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Abstract. The atmospheric concentration of elemental car- EC measurements and modelled EC were also compared
bon (EC) in Europe during the six-year period 2005-2010to optical measurements of black carbon (BC). The relation-
has been simulated with the EMEP MSC-W model. The ships between EC and BC (as given by mass absorption cross
model bias compared to EC measurements was less thasection, MAC, values) differed widely between the sites, and
20 % for most of the examined sites. The model results sugthe correlation between observed EC and BC is sometimes
gest that fossil fuel combustion is the dominant source of ECpoor, making it difficult to compare results using the two
in most of Europe but that there are important contributionstechniques and limiting the comparability of BC measure-
also from residential wood burning during the cold seasonsaments to model EC results.
and, during certain episodes, also from open biomass burning A new bottom-up emission inventory for carbonaceous
(wildfires and agricultural fires). The modelled contributions aerosol from residential wood combustion has been ap-
from open biomass fires to ground level concentrations of EQplied. For some countries the new inventory has sub-
were small at the sites included in the present study% of stantially different EC emissions compared to earlier esti-
the long-term average of EC in Rl The modelling of this  mates. For northern Europe the most significant changes are
EC source is subject to many uncertainties, and it was likelymuch lower emissions in Norway and higher emissions in
underestimated for some episodes. neighbouring Sweden and Finland. For Norway and Swe-
den, comparisons to source-apportionment data from winter
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campaigns indicate that the new inventory may improveof light-absorbing carbon determined by its light absorption

model-calculated EC from wood burning.

Finally, three different model setups were tested with vari-
able atmospheric lifetimes of EC in order to evaluate the
model sensitivity to the assumptions regarding hygroscop-
icity and atmospheric ageing of EC. The standard ageing
scheme leads to a rapid transformation of the emitted hy-
drophobic EC to hygroscopic particles, and generates simi-
lar results when assuming that all EC is aged at the point of
emission. Assuming hydrophobic 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.

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 fos-
sil fuel burning is estimated to be0.24 0.15W 2 with

a similar effect due to BC from biomass 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), which can be both warming and cool-
ing, and it also affects the surface albedo when deposited on

(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 heat-
ing the sample in an inert atmosphere, leaving only the
EC. Some OC may, however, char and form compounds
which would be detected as EC. The charred organ-
ics 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 either collected on a filter prior
to the analysis, e.g. Particle Soot Absorption Photome-
ter (PSAP; Bond et al., 1999), Aethalometer (Hansen
et al., 1982) and Multi Angle Absorption Photometer
(MAAP; Petzold and Sdinlinner, 2004), or the ab-
sorption 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 to transfer the optically measured light absorption
(in units of nT1) into BC mass (in units of ug ).
Bond and Bergstrom (2006) suggested a MAC value of
7.5nt g1 for fresh BC, and this value should increase
with ageing of BC. However, a wide range of MAC val-
ues (from 2.0 to 25.4 Ag~1) have been obtained (Li-
ousse et al., 1993). Optical measurements typically gen-
erate data at a higher time resolution than filter-based
thermal techniques.

snow and ice covered surfaces (e.g. Hansen and NazarenkBpth optical and thermal measurement techniques are impor-
2004; Hadley and Kirchstetter, 2012). The total RF due totant since they complement each other. Optical methods mea-
BC has recently been estimated to b&.1 W n1 2, with a sure the climate-relevant property of soot while TOA mea-
90 % uncertainty range 0f£0.17 to+2.1Wn12 (Bond et  sures the mass, a quantity which is likely to be related to
al., 2013). the adverse health effects. There are other methods for de-
Soot is also of interest because of its adverse health eftermining light-absorbing and refractory carbon, such as the
fects. Personal exposure to black carbon is associated witBingle Particle Soot Photometer (Stephens et al., 2003) and
oxidative stress in humans (Sgrensen et al., 2003) and witthe Soot Particle Aerosol Mass Spectrometer (Onasch et al.,
exercise-induced ischemia (Lanki et al., 2006). Janssen €012), but none of these were used in the present study.
al. (2011) have recently reviewed epidemiological studies of For chemical transport models, TOA results are of main
evaluated adverse health effects of PM mass and black cainterest since the emission inventories used in the models are
bon particles, BCP (here BCP includes BC, elemental carusually based on EC measurements. Several European mod-
bon (EC) and black smoke). The estimated health effectelling studies of EC or BC have been published. Schaap et
perpg nT3 were found to be substantially higher for BCP al. (2004) performed a one-year simulation of anthropogenic
than for PMg or PMy 5. Another recent review of health ef- BC and fine aerosol (for 1995) with the LOTOS model.
fects of PM and its components (Rohr and Wyzga, 2012) alscComparisons of calculated BC-concentrations to available
pointed out the importance of carbon-containing PM compo-observations from the period 1980s-2001 were interpreted
nents, i.e. both EC and OC (organic carbon). as indicating model underprediction of BC by about a fac-
There is an extensive, and sometimes contradictorytor of 2. The need for better knowledge of emission fac-
nomenclature for various forms of light-absorbing carbon,tors for BC was pointed out. Tsyro et al. (2007) and Simp-
dependent on measurement techniques (see e.g. Bond asdn et al. (2007) performed multi-year simulations (2002—
Bergstrom, 2006; Andreae and Gelegigs2006). In the  2004) with the EMEP MSC-W model (European Monitor-
present study we use the term EC for carbon that does ndhg and Evaluation Programme, Meteorological Synthesiz-
volatilize below a defined temperature and BC for the masdng Centre-West), including both anthropogenic emissions
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and wildfire emissions (with low temporal resolution), and 2 Method

evaluated the model results for EC against two long-term

measurement Campaigns (the CARBOSOL project, Legrand-he EMEP MSC-W model was used to model EC concentra-
and Puxbaum, 2007; and the EMEP EC/OC campaign, Ytdions in Europe for the period 2005-2010. The model results
tri et al., 2007). The model generally overestimated EC atwere compared to measurements of EC and BC at eight sites
the northern measurement sites, especially during winterin Europe, as shown in Fig. 1. Different model assumptions
Emissions from residential wood combustion (RWC) were Were tested to study how ageing of EC in the model influ-
pointed out as especia”y uncertain. Bessagnet et al. (200@”C6d the results. Also, two different emission inventories
modelled carbonaceous aerosol over parts of Europe (excludor residential wood combustion were compared.

