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Abstract

The atmospheric concentration of elemental carbon (EC) in Europe during the six-year
period 2005–2010 has been simulated with the EMEP MSC-W model. The model bias
compared to EC measurements is less than 20 % for most of the examined sites. The
model results suggest that fossil fuel combustion is the dominant source of EC in most5

of Europe but there are important contributions also from residential wood burning
during the cold seasons and, during certain episodes, also from open biomass burning
(wildfires and agricultural fires). The modelled contributions from open biomass fires to
ground level concentrations of EC is small at the sites included in the present study,
<3 % of the long-term average of EC in PM10. The modelling of this EC-source is10

subject to many uncertainties and for some episodes it is likely underestimated.
EC measurements and modelled EC were also compared to optical measurements

of black carbon (BC). The relationships between EC and BC (as given by mass absorp-
tion cross section, MAC values) differed widely between the sites, and the correlation
between observed EC and BC is sometimes poor, making it difficult to compare results15

using the two techniques and limiting the comparability of BC measurements to model
EC results.

A new bottom-up emission inventory for carbonaceous aerosol from residential wood
combustion has been applied. For some countries the new inventory has substan-
tially different EC emissions compared to earlier estimates. For Northern Europe the20

most significant changes are much lower emissions in Norway and higher emissions
in neighbouring Sweden and Finland. For Norway and Sweden, comparison to source-
apportionment data from winter campaigns indicate that the new inventory may improve
model calculated EC from wood burning.

Finally, three different model setups were tested with variable atmospheric lifetimes25

of EC in order to evaluate the model sensitivity to the assumptions regarding hygro-
scopicity and atmospheric ageing of EC. The standard ageing scheme leads to a rapid
transformation of the emitted hydrophobic EC to hygroscopic particles and generates
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similar results as assuming that all EC is aged at the point of emission. Assuming hy-
drophobic emissions and no ageing leads to higher EC concentrations. For the more
remote sites, the observed EC concentration was in between the modelled EC using
standard ageing and the scenario treating EC as hydrophobic. This could indicate too
rapid EC ageing in the model in relatively clean parts of the atmosphere.5

1 Introduction

Black carbon (BC) particles, a major component of soot, may heat the atmosphere
and thus have a warming effect on the climate. According to the latest IPCC report
(Forster et al., 2007) the direct radiative forcing (RF) due to BC from fossil fuel burning
is estimated to be +0.2±0.15 Wm−2 with a similar effect due to BC from biomass10

burning. The total climate effect of BC is complex since it also contributes to different
semi-direct effects on the cloud cover (e.g. Koch and Del Genio, 2010), that can be both
warming and cooling, and it also affects the surface albedo when deposited on snow
and ice covered surfaces (e.g. Hansen and Nazarenko, 2004; Hadley and Kirchstetter,
2012). The total RF due to BC has recently been estimated to +1.1 Wm−2 (Bond et al.,15

2013).
Soot is also of interest because of its adverse health effects. Personal exposure to

black carbon is associated with oxidative stress in humans (Sørensen et al., 2003) and
with exercise-induced ischemia (Lanki et al., 2006). Janssen et al. (2011) have recently
reviewed epidemiological studies of evaluated adverse health effects of PM mass and20

Black Carbon Particles, BCP (here BCP includes BC, elemental carbon (EC) and Black
Smoke). The estimated health effects per µgm−3 were found to be substantially higher
for BCP than for PM10 or PM2.5. Another recent review of health effects of PM and
its components (Rohr and Wyzga, 2012) also pointed out the importance of carbon-
containing PM components, i.e. both EC and OC (organic carbon).25

There is an extensive, and sometimes contradictory, nomenclature for various forms
of light absorbing carbon, dependent on measurement techniques (see, e.g. Bond and
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Bergstrom, 2006; Andreae and Gelencsér, 2006). In the present study we use the term
EC for carbon that does not volatilize below a defined temperature and BC for the mass
of light absorbing carbon determined by its light absorption (see Sects. 2.2 and 2.3).

– In thermal analysis, used to measure EC, the particles are collected on a filter and
the OC is removed by heating the sample in an inert atmosphere, leaving only the5

EC. Some OC may, however, char and form compounds which would be detected
as EC. The charred organics may be corrected for by monitoring the reflectance
(Johnson et al., 1981) or transmission (Birch and Cary, 1996) of the filter during
the analysis and the technique is then called thermal optical analysis (TOA).

– To determine the light absorptive properties of the aerosol the particles are either10

collected on a filter prior to the analysis, e.g. Particle Soot Absorption Photometer
(PSAP, Bond et al., 1999), Aethalometer (Hansen et al., 1982) and Multi Angle
Absorption Photometer MAAP (Petzold and Schönlinner, 2004) or the absorption
can be directly measured in the aerosol, e.g. Photo-Acoustic Soot Spectrometer
(PASS) (Arnott et al., 1999). A Mass Absorption Cross section (MAC) is used to15

transfer the optically measured light absorption (in units of m−1) into BC mass (in
units of µgm−3). Bond and Bergstrom (2006) suggested a MAC value of 7.5 m2 g−1

for fresh BC and this value should increase with ageing of BC. However, a wide
range of MAC values (from 2.0 to 25.4) have been obtained (Liousse et al., 1993).
Optical measurements typically generate data at a higher time resolution than20

filter based thermal techniques.

Both optical and thermal measurement techniques are important since they comple-
ment each other. Optical methods measure the climate relevant property of soot while
TOA measures the mass, a quantity which is likely to be related to the adverse health
effects. There are other methods for determining light absorbing and refractory carbon25

such as the Single Particle Soot Photometer (Stephens et al., 2003) and The Soot Par-
ticle Aerosol Mass Spectrometer (Onasch et al., 2012) but none of these will be used
in the present study.
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For chemical transport models, TOA results are of main interest since the emission
inventories used in the models are usually based on EC measurements. Several Eu-
ropean modelling studies of EC or BC have been published. Schaap et al. (2004) per-
formed a one-year simulation of anthropogenic BC and fine aerosol (for 1995) with the
LOTOS model. Comparisons of calculated BC-concentrations to available observations5

from the period 1980s–2001 were interpreted as indicating model underprediction of
BC by about a factor of 2. The need for better knowledge of emission factors for BC was
pointed out. Tsyro et al. (2007) and Simpson et al. (2007) performed multi-year simula-
tions (2002–2004) with the EMEP MSC-W model, including both anthropogenic emis-
sions and wildfire emissions (with low temporal resolution), and evaluated the model10

results for EC against two long-term measurement campaigns (the CARBOSOL project
(Legrand and Puxbaum, 2007) and the EMEP EC/OC campaign (Yttri et al., 2007).
The model generally overestimated EC at the northern measurement sites, especially
during winter. Emissions from residential wood combustion (RWC) were pointed out
as especially uncertain. Bessagnet et al. (2008) modelled carbonaceous aerosol over15

parts of Europe (excluding the northern and eastern parts) for one year (2003) us-
ing the Chimere model and included a more detailed emission inventory for wildfire
emissions with daily time resolution. Koch et al. (2009) evaluated 17 global models
that participated in the AeroCom project. Model calculated annual mean surface BC
concentrations (for 2000) were compared to surface observations and, for Europe, 1320

of the 17 models predicted higher mean BC concentrations than the observed annual
mean EC-concentrations from the EMEP EC/OC campaign of 2002–2003. However,
individual models gave widely different results (model/observed ratio ranged from 0.5
to 10).

The dominant removal process for EC is wet deposition; Croft et al. (2005) estimated25

that about 75 % of the EC is removed by wet deposition and 25 % by dry deposition,
based on global model runs. Particle hygroscopicity is important in order to account
for wet deposition. In modelling studies it is often assumed that at least part of the
EC is emitted as hydrophobic particles. A commonly used assumption is that 80 % of
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the emitted EC is insoluble and 20 % soluble (e.g. Cooke et al., 1999). After atmo-
spheric processing (ageing) the EC is transformed into more hygroscopic forms. The
ageing can be due to several different processes, condensation of organic and inor-
ganic vapours on the particles, coagulation with hygroscopic particles and chemical
reactions on the surface (e.g. Croft et al., 2005).5

In the present study, measurements of EC and BC from recent years (2005–2010)
are used to evaluate how the EC concentrations calculated by the EMEP MSC-W
model, combined with recently developed emission inventories, compare with the mea-
surements. The number of EC and BC observations has increased substantially dur-
ing the last decade and the increased interest in carbonaceous aerosol, both from10

climate and health perspectives, makes it important to evaluate the most recent emis-
sion inventories. Data from eight northern/central/western European sites are used and
both EC and BC data are evaluated when available. New emission inventories for both
anthropogenic emissions (Denier van der Gon et al., 2013) and open biomass fires
(Wiedinmyer et al., 2011) were included in the comparison. We have also investigated15

different EC processing schemes in the model, i.e. how ageing of EC affects the model
results. The present work also highlights the severe problems in comparing different
measurement techniques used for estimating the concentrations of EC and BC in the
atmosphere.

