improved blank correction (being most relevant
for this low-mass TOC samples) resulting in a 6% smaller f m

value.
We preferred not to include the previous 14C data of SIL,

PDD and SBO (summer) used in Gelencsér et al. (2007) in
our extended study since these few single filter measurements
have been not as uniformly selected (previously focussing on
simultaneous samples at PDD and SIL as well). Although there
is no dramatic difference between the respective old and new
14C means (except for the winter f m values at PDD and SIL,
where the new pool filter values are 16% larger and 7% smaller,
respectively, than the old three filters composites), we choose to
base the present study solely on the more representative filter
pool measurements.

3. Results

3.1. Data evaluation

The blank corrected radiocarbon data of the selected CAR-
BOSOL filter pools are reported in Table 1 as f m values together
with the respective mean TOC and 210Pb values.

By definition f m refers to the 14C content of atmospheric CO2

in 1950. Thus, the quantification of the fossil (i.e. entirely an-
thropogenic) versus non-fossil (natural as well as anthropogenic)
TOC fraction from f m values is complicated by the bomb 14C
mainly released in the early 1960’s. As a result of this 14C con-
tamination of the atmospheric CO2 and the related biospheric
reservoir, natural emissions from the living biosphere are marked
by the (declining) present-day 14CO2 level. However, burning of
biomass, especially when some 10 years old, would provide car-
bon emissions with a significantly higher 14C level compared to
the contemporary living biosphere.

This fact provides the prime reason, why the non-fossil TOC
needs to be split in a contemporary biogenic and a biomass
burning fraction. The respective three component approach, in-
cluding now fossil fuel (ff), biomass burning (bb) and biogenic
contributions (bio) from the living biosphere gives the mass bal-
ance TOC = (TOC)ff + (TOC)bb + (TOC)bio along with the
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Table 1. The blank-corrected 14C concentrations of analysed filter
pools (N = number of weekly filters in sample composite), at the
CARBOSOL stations (AZO = Azores, AVE = Aveiro, PDD = Puy de
Dôme, SIL = Schauinsland, SBO = Sonnblick, KPZ = K-Puszta), with
fm SD including uncertainties as well as blank variations. Given along
are respective mean values of TOC (∗±9–12%), and 210Pb (∗∗±10%).

Site Temporal N 210Pb∗ TOC∗∗ fm

coverage ( mBq

m3 ) (ngC m−3)

AVE Dec–Feb 9 0.64 14070 0.921 ± 0.009
May–Aug 9 0.63 3560 0.772 ± 0.006

PDD Dec–Feb 5 0.21 600 0.721 ± 0.011
May–Aug 5 0.73 4380 0.867 ± 0.013

SIL Jan–Feb 5 0.67 2650 0.731 ± 0.006
May–Seb 6 0.89 4890 0.856 ± 0.006

SBO Dec–Mar 9 0.31 400 0.835 ± 0.030
Jun–Sep 6 0.58 1380 0.794 ± 0.018

KPZ Nov–Feb 9 0.93 10650 0.784 ± 0.006
May–Seb 10 0.86 6040 0.873 ± 0.012

Background

AZO Maritim 5 n.a. 220 0.726 ± 0.022
SBO Continental 9 0.14 240 0.678 ± 0.044

isotope mass balance equation

T OC × fm = (T OC)ff × fff

+ (T OC)bb × fbb + (T OC)bio × fbio, (1)

where the f values on the right hand side denote the actual 14C
signature of the three TOC fractions. As TOC and f m are the
only directly measured quantities, there are still five parameters,
which need to be estimated indirectly.

The fossil fuel component is eliminated as f ff = 0. For f bio we
assume the 14C content of TOC emitted by the living biosphere,
which can be set equal to the atmospheric 14CO2 (Levin and
Kromer, 2004), being on average 1.07 during the CARBOSOL
sampling period.

The biomass burning 14C signature f bb may span a relatively
large range depending on the age of combusted material. The
minimum value referring to young biomass matter not older than
one or 2 yr (e.g. as released from burning of agricultural waste)
should be still close to the biogenic value of 1.07. The maximum
value is given by the radiocarbon signature of emissions associ-
ated with burning of wood (or related items), provided that its
growing period is well within the bomb era. Hildemann et al.
(1994) reported an upper value of 1.29 for 40 yr old softwood
trees harvested in 1985. More recent studies from Klinedinst and
Currie (1999) and Zencak et al. (2007) measured values up to
1.23, while Lewis et al. (2004) calculated an upper limit of 1.25
for softwood trees. To gain a precise f bb value, the age compo-
sition of the burned biomass would be needed for the different
stations and seasons. Lacking this information we simply de-

ploy the average of the minimum and the maximum f bb value by
Lewis et al. (2004) being (1.16 ± 0.09), where the uncertainty
covers the whole range of f bb.