ing the northern and eastern parts) for one year (2003), us- ,

ing the Chimere model, and included a more detailed emis2-1 Measurement stations
sion inventory for wildfire emissions with daily time resolu-
tion. Koch et al. (2009) evaluated 17 global models that par-
ticipated in the AeroCom project. Model-calculated annual

Measurement of EC and BC were collected from eight sites
(Fig. 1). The stations were chosen to cover northern, cen-
mean surface BC concentrations (for 2000) were compare(tjr al and y\(estern Europe. Al statlonsj exgept Overtoom,
to surface observations, and, for Europe, 13 of the 17 model&"® .CIaSSIfIEd as rural backgrm_md stations in the Europ_ean
: ’ ' nvironment Agency (EEA) Airbase database (http://air-

predicted higher mean BC concentrations than the ObserVeclimate eionet.europa.eu/databases/airbase/), which means
annual mean EC concentrations from the EMEP EC/OC i ) ba. ’

campaign of 2002—2003. However, individual models gavethat they ideally should be representative of a larger area, and

. ) . suitable for evaluation of the EMEP MSC-W 50 km-scale
widely different results (model/observed ratio ranged from | itz | | si ind| I .
0.5 to 10). model. Melpitz is a rural site (Spindler et al., 2004), but it

The dominant removal process for EC is wet deposition is located 41 km NE from Leipzig (Herrmann et al., 2006).

Croft et al. (2005) estimated that about 75 % of the EC is re-Th'.S means th.at It qus not formally fulil .the. recommen-
ations regarding minimum distance to emission sources in

" 0 i
moved by wet deposition aer 25 % by dry quOISIt.IOH, base he EMEP guidelines (EMEP/CCC) for siting criteria of re-
on global model runs. Particle hygroscopicity is important . . .
) - : gional background stations. However, during transport from
in order to account for wet deposition. In modelling stud- : T

he south-west to the site, turbulent mixing is usually ef-

ies it is often assumed that at least part of the EC is emitte icient, and the EMEP MSC-W model results for pl@re

as hydrophobic particles. A commonly used assumption is . . .
that 80 % of the emitted EC is insoluble and 20 % soluble'" good agreement with observations at Melpitz (Table S1),

(e.g. Cooke et al., 1999). After atmospheric processing (age\-NhICh indicates that |anuenges from Le|pz!g are well cap
h . . . tured by the model. Harwell is also a rural site but located in
ing) the EC is transformed into more hygroscopic forms. The S o

, . ) a densely populated region; it was classified as an agglom-
ageing can be due to several different processes: condensa-

. X : . . eration site by Henne et al. (2010), and could be less repre-
tion of organic and inorganic vapours on the particles, coag-

. ; . . . : sentative for larger areas. Overtoom is an urban background
ulation with hygroscopic particles and chemical reactions on___ . ) )
station located in Amsterdam in the Netherlands. Mace Head,
the surface, etc. (e.g. Croft et al., 2005). o . o
which is a background marine station, is located on the west
In the present study, measurements of EC and BC from . : : N
coast of Ireland and is a good site for investigating the clean
recent years (2005-2010) have been used to evaluate hovmvarine air during prevailing westerly/south-westerly winds
the EC concentrations calculated by the EMEP MSC-W : 9p 9 erly: : y .
. X L occurring more than 50 % of the time (Jennings et al., 2003).
model, combined with recently developed emission inven-
tories, compare with the measurements. The number 06 5 Ec gata
EC and BC observations has increased substantially during
the last decade, and the increased interest in carbonaceogs data were retrieved from the EBAS database
aerosol, both from climate and health perspectives, makegebas.nilu.no, now part of the ACTRIS data center, ac-
it important to evaluate the most recent emission inven-tris.nilu.no), except the data from Hyjid that were

tories. Data from eight northern/central/western Europearprovided directly from the Finnish Meteorological Institute
sites were used and both EC and BC data were evaluatefhurela et al., 2011). All data are based on thermal sep-
when available. New emission inventories for both anthl’o-aration of OC from EC, a|th0ugh the method used varies
pogenic emissions (Denier van der Gon et al., 2013) and opeBetween the sites (Table 1). All stations, except Melpitz, use
biomass fires (Wiedinmyer et al., 2011) were included in theTOA techniques for EC quantification, which corrects for
comparison. We have also investigated different EC processoC charring in the initial heating phase. The VDI protocol
ing schemes in the model, i.e. how ageing of EC affects thqyvDI2465-2, 1999; Gnauk et al., 2011), used at Melpitz,
results of the model. The present work also highlights thehas no charring correction and is expected to lead to higher

severe problems in comparing different measurement techeC values compared to TOA (Schmid et al., 2001) and to
niques, used for estimating the concentrations of EC and BGunderestimate OC (ten Brink et al., 2004).

in the atmosphere.
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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 Ry PSAP (525 nm) 2008-2010
Birkenes (NO) QUARTZ and EUSAAR-2  2005-2010 BPM10 PSAP (522 nm) 2008-2010
Harwell (GB) QUARTZ 2007-2009 PMy 2 wavelength Aethalometer 2009-2010
Hyytiala (FI) EUSAAR-1 2007-2008 PM 7 wavelength Aethalometer 2005-2010

Mace Head (IE) EUSAAR-2 2008-2009 Ry Aethalometer (880 nm) 2005-2010
Melpitz (DE) VDI-2465, part 2 2005-2010 PM 10 MAAP (670 nm) 2007-2010
Overtoom (NL)  NIOSH 2006-2008 P - -

Vavihill (SE) EUSAAR-2 2008-2010 PM PSAP (520 nm) 2008-2010

ate the modelled EC from open biomass fires and residential
wood burning.