2 Method20

The EMEP MSC-W model was used to model EC concentrations in Europe for the
period 2005–2010. The model results were compared to measurements of EC and BC
at eight sites in Europe, as shown in Fig. 1. Different model assumptions were tested to
study how ageing of EC in the model influenced the results. Also, two different emission
inventories for residential wood combustion were compared.25
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2.1 Measurement stations

Measurement of EC and BC were collected from eight sites (Fig. 1). The stations
were chosen to cover Northern, Central and Western Europe and have preferably
both EC and BC measurements. All stations, except Overtoom, are classified as ru-
ral background stations in the European Environment Agency EEA/Airbase database5

(http://air-climate.eionet.europa.eu/databases/airbase/), which means that they ideally
should be representative of a larger area and suitable for evaluation of the EMEP
50 km scale model. Melpitz is a rural site (Spindler et al., 2004) but it is located 41 km
NE from Leipzig (Herrmann et al., 2006). This means that it does not formally fulfil
the recommendations regarding minimum distance to emission sources in the EMEP10

guidelines (EMEP/CCC) for siting criteria of regional background stations. However,
during transport from the south-west to the site, turbulent mixing is usually efficient and
the EMEP MSC-W model results for NO2 are in good agreement with observations
at Melpitz (Table S1), which indicates that influences from Leipzig are well captured
by the model. Harwell is also a rural site but located in a densely populated region;15

it was classified as an agglomeration site by Henne et al. (2010) and could be less
representative for larger areas. Overtoom is an urban background station located in
Amsterdam in the Netherlands. Mace Head, which is a background marine station, is
located on the west coast of Ireland and is a good site for investigating the clean ma-
rine air during prevailing westerly/south-westerly winds, occurring more than 50 % of20

the time (Jennings et al., 2003).

2.2 EC data

EC data were retrieved from the EBAS database (ebas.nilu.no, now part of the ACTRIS
data center, actris.nilu.no), except the data from Hyytiälä that were provided directly
from the Finnish Meteorological Institute (Aurela et al., 2011). All data is based on25

thermal separation of OC from EC although the method used varies between the sites
(Table 1). All stations, except Melpitz, use TOA techniques for EC quantification, which
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corrects for OC charring in the initial heating phase. The VDI protocol (VDI2465-2,
1999; Gnauk et al., 2011), used at Melpitz, has no charring correction and is expected
to lead to higher EC values compared to TOA (Schmid et al., 2001) and to underesti-
mate OC (ten Brink et al., 2004).

The use of different TOA measurement protocols is known to produce differences5

in results. The protocol QUARTZ (a version of NIOSH 5040, Birch and Cary, 1996)
uses a higher temperature in the initial He phase compared to EUSAAR-2 (Cavalli
et al., 2010); QUARTZ and NIOSH normally give lower EC compared to the EUSAAR-
2 protocol. EUSAAR-1 uses fewer temperature steps in the EC phase than EUSAAR-2
but the two are otherwise identical. All four TOA protocols use transmission to correct10

for charring. It is well known that EC determination using even the same separation
protocol may produce more than 20 % difference in EC results (Schmid et al., 2001).

In addition to total EC data, we also use source apportioned biomass burning EC
data from five Nordic stations; Hurdal and Oslo in Norway (Yttri et al., 2011b), and
Råö, Gothenburg (Szidat et al., 2009) and Vavihill (Genberg et al., 2011) in Sweden.15

One month of levoglucosan data from Hyytiälä (Saarnio et al., 2010) was also used to
evaluate the modelled EC from open biomass fires and residential wood burning.

2.3 BC data

BC or aerosol absorption coefficients were retrieved from the EBAS data base
(ebas.nilu.no) for all stations except Aspvreten, for which data were taken directly from20

the local data base in Stockholm. The method used for determining the aerosol ab-
sorption varied (see Table 1). At all sites, except Melpitz, BC data were acquired using
a PSAP or an Aethalometer which have similar measurement techniques. The particles
are collected on a filter and the attenuation is determined by measuring the transmis-
sion of a light beam through the filter. To retrieve aerosol absorption (Abs), corrections25

have to be made to account for the filter material and scattering interference, which are
dependent on the method used (Bond et al., 1999). At Melpitz, a MAAP was used. The
MAAP monitors the scattering properties of the filter during sampling, which otherwise
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have to be estimated by measuring the scattering of the aerosol using, e.g. a neph-
elometer. Harwell and Hyytiälä had multi-wavelength Aethalometers. For Harwell BC
data 880 nm was used and for Hyytiälä 520 nm. The correlation between the measure-
ments at different wavelengths is high for the multi-wavelength instruments (r > 0.95).

To determine the BC mass concentrations for Harwell, Hyytiälä and Mace Head5

a pre-set MAC of 16.6 m2 g−1 was used for 880 nm and an inverse wavelength de-
pendence was assumed for the other wavelengths. In addition to the Aethalometer,
a MAAP instrument has been deployed at Mace Head since 1 March 2005.

Since the EMEP model is based on EC emissions, we used EC measurement data
to normalize BC, in accordance with the recommendation of Vignati et al. (2010). To10

distinguish between BC deduced by MAC values and the ones normalized with EC,
the latter (“EC equivalent BC”) will be denoted BCe. The relationships are explained by
Eqs. (1)–(3).

BC = Abs/MAC (1)

MACe = Abs/EC (2)15

BCe = Abs/MACe (3)

We determine the station specific MAC (MACe) by a least absolute deviation fit (forced
through origin) between overlapping absorptions and EC measurements (see Fig. 2).
The least absolute deviation was used, rather than least square fitting, to limit the influ-20

ence of extreme values. The differences in MACe values between the fitting methods
were small for all stations except Aspvreten. Since we include data from Aspvreten
that were not fully quality controlled, they may contain some erroneous data points. To
be considered as overlapping measurements, 90 % of the EC sampling time had to be
covered by BC measurements. To be able to calculate MACe for Mace Head, the re-25

quired overlap was lowered to 70 %; the lack of EC measurements (only 5 EC samples
with sufficient overlap) made the MACe determination rather uncertain.
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A more detailed study of the BC data was conducted for Hyytiälä for which the
Ångström exponent was calculated in order to determine the influence of biomass
burning on BC (Kirchstetter et al., 2004).

2.4 The EMEP MSC-W model

In this study the rv4 version of the EMEP MSC-W model (Simpson et al., 2012) was5

used to calculate the EC concentration in Europe. The EMEP model simulates a wide
range of air pollutants, including photochemical oxidants and inorganic and organic
aerosols. It is regularly used within the EMEP programme to provide scientific support
to the convention on long-range transboundary air pollution (CLRTAP). The model has
been extensively compared with measurements of many different compounds (Jonson10

et al., 2006; Simpson et al., 2006; Tsyro et al., 2007; Fagerli and Aas, 2008; Aas et al.,
2012).

The model domain covers all of Europe and has a horizontal resolution of about
50 km×50 km. Twenty vertical levels are used to cover the troposphere; the lowest
model layer is about 90 m thick and the top of the model is at 100 hPa. The EMEP15

model, with this setup, is designed to study large scale distribution of air pollutants and
we mostly compare model results to measurements from regional background sites.

For the years 2005–2006 we use the PARLAM-PS meteorological driver (Bjørge and
Skålin, 1995; Benedictow, 2003). For the later years (2007–2010) the meteorological
fields are taken from the European Centre for Medium Range Weather Forecasting20

Integrated Forecasting System (ECMWF-IFS) model (http://www.ecmwf.int/research/
ifsdocs/). The two meteorological drivers differ to some extent in important meteorolog-
ical parameters, such as precipitation, which leads to somewhat varying performance
for the EMEP model depending on the driver. This is discussed in detail by Tarrasón
et al. (2008). For most pollutants the differences are modest but for PM2.5 somewhat25

worse results were found with the ECMWF model than with PARLAM-PS, partly due
to less transport to Nordic sites with the ECMWF model, leading to underestimated
concentrations there and poorer correlation between calculated and observed PM2.5.

9061

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/9051/2013/acpd-13-9051-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/9051/2013/acpd-13-9051-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.ecmwf.int/research/ifsdocs/
http://www.ecmwf.int/research/ifsdocs/
http://www.ecmwf.int/research/ifsdocs/


ACPD
13, 9051–9105, 2013

Light absorbing
carbon in Europe

J. Genberg et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Somewhat worse model results for EC can thus be expected for the years 2007–2010
than for 2005–2006, at least at the northerly sites.