To estimate (TOC)bb we use levoglucosan (Levo), a tracer
for cellulose pyrolysis (Simoneit et al., 1999), to quantify the
biomass burning particulate OC fraction (OC)bb, which is then
related to (EC)bb. The biomass burning fraction is calculated
using the emission factors (OC/Levo)bb and (EC/OC)bb as:

(T OC)bb = (Levo)meas ×
(

OC

Levo

)
bb

×
(

1 +
(

EC

OC

)
bb

)
.

(2)

Respective emission factors are discussed by Puxbaum et al.
(2007), from where we here adopt (OC/Levo)bb = 7.35 and
(OC/EC)bb = 6. Although these factors can vary depending on
tree types and combustion characteristics (Bond et al., 2004;
Puxbaum et al., 2007), we do not try to appoint different val-
ues for the different stations and seasons, considering the large
variability reported in the literature for these factors and instead
assume for both input parameters a relative uncertainty of 50%.

The relative biogenic contribution (T OC)bio
T OC

can be now calcu-
lated from the isotope mass balance as:

(T OC)bio

T OC
= fm

fbio
− (T OC)bb

T OC
× fbb

fbio
(3)

Since the analytical errors of all three TOC fractions as derived
by error propagation are mainly governed by the uncertainties of
(OC/Levo)bb and (OC/EC)bb (and in the case of small sample
mass by the uncertainty of TOC), the relatively large errors for
(TOC)ff , (TOC)bb and (TOC)bio displayed in Fig. 2 are mostly

Fig. 2. Fossil fuel, biomass burning and biogenic TOC fractions at the
CARBOSOL stations (AVE = Aveiro; PDD = Puy de Dôme; SIL =
Schauinsland; SBO = Sonnblick; KPZ = K-Puszta, maritime =
Azores; continental Sonnblick; free troposphere conditions) in summer
and in winter. The error bars (white = fossil fuel; light grey = biomass
burning black = biogenic) as calculated by error propagation are
dominated by the emission factors uncertainties.
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due to the badly known emission factors rather than from mea-
surement uncertainties.

3.2. Overview on fossil fuel, biomass burning
and biogenic TOC fraction

Figure 2 shows the relative fossil fuel, biomass burning and bio-
genic fraction of TOC with their analytical errors. Considering
the weekly sampling of the filters pool measurements and the
large catchment area, the derived TOC fractions are expected to
reflect the integrated TOC source mix as seen at remote, non-
urban sampling sites in Western Europe. One should keep in
mind that the TOC concentrations at the two ground level sta-
tions AVE and KPZ are, due to their closer proximity to TOC
sources, by an order of magnitude higher than at the remote
mountain sites. Furthermore, the maximum TOC concentrations
at the ground level stations occur in winter, while the three moun-
tain sites PDD, SIL and SBO have their maximum in summer
(Pio et al., 2007), which is basically due to the reduced verti-
cal mixing intensity in the atmosphere in winter (Hammer et al.,
2007). In the following, we address the spatial and seasonal vari-
ation of the different TOC fractions at the CARBOSOL sites by
calculating mean values and standard deviations. In addition to
this natural variation, the mean analytical uncertainty [in square
brackets] reflects the precision of the estimate.

We find that the fossil fuel fraction is with (26 ± 6)%
[±3%] rather constant over the five sampling sites through-
out the year. In summer the biogenic fraction dominates with
(73 ± 7)% [±3%], also not changing very much from site to site,
while in winter the biomass burning fraction has a large share in
the TOC composition, with up to a mean (22 ± 10)% [±12%]
for the mountain site stations and (65 ± 19)% [±34%] for the
ground level stations. This large contribution of (TOC)bb at the
low-level stations can be explained by a high contribution from
wood burning for heating, which is still common especially
in Portugal (Pio et al., 2007). The background carbonaceous
aerosol contains with (46 ± 1)% [±7%] a relatively high non-
biogenic TOC component. Here it is interesting to note, that the
maritime (AZO) and the continental (SBO) background sites
reveal virtually the same source composition including a rather
high fossil fuel fraction. This observation might be due to a
common influence of trans-continental pollution transport.

The present values obtained differ from the data of Gelencsér
et al. (2007) only regarding the relative non-fossil contributions
in winter at the mountain sites, since for PDD and SIL more
representative sample pools have been used and an additional
winter value (no background conditions) for SBO was obtained.