;0/\/

2.3 BCdata

W
¢ p

BC or aerosol absorption coefficients were retrieved from
the EBAS databasebas.nilu.npfor all stations except As-
pvreten, for which data were taken directly from the local
database in Stockholm. The method used for determining
the aerosol absorption varied (see Table 1). At all sites ex-
cept Melpitz, BC data were acquired using either a PSAP
or an Aethalometer, both of which use similar measurement
techniques. The particles are collected on a filter and the at-
tenuation is determined by measuring the transmission of a
light beam through the filter. To retrieve aerosol absorption
(Abs), corrections have to be made to account for the filter
0 T material and scattering interference, which are dependent on
the method used (Bond et al., 1999). At Melpitz, a MAAP
Fig. 1. Map of north-western and central Europe and the locationswas used. The MAAP monitors the scattering properties of
of the eight stations used in the present study. the filter during sampling, which otherwise have to be esti-
mated by measuring the scattering of the aerosol using e.g.
a nephelometer. Harwell and Hyad& had multi-wavelength
Aethalometers; for Harwell BC data 880 nm was used and for
Hyytiala 520 nm. The correlation between the measurements

i The duse o(;_?;fferent TQA meisurﬁr]nent r;rotolcollstF;(_lr_\é)wnat different wavelengths were high for the multi-wavelength
o produce differences in results. The protocol Q (ainstruments;(>0.95).

version OprS':] 5040 IB|rch ind Cary, 1996()1 uses a higher To determine the BC mass concentrations for Harwell,

tzempera}lt'ure |Int € |n|F|a He phase compared to E%IJSA.AR'HyytiéIé and Mace Head a pre-set MAC of 16.6g1!
(Cavalli et al., 2010); QUARTZ and NIOSH normally give was used for 880 nm and an inverse wavelength dependence

lower EC compared to the EUSAAR-2 protocol. EUSAAR-L |\« oo\ imed for the other wavelengths. In addition to the

;sgstf;ar\]/vet:,:emper?rt]ure _stepslntt.helEAC\Zprhas_(la_ct)h:n EtJSAlA \ethalometer, a MAAP instrument has been deployed at
, but the two are otherwise identical. All four protocols - o Head since 1 March 2005.

use transmission to correct for charring. It is well known Since the EMEP model is based on EC emissions, we used

that EC determination using even the same separation Pr% ¢ measurement data to normalize BC, in accordance with

tocol may produce more than 20 % difference in EC results . . . o
: the recommendation of Vignati et al. (2010). To distin h
(Schmid et al., 2001). ! ignati et al. (2010). To distinguis

In addition to total EC data, we also used source- _betweep BC deduced by MAC vallues and the ones normal-
apportioned biomass burning EC’data from five Nordic sta—:f;i (;N gg E.I% etrr]; ;zgﬁgé;‘Escéfgl:)\(/allgir;]tegi") l\EN "; b(el)ﬁ((aé)
tions: Hurdal and Oslo, in Norway (Yttri et al., 2011b); and ' P P y Eas. '
R&0, Gothenburg (Szidat et al., 2009) and Vavihill (Genberg
et al., 2011), in Sweden. One month of levoglucosan data
from Hyytiala (Saarnio et al., 2010) was also used to evalu-BC = Abs/MAC )

& Aspvreten

Birkenes . @

SO YUY,
7 Vavih

NS

"
Overtoom

e C—/Harwell/ Melpitz
[ ]
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Aspvreten Birkenes

MAC. = AbS/EC (2) Ec,~061BC EICAE_E(;%B(p'm
.1 o ‘MAE=0.11 ng/m?

BCe = Abs/MACe ©) 5

We determined the station-specific MAC (MACby a least . umi.r

absolute deviation fit (forced through origin) between over- Sp—

lapping absorptions and EC measurements (see Fig. 2). Th * ‘MAE‘,O RASSE,

least absolute deviation was used, rather than least square f
ting, to limit the influence of extreme values. The differences o] °

0.2

in MAC, values between the fitting methods were small for

all stations except Aspvreten. Since we included data from 7 Ciewsn’ "
Aspvreten that were not fully quality controlled, they may .. —— ;; MApa

have contained some erroneous data points. To be considert :
as overlapping measurements, 90 % of the EC sampling tim .

0

had to be covered by BC measurements. To be able to calct ™ f071BC
late MAC, for Mace Head, the required overlap was lowered ;. ¢ AR e
to 70 %; the lack of EC measurements (only five EC samples "¢ & & o o o o

with sufficient overlap) made the MAGetermination rather "

« EC; s SBC
\IAE =0.037 pg/mr

Vavihill

uncertain.

A more detailed study of the BC data was conducted for ‘. 3
Hyytiala for which theAngstibm exponent was calculated in . R 0067
order to determine the influence of biomass burning on BC °* ' s e
(Kirchstetter et al., 2004). = ‘f i

2.4 The EMEP MSC-W model

Fig. 2. Scatterplots of measured EC and BC showing data from pe-
In this study the rv4 version of the EMEP MSC-W model fiods with overlapping thermal and optical measurements. The data
(Simpson et al., 2012) was used to calculate the EC conShown in these plots were used to calculate the site-specificdAC
centration in Europe. The EMEP model simulates a Wlde\(;alues (see Table 2) which ar‘;usedl fjolconverthth? opﬂgalhabgorpt:jon

; . . . . ata to BG concentrations. The solid line is the fit and the dotte

range OT ar pollutants_, including pho_tochemlcal OXIdantS. andline is the 1: 1 line. Note that the: axis shows BC either provided
inorganic and organic aerosols. It is regularly used within