The EMEP MSC-W model uses two size modes for particles, fine and coarse
aerosol, although assigned sizes for some of the coarse aerosol vary with compound.
The parameterisation of the wet deposition processes in the EMEP model is based on5

Berge and Jakobsen (1998) and includes in-cloud and sub-cloud scavenging of gases
and particles. Further details, including scavenging ratios and collection efficiencies for
particles, are given in Simpson et al. (2012).

In this study we use different emission inventories for the carbonaceous aerosol than
used in Simpson et al. (2007), Tsyro et al. (2007) and Bergström et al. (2012) and10

slightly different assumptions regarding the emitted EC. In our base case scenario,
the model anthropogenic emissions of EC in PM2.5(EC2.5) are treated as consisting of
80 % hydrophobic (“fresh”) EC and 20 % hygroscopic (“aged”) EC when emitted into
the atmosphere. The fresh EC has a low in-cloud scavenging ratio. In this study we use
Win =5×104 for fresh EC. Aged/hygroscopic EC is assumed to be internally mixed15

with the soluble inorganic (and organic) aerosol components and we use the same
scavenging ratio as for sulfate, Win =1×106. The collection efficiency for below-cloud
scavenging is low for all fine particles in the model (E =0.02), so wet deposition is small
for the hydrophobic EC. Note that compared to Tsyro et al. (2007), the present version
of the EMEP model has more efficient wet deposition of EC.20

Recently, the model has been extended with a new particulate carbonaceous matter
(PCM) version using the volatility basis set (VBS) approach (Donahue et al., 2006) for
the organic aerosol (Bergström et al., 2012). The EMEP PCM model uses the same in-
organic and gas phase organic chemistry scheme, and deposition routines, as the stan-
dard EMEP model (Simpson et al., 2012), with additional secondary organic aerosol25

forming reactions (Bergström et al., 2012). The model setup used in the present study
is similar to the one used by Bergström et al. (2012). The main differences are in parts
of the emissions handling. In this study we use hourly variation of anthropogenic emis-
sions (as in Simpson et al., 2012) while Bergström et al. (2012) used simple day-night
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factors. We also use a newer emission inventory for open biomass fires (wildfires, agri-
cultural burning and other managed vegetation burns), the Fire INventory from NCAR
version 1.0 (FINNv1, Wiedinmyer et al., 2011). FINNv1 has high spatial resolution and
a better temporal resolution (daily) than the GFED-emissions (8-day), used in earlier
studies with the EMEP model. Biomass burning emissions are subject to large uncer-5

tainties (e.g. Wiedinmyer et al., 2006; Paton-Walsh et al., 2012). The satellite based fire
detection systems may miss some fires completely or partly (due to cloud cover, or very
rapid fire progression, Paton-Walsh et al., 2012). In a comparison of different methods
for estimating emissions (Paton-Walsh et al., 2012) FINNv1 was found to produce sig-
nificantly lower emission estimates than other methods (e.g. black carbon emissions10

were only about 1/3 of the estimates using GFEDv3.1).
Primary anthropogenic EC and organic aerosol emissions are taken from the

EUCAARI anthropogenic carbonaceous aerosol emission inventory by Denier van der
Gon et al. (2009) (see also Visschedijk et al., 2009). Other anthropogenic emissions
are taken from the standard EMEP emission inventory (Mareckova et al., 2009). In this15

study we also test a new emission inventory for residential wood combustion (Denier
van der Gon et al., 2013); in the following, this inventory will be denoted TNO new
RWC.

Emissions are distributed vertically as described by Simpson et al. (2012). Most
of the anthropogenic EC emissions come from low-level sources (residential heating,20

road traffic and other mobile sources etc.). More than 90 % of the anthropogenic EC
emissions (excluding open burning) are released in the lowest model level. Emissions
from the open burning of vegetation (from FINNv1) are treated differently. They are
homogeneously distributed over the eight lowest model layers (up to ∼2 km height),
loosely based on data from Sofiev et al. (2009). This means that the vegetation fire EC25

has a very different vertical distribution than the EC from other sources. In this study
we focus on near surface EC; the importance of open biomass fires will therefore be
relatively small, since a large fraction of the (effective) emissions occur at high altitude.
For climate impacts biomass fires are of much larger importance.
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Atmospheric processing (ageing) of the EC transforms it into hygroscopic particles
that are more easily scavenged by precipitation. We treat the ageing in a simplified
way, similar to the method described by Tsyro et al. (2007). The parameterisation of
(anthropogenic) EC ageing is based on the work by Riemer et al. (2004), who simu-
lated soot ageing in a polluted environment, dominated by fossil fuel combustion, using5

a mesoscale model and constructed a simple parameterization of ageing rates depen-
dent on time of day and altitude. Riemer et al. (2004) found that the ageing was most
efficient during daylight hours when condensation of sulphuric acid and ammonium ni-
trate dominates. Ageing of soot was slower at low altitudes (close to the sources) than
above the source region. In the EMEP model, the timescale (e-folding time) for EC10

ageing is 8 h (rate 3.5×10−5 s−1) for the three lowest model levels (up to ∼ 300 m).
At higher altitudes ageing is more rapid with a lifetime of 2 h for the fresh EC. During
the dark hours (sun below the horizon) the EC ageing rate is low, 9.2×10−6 s−1, corre-
sponding to a lifetime of 30 h. This rate is also based on Riemer et al. (2004) and it is
due to ageing by coagulation (condensation was not effective during night in the model15

used by Riemer et al., 2004).
In contrast to the anthropogenic emissions, all of the EC emitted from open biomass

fires is treated as hygroscopic, already at the point of emission, in the standard version
of the EMEP model.

In the present study, model runs using the standard assumption of aging will be re-20

ferred to as STD. Since the EC ageing parameterisation is very simplified (and based
on a model study of ageing in polluted conditions) we also include two sensitivity tests
regarding the EC ageing. In the first case (FRESH) all atmospheric ageing of EC is ne-
glected and 100 % of the emissions are assumed to be hydrophobic (including the open
biomass fire EC). The FRESH model will lead to more efficient long-range transport of25

EC than the standard model version. It gives a maximum estimate of EC.
In the second test (AGED) all EC is treated as hygroscopic already at the point

of emission. We expect that the AGED model overestimates the water affinity of EC
originating from, e.g. diesel combustion (e.g. Weingartner et al., 1997; Tritscher et al.,
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2011) but perhaps can be more realistic for EC from wood burning where salts are
co-emitted with the EC making them less hydrophobic (Engelhart et al., 2012).

3 Results and discussion

3.1 EC and BC

We find large differences between EC and BC for most of the stations investigated5

in this study (Fig. 2). All BC data were normalized with EC data from the same sta-
tion to produce EC equivalent BC values, BCe, using site specific MACe values. The
correlation between the two measurement techniques varied between the stations (Ta-
ble 2). Furthermore, the MACe(550 nm) values varied from 5.5 (Melpitz) to 45.9 m2 g−1

(Hyytiälä), which was more than was expected because of the use of different EC10

protocols. However, the Aethalometers at Hyytiälä, Harwell and Mace Head operated
at higher preset MAC values and are expected to be ∼2 times higher due to multi-
ple scattering (Weingartner et al., 2003). MAC values for ambient aerosols have pre-
viously been reported to be between 9 and 12 m2 g−1 (Bond and Bergstrom, 2006
and references therein) or between 2.5 and 26.6 m2 g−1 (Cheng et al., 2011). Cheng15

et al. (2011) give a mean value of 8 m2 g−1 (normalized to 550 nm). For Melpitz, most
of the difference between the MACe(550 nm) value (5.5 m2 g−1) and the expected value
(∼ 10 m2 g−1) can be traced to the EC method used which overestimates EC and thus
gives a lower MACe value.

The data in Fig. 2 and Table 2 show that comparison of BC data from different sta-20

tions, calculated using the same MAC value for all sites, is not meaningful. The differ-
ences between the station specific MACe values are larger than the differences that
would be expected because of uncertainties in the EC measurements. Based on these
results, optical methods seem inappropriate for determining ambient EC mass without
a secondary method validating the measurement.25

9065

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/9051/2013/acpd-13-9051-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/9051/2013/acpd-13-9051-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 9051–9105, 2013

Light absorbing
carbon in Europe

J. Genberg et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.2 EC model results

The calculated six-year mean surface level EC concentration for 2005–2010 is shown in
Fig. 3a. The highest modelled EC-concentrations are found in urban and industrialised
areas. In densely populated parts of Western and Central Europe the mean concen-
tration of EC generally range from 0.3–1.2 µgm−3 (or somewhat higher in emission5

hotspots). Three of the sites covered in the present study (Melpitz, Overtoom and Har-
well) have relatively high EC-concentrations (0.5–1.7 µgm−3, obs. mean conc.) while
the other sites are located in cleaner regions (mean obs. EC, 0.1–0.25 µgm−3). Fossil
sources dominate the modelled surface level EC (more than 70 % in most countries,
see Fig. 3b) but residential wood combustion contributes substantially in some coun-10

tries (e.g. France, Austria, Norway, Finland, Latvia and Romania), where 30–50 %, or
more, of the EC come from RWC (Fig. 3c). The calculated contribution to near ground
EC from open biomass fires is relatively low (<10 % as six-year mean) except in parts
of the Ukraine and southern Russia, where it is above 10 % (Fig. 3d).