The 14C supported study by Szidat et al. (2006) of urban
aerosol at Zurich (Switzerland) are quantitatively in agreement
with our findings in reporting a relatively constant fossil frac-
tion independent of season ( (OC)ff

OC
= (32 ± 8)%), but a domi-

nant biogenic fraction during summer ( (OC)bio
OC

= (60 ± 10)%)

in contrast to a substantial biomass burning fraction during win-
ter ( (OC)bb

OC
= (41 ± 7)%).

The winter data of our two low-level sites Aveiro and K-Puszta
show a quite similar pattern to the study of Szidat et al. (2007)
performed during winter at two (urbanised) Alpine valley floors.
Here, the authors attributed the very large non-fossil fraction of
total organic matter (total OC by mass) of up to 88% to the
dominating influence of residential wood burning. It is evident,
however, that these ground level findings reflect the very local
conditions (especially during low-mixing episodes in winter).
They are thus not relevant for the purpose of our present study.

Overall we conclude that (TOC)ff contributes year round sig-
nificantly at all CARBOSOL sampling sites and seems homo-
geneously distributed, which might be due to an homogeneous
fossil fuel emission source and possibly due to a longer resi-
dence time of (TOC)ff in the atmosphere. A similar homoge-
neous source distribution might be concluded for the biogenic
TOC fraction in summer. In winter biomass burning strongly
influences the TOC load at the low-level stations. Both the mar-
itime and the continental background TOC is to only about 50%
made up by biogenic emissions.

3.3. Anthropogenic contribution to TOC

To determine the anthropogenically driven increase in TOC,
we must define the anthropogenic versus natural components
of the carbonaceous aerosol within the investigated area. Both
fractions encompass a mix of different sources. Natural TOC
contributions are confined to biogenic emissions from the living
biosphere as well as wild forest fires in summer. Specifically
in Western Europe the main anthropogenic TOC contributions
arise from combustion of fossil fuel, wood burning (for heating
in winter) and from agricultural waste burning (mostly in spring
and autumn). Also agricultural biomass for fuel production and
biogenic emissions due to agriculture may add to the anthro-
pogenic TOC fraction. More over an additional albeit indirect
man-made TOC contribution follows from an anthropogenically
caused increase in the atmospheric oxidant level resulting in
an enhanced secondary organic aerosol (SOA) production from
mostly biogenic gas precursors (Limbeck et al., 2003; Tsigaridis
et al., 2006).

We simplify these rather complicated figures by defining
the increase in the air-borne TOC concentration due to anthro-
pogenic contribution by the increase factor Fant given as:

F ant = (T OC)

(T OC)nat
bio + (T OC)nat

bb

(4)

In the following, all TOC fractions with one index (ff/bb/bio)
indicate the respective total TOC fraction irrespective of an-
thropogenic and natural origin, while a second index (nat/ant)
defines if the TOC component is naturally or anthropogenically
induced.
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Table 2. Anthropogenic increase factor Fant (according to eq. 4) for the
atmospheric TOC concentration assuming biogenic TOC to be
completely natural (TOC)nat

bio = (TOC)bio and (a) (TOC)nat
bb = (TOC)bb ,

that is, only fossil fuel combustion as anthropogenic source or (b)
(TOC)nat

bb = 0, that is, both fossil fuel combustion and biomass burning
as anthropogenic TOC contributions. Values with a strong local
biomass burning contribution are not reported.

Site Temporal Fant

coverage (TOC)nat
bb = (TOC)bb (TOC)nat

bb = 0

AVE Dec–Feb – –
May–Aug 1.4 ± 0.2 1.6 ± 0.3

PDD Dec–Feb 1.5 ± 0.5 2.5 ± 1.0
May–Aug 1.2 ± 0.2 1.3 ± 0.2

SIL Jan–Feb 1.5 ± 0.3 1.8 ± 0.4
May–Seb 1.3 ± 0.3 1.3 ± 0.2

SBO Dec–Mar 1.3 ± 0.4 2.2 ± 0.9
Jun–Sep 1.4 ± 0.2 1.4 ± 0.2

KPZ Nov–Feb - -
May–Seb 1.2 ± 0.2 1.3 ± 0.2

Background

AZO Maritim 1.5 ± 0.3 1.8 ± 0.4
SBO Continental 1.6 ± 0.3 1.9 ± 0.4

Simply assuming (TOC)bio to be totally natural, thus equal
to (TOC)nat

bio (neglecting agricultural activities and man-made
influences on SOA production) and (TOC)bb being totally an-
thropogenic, i.e. (TOC)nat

bb = 0 (neglecting wild fires), the in-
crease factor Fant reduces to T OC

(T OC)bio
, which is the inverse of the

actually observed biogenic TOC fraction. For illustrative pur-
pose the anthropogenic increase factor is given in Table 2 for
all CARBOSOL sampling stations, though only relevant for the
remote sites.