. A directly by the Aethalometer or calculated from the absorption data
the EMEP programme to provide scientific support to theus'ng the assumed MAC value 1GgL. MAE is the mean abso-

convention on long-range transboundary air pollution (CLR- | e deviation (in EC) from the fitted line. Unit: ugmA.
TAP). The model has been extensively compared with mea-

surements of many different compounds (Jonson et al., 2006;
Simpson et al., 2006; Tsyro et al., 2007; Fagerli and Aas,
2008; Aas et al., 2012). as precipitation, which leads to somewhat varying perfor-
The model domain covers all of Europe and has a horizonimance for the EMEP model depending on the driver. This
tal resolution of about 50 kmm 50 km. Twenty vertical levels is discussed in detail by Tari@s et al. (2008). For most pol-
are used to cover the troposphere; the lowest model layer igitants the differences are modest, but for BMomewhat
about 90 m thick and the top of the model is at 100 hPa. Theworse results were found with the ECMWF model than with
EMEP model, with this setup, is designed to study large-PARLAM-PS, partly due to less transport to Nordic sites
scale distribution of air pollutants, and we mostly comparewith the ECMWF model, leading to underestimated concen-
model results to measurements from regional backgroundrations there and poorer correlation between calculated and
sites. observed PMs. Somewhat worse model results for EC can
For the years 2005-2006 we used the PARLAM-PSthus be expected for the years 2007-2010 than for 2005—
meteorological driver (Bjgrge and 8lkn, 1995; Benedic- 2006, at least at the northerly sites.
tow, 2003). For the later years (2007-2010) the meteo- The EMEP MSC-W model uses two size modes for par-
rological fields were taken from the European Centre forticles, fine and coarse aerosol, although assigned sizes for
Medium Range Weather Forecasting Integrated Forecastsome of the coarse aerosol vary with compound. The pa-
ing System (ECMWEF-IFS) modelh{tp://www.ecmwf.int/  rameterization of the wet deposition processes in the EMEP
research/ifsdock/ The two meteorological drivers differ to model is based on Berge and Jakobsen (1998) and includes
some extent in important meteorological parameters, suclin-cloud and sub-cloud scavenging of gases and patrticles.

www.atmos-chem-phys.net/13/8719/2013/ Atmos. Chem. Phys., 13, 8BI/2§ 2013
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Further details, including scavenging ratios and collection ef-tested a new emission inventory for residential wood com-
ficiencies for particles, are given in Simpson et al. (2012). bustion (Denier van der Gon et al., 2013). In the following,
In this study we used different emission inventories for this inventory will be denoted TNO new RWC.
the carbonaceous aerosol than used in Simpson et al. (2007), Emissions were distributed vertically as described by
Tsyro et al. (2007) and Bergéin et al. (2012), and slightly  Simpson et al. (2012). Most of the anthropogenic EC emis-
different assumptions regarding the emitted EC. In our baseions come from low-level sources (residential heating, road
case scenario, the model anthropogenic emissions of EC itraffic and other mobile sources etc.). More than 90 % of
PM. 5 (ECo5) were treated as consisting of 80 % hydropho- the anthropogenic EC emissions (excluding open burning)
bic (“fresh”) EC and 20 % hygroscopic (“aged”) EC when are released in the lowest model level. Emissions from the
emitted into the atmosphere. The fresh EC has a low in-cloudpen burning of vegetation (from FINNv1) were treated dif-
scavenging ratio; in this study we uséd, =5 x 10* for ferently; they were homogeneously distributed over the eight
fresh EC. Aged/hygroscopic EC was assumed to be interfowest model layers (up te 2 km height), loosely based on
nally mixed with the soluble inorganic (and organic) aerosol data from Sofiev et al. (2009). This means that the vegetation
components, and we used the same scavenging ratio as féire EC has a very different vertical distribution than the EC
sulfate, Wi, = 1 x 10°. The collection efficiency for below- from other sources. In this study we focus on near-surface
cloud scavenging is low for all fine particles in the model EC; the importance of open biomass fires will therefore be
(E = 0.02), so wet deposition is small for the hydrophobic relatively small, since a large fraction of the (effective) emis-
EC. Note that compared to Tsyro et al. (2007), the presensions occur at high altitude. For climate impacts biomass fires
version of the EMEP model has more efficient wet deposi-are of much larger importance.
tion of EC. Atmospheric processing (ageing) of the EC transforms it
Recently, the model has been extended with a new particinto hygroscopic particles that are more easily scavenged by
ulate carbonaceous matter (PCM) version using the volatilprecipitation. We treated the ageing in a simplified way, sim-
ity basis set (VBS) approach (Donahue et al., 2006) for theilar to the method described by Tsyro et al. (2007). The pa-
organic aerosol (Bergstm et al., 2012). The EMEP PCM rameterization of (anthropogenic) EC ageing is based on the
model uses the same inorganic and gas phase organic chemvork by Riemer et al. (2004), who simulated soot ageing
istry scheme, and deposition routines, as the standard EMER a polluted environment, dominated by fossil fuel com-
MSC-W model (Simpson et al., 2012), with additional sec- bustion, using a mesoscale model and constructed a simple
ondary organic aerosol forming reactions (Ber@ystret al.,  parameterization of ageing rates dependent on time of day
2012). The model setup used in the present study was similasind altitude. Riemer et al. (2004) found that the ageing was
to the one used by Bergén et al. (2012); the main differ- most efficient during daylight hours, when condensation of
ences were in parts of the emissions handling. In this studysulphuric acid and ammonium nitrate dominates. Ageing of
we used hourly variation of anthropogenic emissions (as insoot was slower at low altitudes (close to the sources) than
Simpson et al., 2012), while Bergsétn et al. (2012) used above the source region. In the EMEP model, the timescale
simple day-night factors. We also used a newer emission infe-folding time) for EC ageing is 8 h (rate 3510 °s™1)
ventory for open biomass fires (wildfires, agricultural burn- for the three lowest model levels (up 0300 m). At higher
ing and other managed vegetation burns), the Fire INventonaltitudes ageing is more rapid with a lifetime of 2 h for the
from NCAR version 1.0 (FINNv1, Wiedinmyer et al., 2011). fresh EC. During the dark hours (sun below the horizon) the
FINNv1 has high spatial resolution and a better temporal resEC ageing rate is low,.9x 10~®s~1, corresponding to a life-
olution (daily) than the GFED emissions (8 day), used in ear-time of 30 h. This rate is also based on Riemer et al. (2004)
lier studies with the EMEP model. Biomass burning emis- and it is due to ageing by coagulation (condensation was not
sions are subject to large uncertainties (e.g. Wiedinmyer eeffective during night in the model used by Riemer et al.,
al., 2006; Paton-Walsh et al., 2012). The satellite-based fir004).
detection systems may miss some fires completely or partly In contrast to the anthropogenic emissions, all of the EC
(due to cloud cover, or very rapid fire progression; Paton-emitted from open biomass fires is treated as hygroscopic,
Walsh et al., 2012). In a comparison of different methods foralready at the point of emission, in the standard version of
estimating emissions (Paton-Walsh et al., 2012) FINNv1 wasghe EMEP MSC-W model.
found to produce significantly lower emission estimates than In the present study, model runs using the standard as-
other methods (e.g. black carbon emissions were only abousumption of ageing will be referred to as STD. Since the EC
1/3 of the estimates using GFEDv3.1). ageing parameterization is very simplified (and based on a
Primary anthropogenic EC and organic aerosol emissionsnodel study of ageing in polluted conditions), we also in-
were taken from the EUCAARI anthropogenic carbona- cluded two sensitivity tests regarding the EC ageing. In the
ceous aerosol emission inventory by Denier van der Gon efirst case (FRESH) all atmospheric ageing of EC was ne-
al. (2009) (see also Visschedijk et al., 2009). Other anthro-glected and 100 % of the emissions were assumed to be hy-
pogenic emissions were taken from the standard EMEP emisdrophobic (including the open biomass fire EC). The FRESH
sion inventory (Mareckova et al., 2009). In this study we alsomodel leads to more efficient long-range transport of EC than
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the standard model version. It gives a maximum estimate offable 2. Correlation between EC and BC (expressed aslues)