3.3 Model and measurement comparison15

When comparing model EC concentrations (or any air pollutant) to measurements it
is important to remember that the model results represent grid point average concen-
trations (50 km×50 km×90 m, in this study), which limits the ability to reproduce local
concentration gradients.

There are many other factors that can also contribute to model-measurement dis-20

agreement. The main (model) factors are (i) emission amounts and distribution, (ii)
model transport (wind directions and strength), (iii) vertical dispersion, too much or too
little, (iv) wet and dry deposition, and (v) time-variation of emissions. Points (ii) and
(iii) are the same for different pollutants (but vary with location) and, to address these
factors, we have included a comparison of modelled NO2 concentrations to measure-25

ments at six of the sites in this study. Emissions and deposition are expected to be
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better known for NOx than for EC so if the model works well for NO2 at a given site it is
likely that points (ii) and (iii) are relatively well modelled.

Results from the NO2 evaluation are given in Table S1. The model performs rather
well for Harwell, Hyytiälä, Melpitz and Vavihill with small (average) bias (within 22 % of
the measured conc.) and fairly good correlation (r ranging from 0.71 to 0.83, for daily5

averages). For Aspvreten NO2 is overestimated by 43 % and the correlation is a bit
lower (r =0.61). The results for Birkenes are worse, with an average bias of 89 % and
moderate correlation (r =0.64). The good performance for Harwell, Hyytiälä, Melpitz
and Vavihill indicates that the model works rather well with respect to points (ii) and
(iii) at these sites. For Aspvreten and (especially) Birkenes this is less certain and this10

should be kept in mind when analysing the model performance for EC.
Model simulated EC was compared to measurements of EC (Figs. 4–6 and Table

S2a; detailed time series plots are shown in the Supplement) and BCe (Fig. 7 and
Table S2b). In this section, we discuss model results using the standard model version
(STD), with the most updated emission inventories (TNO new RWC). Sensitivity tests15

with the EUCAARI emission inventory for residential wood combustion and alternative
assumptions regarding the hygroscopicity and ageing of EC are presented in Sects. 3.4
and 3.6, respectively.

For EC the model bias is relatively low at most stations, within ±20 %, except for
Melpitz (−69 %) and Vavihill (+66 %) (see below). The correlation coefficients, r , be-20

tween modelled and measured EC, range from 0.45 at Harwell to 0.91 at Mace Head
(Table S2a; note that Mace Head has only nine EC measurements).

The largest model bias (−0.98 µgm−3) is found at Melpitz. The mean absolute error
(MAE) for EC2.5 at this site is 0.99 µgm−3 (70 %). The largest absolute differences are
found for the winter samples (Fig. 5e). However, the relative differences between model25

and measurements are largest in the summer, where a factor of 4 to 8 difference is not
uncommon. As can be seen in Fig. 4e and S1 many of the measurements are between
2 and 10 times higher than calculated by the model. The same problems are seen
when comparing model results to BCe (Fig. 7f). Similar results were found in an earlier
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EC modelling comparison, using the CTM2-model, where observed EC at Melpitz was
a factor of 2 to 9 higher than the model EC (Skeie et al., 2011). Stern et al. (2008)
compared five different chemical transport models to observations from Northern Ger-
many during highly polluted conditions. None of the models could reproduce the very
high EC concentrations observed at Melpitz during February–March 2003. For other5

air pollutants, such as NO2, SO2, NO3 and SO2−
4 , model results were much better than

for EC. Stern et al. (2008), suggested that the large underestimations of EC may be an
indication that emissions in the Central European region were underestimated during
these episodes.

To a minor extent the differences between the observations and model results for10

Melpitz are due to the EC measurement technique used (without charring correction,
see Yttri et al., 2011a). This affects BCe values as well through the station specific
MACe. However, this should not lead to discrepancies as large as those found here. An
earlier comparison between VDI and TOA shows that the difference for urban samples
should not be greater than a factor of two (Schmid et al., 2001).15

There can be several other explanations for the poor agreement between the mod-
elled EC concentrations and the measurements at Melpitz. Either some emission
sources are severely underestimated in the emission inventories or the site is in-
fluenced by relatively local (on a 50 km×50 km scale) emission sources and/or fre-
quent inversions leading to concentrations that are not representative of a relatively20

coarse model resolution. Local combustion sources (e.g. wood stoves) can be detected
(Spindler et al., 2012). However, the population density is relatively low around Melpitz
so the importance of this source is expected to be low and it should not be important
during summer. A long-term study of the influence of long range transport from the
east and west to Melpitz has shown that easterly wind conditions, especially during25

winter, lead to higher total PM10 and higher EC concentrations than westerly winds
(Spindler et al., 2012). However, westerly wind conditions are much more frequent,
about 60 % of the time the wind direction is south-westerly, compared to 17 % for east-
erly winds (Spindler et al., 2012). It is notable that 62 % of the EC2.5 measurements
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are underestimated by more than 40 %. In contrast NO2 results are fairly well modelled
for Melpitz (model mean bias 5 %, r =0.71, see Table S1). This means that, unless
there are local EC emissions influencing the measurements, part of the reason for the
too low model EC is likely to be underestimation of larger scale EC emissions to the
(south) west of Melpitz.5

For Vavihill (Figs. 4g, 5g, S2) the model generally overestimates EC-concentrations
compared to measurements. This is probably partly due to systematic error in the EC
measurements. EC results from the Lund University DRI carbon analyser were about
20 % lower compared to the mean of other European analysers in several intercompar-
isons within EUSAAR (results to be published). However, the model bias in the present10

study (+66 %) is larger than the expected error. In addition the correlation between the
modelled and measured EC is rather low (r =0.54). The model results for NO2 are
much better (bias +22 %, r =0.74). This may indicate that EC emissions from some
sources that occasionally affect Vavihill are overestimated in the emission inventories
used in the model.15

For Aspvreten (Figs. 4a, 5a, S3), model results are in better agreement with ob-
served EC for 2008–2009 than for 2010. During 2010 there are a handful of high EC
measurements (1–1.8 µgm−3). The observed EC is two to six times higher than the
modelled concentrations for those events. The EC-peaks occur in winter, spring and
autumn and they are not correlated with especially high observed NO2 concentrations.20

The sources of these high peaks are unknown but most of them are correlated with
small model peaks of EC from fossil sources, or from RWC, so it is possible that some
of these emissions are underestimated; alternatively, some local EC emissions may
have influenced the site during those days.

Model results for EC2.5 at Birkenes (Figs. 4b, 5b, S4) are actually better than the25

results for NO2 at this site. The model bias for EC2.5 is −12 % and the correlation
between model and measurements is reasonably good (r =0.71). The Birkenes results
are discussed in more detail in Sect. 3.5.
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At Mace Head the model calculated EC is in good agreement with the limited number
of EC measurements available (Fig. S5). The optically measured BCe is, however,
underestimated most of the time. Frequently the relative underestimation is large; about
5 % of the hourly BCe measurements are underestimated by a factor of 10 or more. No
seasonal trend could be seen for the difference between BCe and modelled EC at5

Mace Head as these events occur all year round. The bulge of BCe measurements
between 0.01 and 0.1 µgm−3, which are underestimated by the model (Fig. 7e), is
also seen when comparing the Aethalometer data with MAAP measurements from
Mace Head. These episodes coincided with high amounts of sea salt and high humidity
which probably explain the irregular behaviour of the Aethalometer.10

Harwell (Figs. 4c, 5c, S6) has the lowest correlation between modelled and mea-
sured EC of all the sites (r =0.45). The anomalous EC results at Harwell are due to
some very high observed values (5–13 µgm−3) during the first four months of the mea-
surement period (see Fig. S6); these are not seen in the model. If the first 95 data points
(out of a total of 672) are excluded, the model EC10(EC in PM10) is fairly well correlated15

with the observations (r =0.69) and the average bias is low (−0.1 %). The measure-
ment data from Harwell contains a large number of very low or zero-measurements;
about 30 % of the daily data are below 0.04 µgm−3. These points suggest an error in
the measurements. The BCe measurements (Fig. 7c) are much higher than modelled
values at Harwell, and also higher than the measured EC data. This can be explained20

by the limited overlapping measurements (two months) of EC and BC. In fact, the model
EC agree better with Harwell’s unconverted BC values than with the EC normalised
BCe values.