At the remote mountain sites, which are more isolated from di-
rect emission sources and thus should reflect the overall aerosol
composition over Western Europe the best, we find an anthro-
pogenic increase in TOC due to fossil fuel and biomass burning
contributions by a factor of (1.8 ± 0.4) to (2.5 ± 1.0) in winter
and (1.3 ± 0.2) to (1.4 ± 0.2) in summer. The continental back-
ground value at SBO lies with (1.9 ± 0.4) between the winter
and the summer value.

Investigating the uncertainty arising from the attribution of
biomass burning as completely anthropogenic, we find that in
summer, when natural forest fires might contribute significantly,
(TOC)bb is low, while in winter natural fires are infrequent in
Europe. In addition, as most large natural forest fires (induced by
lightning) occur in areas, where no fire-management is carried
out (Stocks et al., 2003), it is reasonable to neglect natural forest
fires in the densely populated area of Western Europe (Bond
et al., 2004). Still, redefining the biomass burning fraction as
totally natural, i.e. (TOC)nat

bb = (TOC)bb (see Table 2), would
result in an increase factor of (1.2 ± 0.2) to (1.6 ± 0.3), which
would be a reduction of 40% at the most.

Regarding TOCbio we have no information on its natural ver-
sus anthropogenic composition, which puts a significant un-
certainty on Fant, especially considering the possibility of an
indirectly man-made contribution from increased oxidant lev-
els. There are however investigations regarding the increase of
the TOC aerosol since pre-industrial times, which might help to
estimate the anthropogenic contribution to (TOC)bio.

Kanakidou et al. (2000) modelled an increase of the SOA
formation rate from naturally emitted biogenic compounds by
a factor of 3–4 due to a human activities induced increase of
the atmospheric oxidant level. Tsigaridis et al. (2006) modelled
the rise of the global atmospheric aerosol TOC load since pre-
industrial times including this increased anthropogenic SOA
production as well as a faster conversion of hydrophobic to
hydrophilic carbonaceous aerosol leading to higher removal
rates. They reported for TOC including fossil fuel, biomass
burning and biogenic sources, a temporal increase by a fac-
tor of F time = (T OC)present

(T OC)pre−ind = 1.6 since pre-industrial times. The
increase of the atmospheric SOA concentration alone was esti-
mated at 1.2. However, as the organic aerosol is modelled on a
global scale and underestimates measured organic aerosol val-
ues by a factor of two, a direct comparison with our 14C factor
would be not conclusive.

Jenk et al. (2006) reports measurements of filterable TOC
concentrations and respective 14C analyses on an Alpine ice
core from Fiescherhorn glacier, showing an increase of this par-
ticulate fraction by a factor of Ftime = 3.5 from pre-industrial
times to 1940. However these data are also not comparable to
our estimates as the water-soluble fraction is not included.

Legrand et al. (2007) appraise the atmospheric TOC con-
centrations from measurements on an Alpine ice core (Col du
Dôme) by adding the filterable, that is, water-insoluble TOC
fraction and the water-soluble TOC fraction, which is estimated
by subtracting organics related to gas solubilisation in precipi-
tation (mainly monocarboxylic acids) from measured dissolved
organic carbon (DOC) concentrations. This estimate gives an at-
mospheric TOC increase in the early 1970s since pre-industrial
times by a factor Ftime = 2.5.

This finding of Legrand et al. (2007) should be most com-
parable to our increase factor from the high Alpine site SBO
and might be used to constrain the increase of (TOC)bio since
pre-industrial times. Assuming (TOC)pre−ind = (TOC)pre−ind

bio +
(TOC)pre−ind

bb and (TOC)present = TOC, the increase of (TOC)bio

is derived by

(T OC)bio

(T OC)pre−ind
bio

= F time × (T OC)bio

(T OC) − F time × (T OC)pre−ind
bb

(5)

Using Ftime = 2.5 and depending whether (TOC)pre−ind
bb = 0 or

(TOC)pre−ind
bb = (TOC)bb, that is, how the biomass burning frac-

tion evolved over time, Table 3 shows the increase of (TOC)bio

since pre-industrial times.
At SBO, we find an increase of (TOC)bio between 1.2 to 4.4

in winter and 1.3 to 1.7 for continental background conditions.
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Table 3. Increase in the biogenic TOC fraction since pre-industrial
times (according to eq. 5) assuming a total increase of TOC by a factor
of Ftime = 2.5 (derived from ice core data Legrand et al., 2007) and (a)
(TOC)pre−ind

bb = 0, i.e. no biomass burning in pre-industrial times or (b)
(TOC)pre−ind

bb = (TOC)bb, i.e. no increase in biomass burning since
pre-industrial times. Unreasonable values due to strong biomass
burning contribution are not reported.