EC. and site-specific mass absorption cross sections (MAC) used in this
In the second test (AGED) all EC was treated as hygro-study to form the EC-equivalent BC (BL MACe values were ob-

scopic already at the point of emission. We expect that theained by normalising BC measurements with simultaneously ob-

AGED model overestimates the water affinity of EC origi- ser\(eq EC. The normalization was done by minimizing the absolute

nating from, e.g., diesel combustion (e.g. Weingartner et al, d€viation of the BE from the observed EC (see text). The MAC

Values adjusted to 550 nm are also shown. EC imfWas used

1997; Tritscher et al., 2011), but it may perhaps be more "®5h the calculations for all stations except Hl8, for which EC in

alistic for EC from wood burning where salts are co-emitted PM; was used.
with the EC, making the particles less hydrophobic (Engel-

hartetal., 2012). Staton - MAC MACe MACe
(550 nm)

3 Results and discussion Aspvreten 052 - 16.3 155

Birkenes 0.73 - 25.9 24.6

3.1 ECandBC Harwell 0.60 16.6(880nm) 9.14 14.6

Hyytiala 0.91 28.1(520nm) 486 459
We found large differences between EC and BC for most Mace Head 0.9%4 16.6(880nm) 23% 37.6°
of the stations investigated in this study (Fig. 2). All BC  Melpitz 087 - 455 55
data were normalized with EC data from the same station Vavihill 059 - 262 248
to produce Ec'eqUivalent BC values, 503ing Site'speCiﬁC * Only nine EC samples were available for Mace Head, and of these only one had
MAC values. The correlation between the two measurement more than 90 % overlapping BC measurements. Five of the samples had over
techniques varied between the stations (Table 2). Further- '°% overlap and these were used here.
more, the MAG(550 nm) values varied from 5.5 (Melpitz) to
45.9nf g~! (Hyytiak), which was more than was expected
because of the use of different EC protocols. However, the &
Aethalometers at Hyydila, Harwell and Mace Head oper- g ,
ated at higher pre-set MAC values and are expected to be ., .
~ 2 times higher due to multiple scattering (Weingartner et
al., 2003). MAC values for ambient aerosols in polluted re-
gions are often in the range 9-12 gr; however, the vari-
ability of reported MAC is large, from about 2 to 25m !
(Bond and Bergstrom, 2006, and references therein; Chenc
etal., 2011). For Melpitz, most of the difference between the
MAC (550 nm) value (5.5fg~1) and the expected value
(~10m? g1 can be traced to the EC method used, which
overestimates EC and thus gives a lower MAGlue.

The data in Fig. 2 and Table 2 show that comparison of BC
data from different stations, calculated using the same MAC
value for all sites, is not meaningful. The differences between
the station-specific MAgvalues are larger than the differ-
ences that would be expected because of uncertainties in theg 3. (a)Six-year mean concentration of EC in RMEC; ), for
EC measurements. Based on these results, optical method®05-2010, calculated with the standard model setup and the most
seem inappropriate for determining ambient EC mass with-recent emission estimates (top left). Unit: ug+n (b) Top right:

out a secondary method validating the measurement. fossil fuel fraction of EGg (in % of the total model Eg). (c) Bot-
tom left: residential wood combustion (RWC) fraction of ff{%).
3.2 EC model results (d) Bottom right: fraction of EGg from open biomass burning, in-

cluding wildfires and agricultural fires (%). Note the different scales
The calculated six-year mean surface level EC concentratioffor the different maps.
for 2005-2010 is shown in Fig. 3a. The highest modelled
EC concentrations are found in urban and industrialized ar-
eas; in densely populated parts of western and central Euocated in cleaner regions (mean obs. EC, 0.1-0.25T&)m
rope the mean concentration of EC generally range from 0.3-ossil fuel sources dominate the modelled surface level EC
to 1.2 ug nT3 (or somewhat higher in emission hotspots). At (more than 70% in most countries, see Fig. 3b), but resi-
three of the sites covered in the present study (Melpitz, Overdential wood combustion contributes substantially in some
toom and Harwell) EC concentrations are relatively high countries (e.g. France, Austria, Norway, Finland, Latvia and
(0.5-1.7 ug m?3, obs. mean conc.), while the other sites are Romania), where 30-50 %, or more, of the EC come from
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RWC (Fig. 3c). The calculated contribution to near-ground Aspureten EC, / Birkenss EC, /
EC from open biomass fires is relatively low (0 % as six- N = v =

year mean) except in parts of the Ukraine and southern RusZ | " it
sia, where it is above 10 % (Fig. 3d). E