For all stations except Harwell, the correlation coefficients between model results
and measurements are lower for BCe (hourly data, r in the range 0.17 (Aspvreten) to25

0.68 (Hyytiälä)) than for EC (daily or longer sampling time, r from 0.45 (Harwell) to 0.91
(Mace Head)). The largest differences in correlation coefficients are found at Aspvreten
(rBCe =0.17, rEC10 =0.63) and Birkenes (rBCe =0.34, rEC10 =0.76). Lower correlation
for BCe is not unexpected since the model emissions are based on EC rather than
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BC and the assumption of a single, constant MACe value for each station is clearly
a simplification. In reality, the optical properties of the EC-containing particles vary for
different sources and change depending on atmospheric processing. The overall lower
correlation for BCe is partly due to the high time resolution of the measurements. Com-
paring daily averages of observed BCe to the corresponding model EC leads to higher5

correlation coefficients than for the comparison of hourly values. At four of six sites
(Harwell, Hyytiälä, Melpitz and Vavihill) the model results are even better correlated
with BCe(daily) than with the measured EC.

3.4 Residential wood combustion – revised emission inventory

The EC/OC emission inventory by Denier van der Gon et al. (2009), prepared as part10

of the EUCAARI project (Kulmala et al., 2011), was a significant improvement com-
pared to earlier European inventories in terms of spatial resolution of such emissions
(∼7×7 km) and provided a more recent base year (2005, instead of 1995 from Schaap
et al., 2004). It also included a revised estimate of the wood use for residential heating.

The EUCAARI EC/OC inventory was constructed by starting from a consistent15

PM10 and PM2.5 inventory, based on the IIASA GAINS model (http://gains.iiasa.ac.
at/models/). A review of wood use activity data was done. This combined statistics
and usage data from various sources, looking at wood availability within countries, and
grouping countries according to climate, wood availability and wood stove technological
development. When usage data were missing for a particular country, the technology20

combinations were estimated based on the country group average. Over the entire
UNECE-Europe domain this increased the estimated annual wood use by approxi-
mately 20 %. Next, an extensive literature review was done to obtain and/or compile
representative PM fractions of EC and OC for every relevant source/technology com-
bination. The PM inventory used as a base to estimate the EC and OC emissions25

was partly based on country-specific emission factors through the country consultation
process coordinated by IIASA. The total EC2.5 emissions in UNECE-Europe in 2005
were 622 kt according to the EUCAARI inventory. Contributions from different sources
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are shown in Fig. 8; road transport, other mobile sources and machinery, and residen-
tial combustion dominate, with more than 3/4 of the emission total. Residential wood
combustion was estimated to contribute about 12 % to the total EC2.5 emissions.

Since the EUCAARI effort focussed on obtaining the most representative EC and
OC fractions, the absolute total PM emissions from RWC remained unchanged except5

for countries where a correction was done on the activity data. Although not realized
at the time of the construction of the EUCAARI EC/OC inventory, this procedure in-
troduced an artefact into the EC and OC estimates that can be best explained with
the Scandinavian countries, where different measurement protocols were used to esti-
mate PM emissions from RWC. The Norwegian measurement protocol includes dilution10

and cooling, resulting in relatively large PM emissions because contributions from all
condensable organics are included. The Swedish protocol does not involve dilution and
cooling, resulting in relatively low PM emissions because all solid particles are included
but very little of the condensable organics are captured. Both measurement protocols
are valid, however, they are incomparable and could be considered as being at the ex-15

treme ends of what could be defined as a representative measurement; one tailored to
include as much condensable fractions as possible, the other to measure almost only
solid particles. Now when we apply a fixed EC/OC fraction to the PM emissions from
both countries, the result will be a large overestimation of EC in Norway because the
PM included a large share of condensable organics. In the case of Sweden EC will20

be underestimated because the PM consisted mainly of solid particles to start with.
So measurement protocol specific EC/OC fractions would be needed. If available, this
would result in comparable EC data. It would not generate comparable condensable
PM fractions as we cannot derive something that was not measured in the first place
(there are no condensable organics in the Swedish protocol).25

We also note that comparisons of model calculations, using the EUCAARI EC/OC
emissions, and observations, including source-apportionment data, (e.g. Bergström
et al., 2012; Genberg et al., 2011) have indicated that the inventory probably
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underestimates organic aerosol emissions from residential wood combustion substan-
tially in large parts of Europe.

As a consequence of these findings, Denier van der Gon et al., (2013) created
a bottom-up RWC emission inventory to get fully consistent and comparable data for
different countries. A detailed description of the new inventory is given by Denier van5

der Gon et al., (2013), including evaluation of impacts on modelling of organic aerosol.
Here we focus on the impact on EC emissions.

For most countries the EC emissions do not change as dramatically as the OC emis-
sions in the new inventory. Total European EC2.5 emissions from residential wood com-
bustion are approximately 26 % higher in the new inventory compared to the EUCAARI10

emissions. This leads to about 5 % higher total anthropogenic EC2.5 emissions in Eu-
rope with the new inventory. This is a relatively small change but there are large dif-
ferences between different countries. Moreover, the impact will be more pronounced
during winter time. Some of the largest changes occur in Norway where the revised
wood burning EC emissions in the new inventory are only about 1/3 of the EUCAARI15

inventory, which leads to substantially lower total EC2.5 emissions in Norway in the up-
dated inventory (−46 %). For neighbouring Sweden and Finland the new inventory has
higher total EC2.5 emissions than the EUCAARI inventory (+14 % and +31 %, respec-
tively). The total EC2.5 emissions in the Nordic countries, from RWC and other sources,
with the two different inventories, are shown in Fig. 9.20

The difference in model EC-output depending on the choice of inventory is illus-
trated in Figs. 10 and 11. For most areas, the new inventory gives similar modelled
EC concentrations as the EUCAARI inventory. Relatively large EC increases (>20 %
as 6 yr-average) are seen in Austria and large parts of Romania. For Norway and Den-
mark modelled EC decreases with the new inventory; in parts of Norway, modelled total25

EC10 is reduced by more than 30 %.
Only the residential wood burning emissions are different in the two inventories and

this means that the effect of the choice of inventory is largest in the winter samples
(for an illustration of the monthly variation of the EC emissions in the Scandinavian
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countries see Fig. S9). For all sites investigated except the Norwegian site Birkenes,
the new RWC inventory increases the modelled EC concentrations. For example, at
Melpitz the new inventory leads to a median EC increase of 0.4 µgm−3 or 8 % in the
winter samples. At Birkenes, the effect of the RWC inventory is a mean decrease of
30–50 % in wintertime EC concentration. For all stations the two different inventories5

give essentially identical modelled EC concentrations during summer.
As presented in Fig. 11 (and Tables S3a and S3b), model calculations using the

new inventory gives similar results for total EC as corresponding calculations using
the EUCAARI emissions. One reason for this is that in most of Europe the dominating
source of EC is fossil fuel use. Another is that for most countries the EC emission10

estimates were similar in the two inventories. For emissions of organic aerosol the
differences between the two inventories are much larger (Denier van der Gon et al.,
2013).

Although the total EC was similar for both emission inventories, larger differences
can be seen when regarding only the EC originating from biomass burning (ECbb, in-15

cluding EC from both residential wood fuel combustion and open biomass fires). In
Fig. 12 model calculated EC from wood burning is compared to available source ap-
portionment data for five Scandinavian stations (10–90th percentiles, from source ap-
portionment based on tracers of wood burning emissions). For the two Norwegian sites
Hurdal (rural) and Oslo (urban background) the new RWC inventory gives substantially20

lower ECbb than the EUCAARI inventory. The results are in much better agreement
with the observations with the new inventory, especially for the rural site.

For the three Swedish sites, the new RWC inventory leads to small increases in ECbb
and better agreement with the observations at the rural sites Råö and Vavihill. For
Vavihill the increase in ECbb is relatively small. However, Vavihill is located in southern25

Sweden and because of the dominating south-westerly winds influenced by Danish
emissions (which decreased with TNO new RWC).
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3.5 EC from vegetation fires (agricultural and wildfires)

The modelled long-term average contribution to EC10 from open-burning wildfires and
agricultural fires to surface level concentrations of EC is below 3 % at all the mea-
surement sites included in this study (Fig. 3d). In the following we denote this source
vegetation fires (and ECvegfire). At the three westernmost stations (Mace Head, Harwell5

and Overtoom) and Vavihill no significant ECvegfire peaks are seen in the model results,
during the periods with EC measurements at the respective station.