Site Temporal (T OC)bio

(T OC)pre−ind
bio

coverage (a) (b)

AVE Dec–Feb – –
May–Aug 1.6 2.0

PDD Dec–Feb 1.0 2.7
May–Aug 2.0 2.1

SIL Jan–Feb 1.4 2.0
May–Seb 1.9 2.1

SBO Dec–Mar 1.2 4.4
Jun–Sep 1.7 2.0

KPZ Nov–Feb – –
May–Seb 1.9 2.2

Background

AZO Maritim 1.4 2.0
SBO Continental 1.3 1.7

In summer, when the biogenic source dominates, the increase
lies between a factor of 1.7 and 2.0.

Discussing the two limiting scenarios for (T OC)pre−ind
bb , we

find that assuming no biomass burning in pre-industrial times is
surely wrong as cultural development over the last 6000 yr in-
volved biomass burning for slashing-and-burning and for heating
(Carcaillet et al., 2002), hence a lower limit for the increase in
biogenic TOC is obtained here. On the other hand, assuming
biomass burning TOC concentrations to be the same in pre-
industrial and present times would disregard e.g. the changing
use of different bio-fuels for heating and energy production
(Bond et al., 2004), decreasing importance of slashing-and-
burning in Western Europe as well as climate change influenc-
ing the frequency and burned area of forest fires (Stocks et al.
(2003)), and thus gives an upper limit to the biogenic increase
factor.

The increase factor derived by Tsigaridis et al. (2006) for
SOA lies at the lower limit of our range. However, this modelled
value is estimated for a global scale and might vary strongly
with space and time, depending on production and removal rates.
The increased production of SOA by a factor of 3–4 proposed by
Kanakidou et al. (2000) together with the increased removal rate
by a factor of 1.3–1.4 suggested by Tsigaridis et al. (2006) surely
allows for a larger increase of the biogenic TOC concentration.

Concluding we find, that at least 37% (fossil) up to 47% (fossil
and biomass burning) of the European background TOC is of
anthropogenic origin. Additionally, if (TOC)pre−ind

bio = (TOC)nat
bio,

that is, (TOC)pre−ind
bio is natural and constant in time, 25% to 42%

of the background (TOC)bio fraction might be anthropogenically
induced as well. (TOC)pre−ind

bio was propably not purely natural as
emissions from anthropogenic agriculture contributed already
significantly in pre-industrial times, which means the derived
anthropogenic (TOC)bio fraction is only a lower limit.

4. Conclusions

There are still a lot of assumptions necessary, to quantify the
overall human impact on European carbonaceous aerosol from
14C analyses. However a significant anthropogenic effect cannot
be dismissed, since fossil fuel combustion and biomass burning
alone already account for an anthropogenic increase of the Eu-
ropean continental background TOC seen at SBO by a factor of
(1.9 ± 0.4), which would suggest that up to 47% of the ‘clean
air’ TOC is man-made. The major obstacle in obtaining useful
estimates of the anthropogenic influence on TOC is shown to be
the biomass burning fraction, which 14C signature systematically
differs from contemporary biogenic emissions and thus needs to
be quantified separatly (by chemical tracers). Moreover, the at-
tribution of biomass burning TOC to the man-made or natural
category remains uncertain, both temporally and spatially.

Additional, the biogenic TOC fraction cannot be simply at-
tributed as natural (and broadly constant in time), as agriculture,
use of bio-fuel and especially the indirect anthropogenic influ-
ence on the SOA cycle (by enhanced atmospheric oxidant levels
and acidity) must be taken into account. Complying with an in-
crease factor for TOC since pre-industrial times of 2.5 as derived
from ice core data, the biogenic TOC fraction of the continen-
tal background carbonaceous aerosol, appear to have increased
along by a factor of 1.3 to 1.7. For the continental background,
this would correspond to an anthropogenic contribution to the
biogenic TOC fraction of at least 25% to 42%. Although still
uncertain, these findings confirm that this indirect manmade
perturbation of the natural TOC cycle is quite substantial and
calls for thorough investigation. In this context, more ice core
analyses of TOC may be crucial in supplementing 14C analy-
ses of the recent aerosol body, though various questions on the
air/ice transfer of major organic species need to be tackled as
well.
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