0.01 - ~

modeled EC

0.01 0.1 1 10 0.01 0.1 1 10

3.3 Model and measurement comparison easured £C easured B¢

Harwell EC Hyytidli EC |

When comparing model EC concentrations (or any air pol- n At ! o
lutant) to measurements it is important to remember that 3 o ”“”“;"L/‘W/ 3 ~
the model results represent grid point average concentration: oo | -~~~ ot
(50kmx 50 kmx 90 m, in this study), which limits the abil- 00T O Ee e ! 10
ity to reproduce local concentration gradients or short-term MeIPIZEC, 5 Overoom BC, <
fluctuations. This limitation is especially important for pri- l il W
mary emitted species, such as EC, and means that model L HW
predicted concentrations will have a lower variability than
observations. - — :
There are many other factors that can also contribute v e, e
to model-measurement disagreement. The main (model-
related) 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 deposi-
tion; and (v) time variation of emissions. Points (ii) and (iii) N estireare "
are the same for different pollutants (but vary with location),
and, to address these factors, we have included a comparisd:r'l%' 4. SSC_?ItDt)erflots of meélsured and modelled E? (?t":‘(ggz; d model
: : setup, or seven European measurement sta As-
of modelled NQ concentrations to measurements at six of o7t EGo, (b) Birkenes EQF;, (c) Harwell ECyo, (d) Hyytiala
the sites in this study. Emissions and deposition are expecte C . s
. 1, (€) Melpitz EG, 5, (f) Overtoom EG 5, and(g) Vavihill ECq.
to be bett_er known for NQ_than for EC (e.g. Granier et al., The measured EC are divided into logarithmically spaced concen-
2011; Reis et al., 2009; Simpson et al., 2007; Fowler et al. yration bins. Each order of magnitude is divided into 10 bins. The
2009), so if the model works well for NOat a given site, it points represent the median of the model results for each concen-
is likely that points (i) and (iii) are relatively well modelled. tration bin of measured EC. The vertical lines show the range of
Results from the N@ evaluation are given in Table S1. model results for each bin. Solid lines represent lines. Dashed
The model performed rather well for Harwell, Hy§fh, Mel- lines represent 21 and 1. 2 lines, and dotted lines represent:10
pitz and Vavihill with small (average) bias (within 22 % of and 1: 10 lines. Unit: pg 3,
the measured conc.) and fairly good correlatierrgnging
from 0.71 to 0.83, for daily averages). For Aspvreten,NO
was overestimated by 43% and the correlation was a bitow, within 20 %, except for Melpitz{69 %) and Vavihill
lower (- = 0.61). The results for Birkenes were worse, with (466 %) (see below). As expected, the model variability was
an average bias of 89 % and moderate correlatica 0.64). lower than the observed one (Fig. 4), and the mean absolute
The good performance for Harwell, Hygta, Melpitz and  error (MAE) of the model concentrations compared to the
Vavihill indicates that the model works rather well with re- EC measurements was 36—45 %, at five of the eight sites, but
spect to points (ii) and (iii) at these sites. For Aspvreten andhigher for Melpitz, Vavihill and Harwell (as discussed be-
(especially) Birkenes this is less certain, and this should bdow). The correlation coefficients, between modelled and
kept in mind when analysing the model performance for EC.measured EC, ranged from 0.45 at Harwell to 0.91 at Mace
Model-simulated EC was compared to measurements oHead (Table S2a; note that Mace Head only had nine EC
EC (Figs. 4, 5, 6 and Table S2a; detailed time series plots areneasurements).
shown in the Supplement) and B(Fig. 7 and Table S2b). The largest model bias-0.98 pg m3) was found at Mel-
In this section, we discuss model results using the standargitz. The MAE for EG s at this site was 0.99 ugmi (70 %).
model version (STD), with the most updated emission inven-The largest absolute differences were found for the winter
tories (TNO new RWC). Sensitivity tests with the EUCAARI samples (Fig. 5e); however, the relative differences between
emission inventory for residential wood combustion and al-model and measurements were larger for the summer peri-
ternative assumptions regarding the hygroscopicity and agesds, where a factor of 4 to 8 difference was not uncommon.
ing of EC are presented in Sects. 3.4 and 3.6, respectively. As can be seen in Figs. 4e and S1 many of the measure-
The model performed well when compared to measure-ments are between 2 and 10 times higher than calculated
ments of (long-term average) EC concentrations at most siteby the model. The same problems are seen when comparing
included in this study; for EC the model bias was relatively model results to Bg (Fig. 7f). Similar results were found

EC

modeled EC
o
.

>
e
>

modeled EC
\
\
modeled EC
\

modeled EC

Atmos. Chem. Phys., 13, 8718738 2013 www.atmos-chem-phys.net/13/8719/2013/



J. Genberg et al.: Light-absorbing carbon in Europe 8727
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" 1 Aspvreten Birkenes Birkenes  Harwell Hyytiala Mace Head Melpitz ~ Melpitz  Overtoom  Vavihill
EC10 EC10 EC25 EC10 EC1 EC10 EC10 EC235 EC25 EC10
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: DT T ] . T T l @ s L]l:l . ) 3
2 IEEE RN R RSN j | Fig. 6. Comparison of observed EC to model results from simula-
o —l—;—l‘i%—ifk 4 r tions using three different assumptions regarding the EC hygroscop-
ol e . = 15k s - — icity and atmospheric ageing. The diagram shows average EC con-
Vel £ centrations for the periods with measurements: observed (black);
0& ° FRESH= model with all EC treated as externally mixed and hy-
; I drophobic, no ageing (red); ST standard model version, includ-
W % TR { ing atmospheric ageing of EC (blue); AGEDmodel with all EC
] B treated as hydrophilic already at emission (purple); unit: H@m
4 Note that data are from different periods for different stations (see
AW e Tables 1 and S2a).