For Aspvreten (Fig. S3) there are a few occasions with vegetation fire contributions to
model EC10 but the modelled ECvegfire concentrations are very low (the largest ECvegfire

peak is ca 0.1 µgm−3, the rest are below 0.05 µgm−3) and it is hard to draw any con-10

clusions regarding the emission estimates from a comparison of these “episodes” with
observed EC10. There are five observed EC10 peaks during 2010 that are substantially
underestimated by the model and some of these could possibly be due to missing veg-
etation fire emissions but as discussed in Sect. 3.3 other sources are perhaps more
likely.15

For Hyytiälä at least three observed EC1 peaks (EC in particles with an aerody-
namic diameter less than 1 µm) are clearly underestimated by the model (Fig. S7). The
largest observed EC peak (1.5 µgm−3, underestimated by a factor of three), occurs in
the end of March 2007. From the model results it seems to include substantial con-
tributions from vegetation fires, RWC and fossil sources. The peak is relatively broad,20

with elevated EC-concentrations for about a week. The model ECvegfire correlates best
with the observations with a maximum on 29 March. The anthropogenic sources peak
the day before. This could indicate that the ECvegfire is underestimated rather much at
Hyytiälä, at least near the end of this episode, potentially making up a substantial part
of the missing EC.25

Saarnio et al. (2010) measured levoglucosan (and other monosaccharide anhy-
drides) at Hyytiälä during the period 28 March–27 April 2007. This means that the
measurements started in the middle of the major EC peak at the station. In Fig. 13 the
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measured levoglucosan concentrations are compared to the modelled EC from non-
fossil sources (RWC + vegetation fires, i.e. ECbb). Levoglucosan concentrations are
shown as an interval where the concentrations are multiplied with 0.3 and 5.6 to be
comparable with ECbb (Genberg et al., 2011). The first observed levoglucosan peak
confirms the model result that there are large contributions from wood fires during the5

largest EC-episode. This is also corroborated by an increased Ångström coefficient. At
the time of the first levoglucosan sampling, the model overestimated the wood burning
contribution to EC (at least when using the updated RWC emission inventory) but for
the following two days the ECbb tends to be underestimated. However, the underesti-
mation in total EC is much larger than the underestimation of ECbb so there must also10

be a substantial model underestimation of fossil EC for this period. In fact, the ECfossil
is likely more underestimated than the ECbb (ECfossil is underestimated by at least 0.4
to 0.5 µgm−3 and ECbb by max 0.2 to 0.3 µgm−3, as averages for the three-days with
peak observations).

Apart from these first three levoglucosan samples the model performed relatively15

well compared to the observations, with one major exception: on the 7 April 2007 a high
levoglucosan concentration (79 ngm−3) was observed but the model results show very
low ECbb concentrations. At the same time, the Ångström coefficient increased, in-
dicating an increased contribution from biomass burning, although the observed BC
concentration was low. This could indicate a vegetation fire that was not included in20

the emission inventory but since the 7 April 2007 was the Easter Saturday it is more
likely that the peak was due to local/nearby burning, either traditional Easter Fires or
other residential combustion (e.g. sauna stoves). The following two samples (8 and 9
April) also showed elevated levoglucosan levels, which the model captured at least to
some degree but there is no ECvegfire in the model during this period so all model ECbb25

comes from RWC.
The only other significant modelled vegetation fire peak at Hyytiälä (during the EC

measurement period) occurred on 13 August 2007, which also corresponded to a minor
peak in the observed EC1. The model underestimates the observed EC by 26 % (unless
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EC ageing is turned off) but we cannot determine if this is due to underestimation of
the fossil or vegetation fire EC or both.

For Melpitz (Fig. S1), even the highest model ECvegfire concentrations (0.2–

0.9 µgm−3) are low compared to the very high observed total EC. Most of the time,
the modelled fossil EC is much higher than the ECvegfire component making evalua-5

tion of the vegetation fire emissions difficult. Nevertheless, there is one very interesting
ECvegfire peak at Melpitz 5–9 May 2006. This was the result of agricultural fires in east-
ern Europe (Stohl et al., 2007). Model ECvegfire peaks on 6 May with approximately

0.9 µgm−3. The modelled fossil EC2.5 at the same day is below 0.3 µgm−3 and RWC
is insignificant. The observed EC2.5 is very high (9 µgm−3); the model underestimates10

EC2.5 by a factor of seven. For a single episode though, it is not possible to distinguish
where problems are due to underestimated fire emissions or the modelled dispersion.
Even the long term average EC2.5 is underestimated by more than a factor of three at
Melpitz, which indicates severe problems also with the fossil sources (as discussed in
Sect. 3.3). A similar episode with potential large impact from vegetation fires occurred15

on 1–2 April 2007 when observed EC2.5 peaked at 6.7 µgm−3; the model underesti-
mates this by 90 % and the peak coincides with a vegetation fire episode in the model.

At Birkenes (Fig. S4) there are four observed EC peaks that correspond to simulta-
neous modelled ECvegfire peaks during the period 2005–2010. The highest modelled
ECvegfire is found during the period 26 April–15 May 2006 with a peak value of about20

0.2 µgECm−3, as an average for the 6-day sampling period 3–8 May. This is the same
agricultural fire episode as was observed at Melpitz. Interestingly, the modelled total
EC2.5 is in good agreement with the observations from the middle of March until the
middle of July 2006, with only a few marked exceptions when the model over-predicts
EC severely because of too high modelled fossil EC. Thus, some fossil EC source(s)25

seem clearly overestimated in the model. The modelled EC peak on 26 September
2006 also contains some ECvegfire but even more fossil EC and the total EC is overes-
timated also for this period.
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The largest total EC2.5 peak (11 October 2005) is underestimated by approximately
25 % by the model. All model components peak at the same time (fossil, RWC and
vegetation fires) so with only EC observations it is impossible to determine which of
the emission sources is most likely underestimated.

The second highest observed EC peak occurs over a somewhat longer time period,5

21 March–3 April 2007, (three EC-samples). This peak is clearly underestimated by
the model except for the first 6-days sample. The first sample is dominated by ECvegfire
in the model, while fossil EC is the most abundant fraction in the following two periods.
This could be an indication that the fossil EC emissions are underestimated or that this
particular open fire event is of too short duration in the emission inventory or that there10

are too large deposition losses in the model.
There is a limited number of obvious vegetation fire events at the sites included in

the present study (during the EC measurement periods) and the modelled contribution
to EC from this source is usually relatively small, compared to EC from other sources.
It is not possible to determine if it is more realistic to treat the ECvegfire emissions15

as hydrophilic or hydrophobic based on the results from this study; the difference in
modelled EC between the two alternatives is often very small.

3.6 Modelled ageing of EC

Three different assumptions regarding the atmospheric ageing and wet deposition of
EC were compared, FRESH (all EC hydrophobic), STD (standard ageing assumptions)20

and AGED (all EC considered internally mixed and hygroscopic when emitted). The
new RWC emissions were used for all three ageing scenarios.

Assuming all EC as hydrophobic (FRESH) leads to higher EC concentrations all over
Europe (Fig. S10). The absolute difference is largest in the high-emission areas but the
relative importance of the ageing is largest at remote locations where the EC is mainly25

due to long range transport.
Comparing modelled EC to observations (Fig. 6, Tables S2a, S2b) shows that the

FRESH model overestimates EC at most of the more remote locations, as expected.
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For Melpitz and Harwell the model underestimates EC even without ageing, which
may indicate underestimated emissions or (relatively) local emissions influencing the
measurements, making them unrepresentative on the 50 km×50 km grid resolution
of the model. For the EC comparison the correlation coefficients are similar with the
different ageing schemes (see Table S2a).5

Differences between the AGED and STD model version were very small; similar to
what was found by Tsyro et al. (2007). This is due to the relatively rapid ageing rate
used in the model. For most sites the bias, MAE and correlation were slightly better
with the STD model compared to the AGED version.

4 Conclusions10

The EMEP MSC-W model is an important tool for policy makers. Thus it is essential to
know how well the model can reproduce the measured concentrations of different air
pollutants. This study shows that the combination of the EMEP model with recently de-
veloped emission inventories for EC in Europe performs generally well when compared
to measurements of (long term average) EC concentrations at regional background15

sites in the northern part of Europe.
In the present study, EC and BC are measured using eight different methods or

protocols which induce uncertainties into the analysis. To some extent, the variations
observed are probably due to differences between the measurement techniques. One
example is the VDI method, used at Melpitz, which provides higher EC concentrations20

compared to the thermal-optical methods. This propagates into the site specific mass
absorption cross section (MACe) values as well. Harmonizing the measurement tech-
niques for both EC and BC is an important step in order to obtain comparable results
for these variables across Europe.

To make the comparison between EC and BC less method dependent, the BC val-25

ues were normalised with simultaneous EC measurements. This method was fairly
successful for most stations but the correction factors varied a lot between the different
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stations and the station specific MACe values varied from 5.5 to 46 m2 g−1. Clearly,
correcting BC data from different stations using the same MAC values for all sites is
not meaningful. Although having advantages in terms of high temporal resolution, the
results presented here suggest that optical methods are inappropriate for determin-
ing ambient EC mass without a secondary method validating the measurement. This5

makes such data difficult to use for chemical transport model evaluations.
Residential wood combustion is an important source of EC in large parts of Europe.

The new emission inventory for EC from RWC, presented in this study improved model
results, compared to the EUCAARI inventory, for source apportioned EC from wood
burning, for all stations investigated. The present study investigated a limited set of10

stations in Sweden, Norway and Finland and further comparisons are needed to fully
evaluate the performance over other European regions. Noteworthy is that the new
RWC emission inventory leads to a substantial improvement in the modelled EC from
wood burning in Norway, which is the country with the largest change in emissions
compared to the earlier estimates.15

Open biomass burning is an important source of EC in the atmosphere during fire
episodes. For the sites included in this study (located in Northern/Western/Central Eu-
rope) the long-term average modelled contributions from open biomass fires to ground
level concentrations of EC is, however, very small (<3 % of the model total EC10). A few
open biomass fire episodes were detected at some of the sites but, due to the limited20

availability of source-apportionment data (tracers of wood burning) and the compara-
bly large emissions of fossil EC often affecting the sites at the same time as the fire
episodes, it is very difficult to determine how well the ECvegfire is modelled. For some
of the episodes the modelled ECvegfire is likely underestimated, which may indicate
some problems with emissions during these fires (underestimated emissions or over-25

estimated effective emission heights) or too efficient scavenging of the ECvegfire in the
model.

Evaluation of model results is however difficult, due to limited and uncertain source
apportionments of biomass burning related particles. The use of levoglucosan could
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be complemented by other analyses such as 14C measurements on EC, and mea-
surements of potassium. More observations of tracers of wood burning are needed in
order to test and improve both EC models and emission inventories for RWC and open
biomass burning.

We have examined the sensitivity of the model to assumptions concerning the trans-5

formation of initially hydrophobic EC to hydrophilic particles, as the latter can be effi-
ciently scavenged by precipitation. Treating EC as hydrophobic, with no ageing, leads
to too high EC concentrations at most sites. The ageing parameterisation used in the
EMEP model leads to better agreement for average EC concentrations, at least for
the less polluted sites. Although it is difficult to draw firm conclusions regarding the10

ageing rates based on the data presented in the present study we find that results for
the majority of sites studied here indicate that the ageing scheme may lead to too rapid
ageing of EC. The scheme was originally constructed to simulate EC ageing in polluted
environments and it may be less realistic for cleaner parts of Europe.

Supplementary material related to this article is available online at:15

http://www.atmos-chem-phys-discuss.net/13/9051/2013/
acpd-13-9051-2013-supplement.pdf.
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Saarnio, K., Teinilä, K., Aurela, M., Timonen, H., and Hillamo, R.: High-performance anion-

exchange chromatography–mass spectrometry method for determination of levoglucosan,
mannosan, and galactosan in atmospheric fine particulate matter, Anal. Bioanal. Chem.,
398, 2253–2264, 2010.25

Schaap, M., Denier van der Gon, H. A. C., Dentener, F. J., Visschedijk, A. J. H., Van Loon, M.,
ten Brink, H. M., Putaud, J.-P., Guillaume, B., Liousse, C., and Builtjes, P. J. H.: Anthropogenic
black carbon and fine aerosol distribution over Europe, J. Geophys. Res., 109, D18207,
doi:10.1029/2003JD004330, 2004.

Schmid, H., Laskus, L., Abraham, H. J., Baltensperger, U., Lavanchy, V., Bizjak, M., Burba, P.,30

Cachier, H., Crow, D., Chow, J., Gnauk, T., Even, A., ten Brink, H. M., Giesen, K. P., Hitzen-
berger, R., Hueglin, C., Maenhaut, W., Pio, C., Carvalho, A., Putaud, J. P., Toom-Sauntry, D.,
and Puxbaum, H.: Results of the “carbon conference” international aerosol carbon round

9086

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/9051/2013/acpd-13-9051-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/9051/2013/acpd-13-9051-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/0960-1686(93)90246-U
http://dx.doi.org/10.1080/02786826.2012.663948
http://dx.doi.org/10.1016/j.atmosenv.2012.06.066
http://dx.doi.org/10.1016/j.jaerosci.2003.09.005
http://dx.doi.org/10.5194/acp-4-1885-2004
http://dx.doi.org/10.1016/j.atmosenv.2012.07.036
http://dx.doi.org/10.1029/2003JD004330


ACPD
13, 9051–9105, 2013

Light absorbing
carbon in Europe

J. Genberg et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

robin test stage I, Atmos. Environ, 35, 2111–2121, doi:10.1016/S1352-2310(00)00493-3,
2001.

Simpson, D., Butterbach-Bahl, K., Fagerli, H., Kesik, M., Skiba, U., and Tang, S.: Deposition and
emissions of reactive nitrogen over European forests: a modelling study, Atmos. Environ, 40,
5712–5726, doi:10.1016/j.atmosenv.2006.04.063, 2006.5

Simpson, D., Yttri, K. E., Klimont, Z., Kupiainen, K., Caseiro, A., Gelencsér, A., Pio, C.,
Puxbaum, H., and Legrand, M.: Modeling carbonaceous aerosol over Europe: analy-
sis of the CARBOSOL and EMEP EC/OC campaigns, J. Geophys. Res., 112, D23S14,
doi:10.1029/2006JD008158, 2007.

Simpson, D., Benedictow, A., Berge, H., Bergström, R., Emberson, L. D., Fagerli, H.,10

Flechard, C. R., Hayman, G. D., Gauss, M., Jonson, J. E., Jenkin, M. E., Nyı́ri, A., Richter, C.,
Semeena, V. S., Tsyro, S., Tuovinen, J.-P., Valdebenito, Á., and Wind, P.: The EMEP MSC-
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Tritscher, T., Jurányi, Z., Martin, M., Chirico, R., Gysel, M., Heringa, M. F., DeCarlo, P. F.,
Sierau, B., Prévôt, A. S. H., Weingartner, E., and Baltensperger, U.: Changes of hygro-
scopicity and morphology during ageing of diesel soot, Environ. Res. Lett, 6, 034026,25

doi:10.1088/1748-9326/6/3/034026, 2011.
Tsyro, S., Simpson, D., Tarrasón, L., Klimont, Z., Kupiainen, K., Pio, C., and Yt-

tri, K. E.: Modeling of elemental carbon over Europe, J. Geophys. Res., 112, D23S19,
doi:10.1029/2006jd008164, 2007.

VDI2465-2: Measurement of soot (Ambient Air) – Thermographical determination of elemental30

carbon after thermal desorption of organic carbon, Technical Division Environmental Mea-
surement Technologies, VDI 2465/2, in: VDI/DIN manual Air Pollution Pre-vention Volume 4:
Analysis and Measurement Methods, Beuth, Berlin, Germany, 1999.

9088

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/9051/2013/acpd-13-9051-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/9051/2013/acpd-13-9051-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/j.atmosenv.2008.01.068
http://dx.doi.org/10.5194/acp-7-511-2007
http://dx.doi.org/10.5194/acp-9-1521-2009
http://dx.doi.org/10.1016/j.atmosenv.2004.08.027
http://dx.doi.org/10.1088/1748-9326/6/3/034026
http://dx.doi.org/10.1029/2006jd008164


ACPD
13, 9051–9105, 2013

Light absorbing
carbon in Europe

J. Genberg et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Weingartner, E., Burtscher, H., and Baltensperger, U.: Hygroscopic properties of carbon and
diesel soot particles, Atmos. Environ., 31, 2311–2327, doi:10.1016/s1352-2310(97)00023-x,
1997.

Weingartner, E., Saathoff, H., Schnaiter, M., Streit, N., Bitnar, B., and Baltensperger, U.: Ab-
sorption of light by soot particles: determination of the absorption coefficient by means of5

aethalometers, J. Aerosol. Sci, 34, 1445–1463, doi:10.1016/S0021-8502(03)00359-8, 2003.
Wiedinmyer, C., Quayle, B., Geron, C., Belote, A., McKenzie, D., Zhang, X., O’Neill, S., and

Klos Wynne, K.: Estimating emissions from fires in North America for air quality modeling,
Atmos. Environ., 40, 3419–3432, doi:10.1016/j.atmosenv.2006.02.010, 2006.

Wiedinmyer, C., Akagi, S. K., Yokelson, R. J., Emmons, L. K., Al-Saadi, J. A., Orlando, J. J., and10

Soja, A. J.: The Fire INventory from NCAR (FINN): a high resolution global model to estimate
the emissions from open burning, Geosci. Model Dev., 4, 625–641, doi:10.5194/gmd-4-625-
2011, 2011.

Vignati, E., Karl, M., Krol, M., Wilson, J., Stier, P., and Cavalli, F.: Sources of uncertain-
ties in modelling black carbon at the global scale, Atmos. Chem. Phys., 10, 2595–2611,15

doi:10.5194/acp-10-2595-2010, 2010.
Visschedijk, A., Denier van der Gon, H., Droge, R., and van der Brugh, H.: A European high

resolution and size-differentiated emission inventory for elemental and organic carbon for the
year 2005, TNO-034-UT-2009-00688 PT-ML, TNO, Utrecht, the Netherlands, 2009.