Fig. 5. The seasonal variation of the difference between measured
and modelled EC (standard model setup, STD). Boxes show the ] ] o
medians of measured EC model EC for each month. Error bars surements at Melpitz. Either some emission sources are

represent 10th and 90th percentiles. Dashed kaes0.5 ug n 3. severely underestimated in the emission inventories or the
Note that the error bar for Melpitz (January) ends outside tagis site is influenced by relatively local (on a 50 kirb0 km
scale (90th percentile: 6.75). Unit: pg . scale) emission sources and/or frequent inversions leading

to concentrations that are not representative of a relatively
coarse model resolution. Local combustion sources (e.g.

in an earlier EC modelling comparison, using the CTM2 wood stoves) can be detected (Spindler et al., 2012). How-
model, where observed EC at Melpitz was a factor of 2 toever, the population density is relatively low around Melpitz,
9 higher than the model EC (Skeie et al., 2011). Stern etso the importance of this source is expected to be low and it
al. (2008) compared five different chemical transport mod-should not be important during summer. A long-term study of
els to observations from northern Germany during highly the influence of long-range transport from the east and west
polluted conditions. None of the models could reproduceto Melpitz has shown that easterly wind conditions, espe-
the very high EC concentrations observed at Melpitz duringcially during winter, lead to higher total Pidand higher EC
February—March 2003. For other air pollutants, such ag,NO concentrations than westerly winds (Spindler et al., 2012).
SO, NO3 and sci—, model results were much better than However, westerly wind conditions are much more frequent;
for EC. Stern et al. (2008) suggested that the large underessbout 60 % of the time the wind direction is south-westerly,
timations of EC may be an indication that emissions in thecompared to 17 % for easterly winds (Spindler et al., 2012).
central European region were underestimated during thesk the present study, 62 % of the EE€measurements at Mel-
episodes. pitz were underestimated by more than 40 %; in contrast,

To a minor extent the differences between the observationshe NQ, concentrations were fairly well modelled (average
and model results for Melpitz are due to the EC measurementodel bias 5%y = 0.71; see Table S1). This means that,
technique used (without charring correction; see Yttri et al.,unless there were local EC emissions influencing the mea-
2011a). This affects B&values as well, through the station- surements, part of the reason for the too-low model EC is
specific MAG. However, this should not lead to discrepan- likely to be underestimation of larger-scale EC emissions to
cies as large as those found here. An earlier comparison bdhe (south) west of Melpitz.
tween VDI and TOA shows that the difference for urban sam-  For Vavihill (Figs. 4g, 59, S2) the model generally overes-
ples should not be greater than a factor of two (Schmid et al.timated EC concentrations compared to measurements. This
2001). was probably partly due to a systematic error in the EC mea-

There can be several other explanations for the poor agreesurements. EC results from the Lund University DRI carbon
ment between the modelled EC concentrations and the meanalyser were about 20 % lower compared to the mean of
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other European analysers in several intercomparisons withii Aspureten Birkenes
EUSAAR (results to be published). However, the model bias
in the present study-66 %) was larger than the expected £ o |-
error. In addition the correlation between the modelled andz o
measured EC was rather low+£ 0.54). The model results """
for NO, were much better (biag22 %,r = 0.74). This may O emred Bleom) O resred BCleor)
indicate that EC emissions from some sources that occasior el i
ally affect Vavihill are overestimated in the emission inven- fi : -~
tories used in the model.

For Aspvreten (Figs. 4a, 5a, S3), model results were inZ *”

0.001 s 0.001

better agreement with observed EC for 2008—-2009 than fo = =

0.001 0.01 0.1 1 0.001 0.01 0.1 1

2010. During 2010 there were a handful of high EC measure: Measured BO(eor) Measured BO(eom)

Mace Head Melpitz

ments (1-1.8 ug m?). The observed EC is two to six times — >
higher than the modelled concentrations for those events. Th, H

Modelled EC
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EC peaks occurred in winter, spring and autumn and werez - ) ER e
not correlated with especially high observed N@ncentra- =, | =~ 2 om L ::? -

tions. The sources of these high peaks are unknown, but mo: P T YTy e— P TRy R
of them are correlated with small model peaks of EC from Hessued Betcom Hessre BC(eom

fossil sources, or from RWC, so it is possible that some of
these emissions are underestimated; alternatively, some Iocé . ""HHWHW g
EC emissions may have influenced the site during those day:z ,, >

Model results for E@s at Birkenes (Figs. 4b, 5b, S4) were = o0 | =77
in fairly good agreement with observations, clearly better (T R
than the results for N© The model bias for E&s was low
(—12%), the MAE was only 0.05ugn? (45%), and the Fig. 7. Scatterplots of hourly measured B@nd modelled Eg
correlation between model and measurements was reaso(STD model version) for seven European measurement stafmns:
ably good { = 0.71). Although the results for this site were Aspvreten(b) Birkenes,(c) Harwell, (d) Hyyti&la, (e) Mace Head,
generally in good agreement with the EC measurements(f) Melpitz, and(g) Vavihill. The points represent the median of
there were some episodes when the model overestimated E@odel results for each concentration bin of measured. Bfach
substantially; this seems to be largely due to overestimatiorprder of magnitude is divided mtq 10 b|_ns._ The vertical lines repre-
of the contribution from some fossil source(s). The Birkenes>e"t all ”_“’de' results for each b'ni Solid lines repr.esem lines.

. . - Dashed lines represent 2 and 1: 2 lines and dotted lines represent

results are discussed in more detail in Sect. 3.5. 10: 1 and 1: 10 lines. Unit: g m3.