Yttri, K. E., Aas, W., Bjerke, A., Cape, J. N., Cavalli, F., Ceburnis, D., Dye, C., Emblico, L., Fac-20

chini, M. C., Forster, C., Hanssen, J. E., Hansson, H. C., Jennings, S. G., Maenhaut, W.,
Putaud, J. P., and Tørseth, K.: Elemental and organic carbon in PM10: a one year measure-
ment campaign within the European Monitoring and Evaluation Programme EMEP, Atmos.
Chem. Phys., 7, 5711–5725, doi:10.5194/acp-7-5711-2007, 2007.

Yttri, K. E., Aas, W., Tørseth, K., Fiebig, M., Fjæraa, A. M., Tsyro, S., Simpson, D.,25
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Table 1. EC and BC measurement techniques and data availability for the stations included in
this work.

Station EC method(s) EC data period EC size
fraction(s)

BC method BC data period

Aspvreten (SE) EUSAAR-2 2008–2010 PM10 PSAP (525 nm) 2008–2010
Birkenes (NO) QUARTZ and EUSAAR-2 2005–2010 PM2.5,10 PSAP (522 nm) 2008–2010
Harwell (GB) QUARTZ 2007–2009 PM10 2 wavelength

Aethalometer
2009–2010

Hyytiälä (FI) EUSAAR-1 2007–2008 PM1 7 wavelength
Aethalometer

2005–2010

Mace Head (IE) EUSAAR-2 2008–2009 PM10 Aethalometer
(880 nm)

2005–2010

Melpitz (DE) VDI-2465, part2 2005–2010 PM2.5,10 MAAP
(670 nm)

2007–2010

Overtoom (NL) NIOSH 2006–2008 PM2.5 – –
Vavihill (SE) EUSAAR-2 2008–2010 PM10 PSAP (520 nm) 2008–2010
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Table 2. Correlation between EC and BC (expressed as r-values) and site specific Mass
Absorption Cross sections (MAC) used in this study to form the EC equivalent BC (BCe). MACe
values were obtained by normalising BC measurements with simultaneously observed EC. The
normalization was done by minimizing the absolute deviation of the BCe from the observed EC
(see text). The MACe values adjusted to 550 nm are also shown. EC in PM10 was used in the
calculations for all stations except Hyytiälä for which EC in PM1 was used.

Station r MAC MACe MACe(550 nm)

Aspvreten 0.52 – 16.3 15.5
Birkenes 0.73 – 25.9 24.6
Harwell 0.60 16.6 (880 nm) 9.14 14.6
Hyytiälä 0.91 28.1 (520 nm) 48.6 45.9
Mace Head 0.94* 16.6 (880 nm) 23.5* 37.6*
Melpitz 0.87 – 4.55 5.5
Vavihill 0.59 – 26.2 24.8

* Only nine EC samples were available for Mace Head and of these only one had more
than 90 % overlapping BC measurements. Five of the samples had over 70 % overlap
and these were used here.
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Fig. 1. Map of North-western and Central Europe and the locations of the eight stations used
in the present study.
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Fig. 2. Scatterplots of measured EC and BC showing data from periods with overlapping ther-
mal and optical measurements. The data shown in these plots were used to calculate the
site-specific MACe values (see Table 2) which are used to convert the optical absorption data
to BCe concentrations. The solid line is the fit and the dotted line is the 1 : 1 line. Note that the
x-axis show BC either provided directly by the Aethalometer, or calculated from the absorption
data using the assumed MAC value 10 m2 g−1. MAE is the mean absolute deviation (in EC)
from the fitted line. Unit: µgm−3.
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Fig. 3. Six-year mean concentration of EC in PM10 (EC10), for 2005–2010, calculated with the
standard model setup and the most recent emission estimates (top left), Unit: µgm−3. Top
right: fossil fuel fraction of EC10 (in % of the total model EC10). Bottom left: residential wood
combustion (RWC) fraction of EC10 (%). Bottom right: fraction of EC10 from open biomass
burning, including wildfires and agricultural fires (%). Note the different scales for the different
maps.
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Fig. 4. Scatterplots of measured and modelled EC (standard model setup, STD) for seven
European measurement stations, (a) Aspvreten EC10, (b) Birkenes EC2.5, (c) Harwell EC10,
(d) Hyytiälä EC1, (e) Melpitz EC2.5, (f) Overtoom EC2.5, (g) Vavihill EC10. The measured EC
are divided into logarithmically spaced concentration bins. Each order of magnitude is divided
into 10 bins. The points represent the median of the model results for each concentration bin
of measured EC. The vertical lines show the range of model results for each bin. Solid lines
represent 1 : 1 lines. Dashed lines represent 2 : 1 and 1 : 2 lines and dotted lines represent 10 : 1
and 1 : 10 lines. Unit: µgm−3.
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Fig. 5. The seasonal variation of the difference between measured and modelled EC (standard
model setup, STD). Boxes show the medians of measured-model EC for each month. Error
bars represent 10th and 90th percentiles. Dashed lines = ±0.5 µgm−3. Note that the error bar
for Melpitz (January) ends outside the y-axis scale (90th percentile =6.75). Unit: µgm−3.
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Fig. 6. Comparison of observed EC to model results from simulations using three different
assumptions regarding the EC hygroscopicity and atmospheric ageing. The diagram shows av-
erage EC concentrations for the periods with measurements: Observed (black), FRESH=Model
with all EC treated as externally mixed and hydrophobic, no ageing (red), STD=Standard model
version, including atmospheric ageing of EC (blue), AGED=Model with all EC treated as hy-
drophilic already at emission (purple); unit µgm−3. Note that data are from different periods for
different stations (see Tables 1 and S2a).
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Fig. 7. Scatterplots of hourly measured BCe and modelled EC10 (STD model version) for seven
European measurement stations, (a) Aspvreten, (b) Birkenes, (c) Harwell, (d) Hyytiälä, (e)
Mace Head, (f) Melpitz, (g) Vavihill. The points represent the median of model results for each
concentration bin of measured BCe. Each order of magnitude is divided into 10 bins. The verti-
cal lines represent all model results for each bin. Solid lines represent 1 : 1 lines. Dashed lines
represent 2 : 1 and 1 : 2 lines and dotted lines represent 10 : 1 and 1 : 10 line. Unit: µgm−3.
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Fig. 8. Relative contribution from different source sectors to emissions of fine particulate el-
emental carbon (EC2.5) in Europe in 2005, as estimated in the emission inventory developed
within the EUCAARI project.
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den) in the two different emission inventories (EUCAARI and TNO new RWC). Emissions from
residential wood combustion are shown in red and the sum of all other sources in black. Unit:
tonnesyr−1.
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Fig. 10. Difference in modelled total EC10 concentrations (six-year mean, 2005–2010) between
a model run using the new residential wood combustion emission inventory (TNO new RWC)
and a run using the EUCAARI emission inventory. Left: the difference in total EC10 [TNO new
RWC – EUCAARI] (unit: µgm−3). Right: the relative difference in total EC10 [(TNO new RWC-
EUCAARI) / (EUCAARI)].
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Fig. 11. Comparison of observed EC and EC equivalent BCe to modelled EC using two differ-
ent emission inventories for residential wood combustion. Data are from different periods for
different stations (see Tables 1 and S3a and S3b). The upper diagram shows average EC or
BCe concentrations during winter half-year periods (November–April): Observed (black), Model
with EUCAARI emissions (orange), Model with TNO new RWC emissions (blue); unit µgm−3.
The lower diagram shows the relative mean absolute error (rMAE) for EUCAARI (orange) and
TNO new RWC (blue); the rMAE is calculated as the MAE divided by the observed mean con-
centrations.
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Fig. 12. Biomass burning EC (ECbb) from winter time source apportionment studies in Scan-
dinavia (Yttri et al., 2011; Szidat et al., 2009; Genberg et al., 2011) compared to model cal-
culations using different emission inventories. Observed ECbb bars represent 10th and 90th
percentiles. Note the logarithmic scale on the y-axis.
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Fig. 13. Levoglucosan concentration and modelled EC from biomass burning (ECbb = EC from
open burning of biomass + EC from residential wood combustion) at Hyytiälä in April 2007.
The levoglucosan concentrations (vertical lines) are scaled by factors of 0.3 to 5.6 to be com-
parable to ECbb (see text). Model ECbb are from two different model setups, one using the
EUCAARI emissions for RWC (squares) and one using the new TNO inventory for RWC (dots).
The model calculated EC from the open burning of biomass is also shown (ECvegfire, red line,

values <0.001 µgm−3 are not shown). Unit: µgm−3.
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