At Mace Head the model-calculated EC was in good
agreement with the limited number of EC measurements
available (Fig. S5). The optically measured B&as, how-
ever, underestimated most of the time. Frequently the relativevell correlated with the observations £ 0.69) and the av-
underestimation was large; about 5 % of the hourlyB@a-  erage bias is low-{0.1 %). The measurement data from Har-
surements were underestimated by a factor of 10 or more. Navell contain a large number of very low or zero measure-
seasonal trend could be seen for the difference betwegn BOments; about 30 % of the daily data are below 0.04 i§.m
and modelled EC at Mace Head as these events occurred allhese points suggest an error in the measurements. The BC
year round. The bulge of BOmeasurements between 0.01 measurements (Fig. 7c¢) are much higher than modelled val-
and 0.1ugm?3, which were underestimated by the model ues at Harwell, and also higher than the measured EC data.
(Fig. 7€), was also seen when comparing the AethalomeThis can be explained by the limited period of overlapping
ter data with simultaneous MAAP measurements from MaceEC and BC measurements (two months). In fact, the model
Head. The irregular behaviour of the Aethalometer duringEC for Harwell was in better agreement with unconverted
clean conditions is related to its minimum detection limit BC values than with the EC-normalized B@lues.
(71ng nT 2 for an hourly average, according to Arnott etal.,  For all stations except Harwell, the correlation coeffi-
2003). cients between model results and measurements were lower

Harwell (Figs. 4c, 5¢, S6) had the lowest correlation be-for BCe (hourly data,r in the range 0.17[Aspvreten] to
tween modelled and measured EC of all the sites 0.45). 0.68[Hyytiala]) than for EC (daily or longer sampling time,
The anomalous EC results at Harwell are due to some very from 0.45[Harwell] to 0.91[Mace Head]). The largest
high observed values (5-13pug® during the first four  differences in correlation coefficients were found at As-
months of the measurement period (see Fig. S6); these wenavreten (gce= 0.17, recio= 0.63) and Birkenesrgce=
not seen in the model. If the first 95 data points (out of a total0.34, rec10= 0.76). Lower correlation for B is not unex-
of 672) are excluded, the model E§XEC in PMy) is fairly pected since the model emissions are based on EC rather than
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BC, and the assumption of a single constant MA@lue 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 B{ds partly due to the high
time resolution of the measurements. Comparing daily aver-
ages of observed BGwith the corresponding model EC re-
sulted in higher correlation coefficients than comparisons of
hourly values. At four of six sites (Harwell, Hyyia, Melpitz

and Vavihill) the model results were 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 part of the EUCAARI project (Kul-
mala et al., 2011), was a significant improvement compared
to earlier European inventories in terms of spatial resolution
of such emissions~ 7 x 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 residen-
tial heating.

The EUCAARI EC/OC inventory was constructed by
starting from a consistent Pj¢ and PMs inventory,

8729

EUCAARI emission inventory: EC <2.5 pm
land based sources, UNECE-Europe in 2005
(total: 622 kt/yr)

6%
6%

Other
mobile
sources and Other
machinery residential
(15%) combustion
18%)
Road
transport
(32%)

® Combustion in energy industries (3%)
m Residential wood combustion (12%)
m Other residential combustion (18%)
® Combustion in manufacturing industry (1%)
® [ndustrial production processes (6%)
| Extraction and distribution fossil fuels (1%)
Road transport (32%)
Other mobile sources and machinery (15%)

based on the IIASA GAINS modehftp://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 group- Fig. 8. Relative contribution from different source sectors to emis-
ing countries according to climate, wood availability and sions of fine particulate elemental carbon @& in Europe in
wood stove technological development. When usage dat2005, as estimated in the emission inventory developed within the
were missing for a particular country, the technology combi- EUCAARI project.
nations were estimated based on the country group average.
Over the entire UNECE-Europe domain this increased the
estimated annual wood use by approximately 20 %. Next, arwith the Scandinavian countries, where different measure-
extensive literature review was done to obtain and/or com-ment protocols were used to estimate PM emissions from
pile representative PM fractions of EC and OC for every RWC. The measurement protocol used in Sweden only con-
relevant source/technology combination. The PM inventorysiders solid particles. The methodology consists of sampling
used as a base to estimate the EC and OC emissions waé particles on a heated filter, through a probe, from undi-
partly based on country-specific emission factors through thduted flue gas in the chimney at gas temperatures of typically
country consultation process coordinated by IIASA. The to-e.g. 160°C (German norms, VDI) or 120C (US EPA; EPA
tal EG 5 emissions in UNECE-Europe in 2005 were 622 kt Method 5; http://www.epa.gov/ttnemc01l/methods/method5.
according to the EUCAARI inventory. Contributions from html). The Norwegian method includes dilution of the sam-
different sources are shown in Fig. 8: road transport, othemple in a dilution tunnel (DT) and thereby measures solid
mobile sources and machinery, and residential combustiomarticles as well as condensable particles. (Haakonson and
dominate, with more than/a of the emission total. Residen- Kvingedal, 2001, and references therein; Sternhufvud et al.,
tial wood combustion was estimated to contribute about 12 %2004). It will always give higher values than sampling only
to the total EG 5 emissions. solid particles; however, considerable variation in methods
Since the EUCAARI effort focussed on obtaining the mostis possible as dilution ratios, as well as cooling tempera-
representative EC and OC fractions, the absolute total PMures, may vary between methods. The Norwegian standard
emissions from RWC remained unchanged except for counNS 3058-2 (Norsk Standard, 1994) describes sampling of fil-
tries where a correction was done on the activity data. Al-terable particles in a dilution tunnel with a filter holder gas
though not realized at the time of the construction of the EU-temperature at e.g< 35°C. An overview of the different
CAARI EC/OC inventory, this procedure introduced an arte- emission factor values and origin is given by Sternhufvud
fact into the EC and OC estimates that can be best explainedt al. (2004).

Waste treatment and disposal (6%)
Agriculture (6%)
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Elemental carbon will be present in the solid particles only. CAARI inventory (+14 % and+31 %, respectively). The to-
Therefore, thdractionof EC present in PM from wood com- tal EG 5 emissions in the Nordic countries, from RWC and
bustion depends on the sampling methodology; the absolutether sources, with the two different inventories, are shown
amount of EC is independent as solid particles are includedn Fig. 9.
in both methodologies. Thus, the Norwegian measurement The difference in model EC output depending on the
protocol gives relatively large PM emissions, because con<hoice of inventory is illustrated in Figs. 10 and 11. For most
tributions from all condensable organics are included, whileareas, the new inventory gave similar modelled EC concen-
the Swedish protocol gives relatively low PM emissions (all trations as the EUCAARI inventory. Relatively large EC in-
solid particles are included, but very little of the condens- creases % 20% as 6 yr average) were seen in Austria and
able organics are captured). Both measurement protocols atarge parts of Romania. For Norway and Denmark modelled
valid; however, they are incomparable and could be considEC decreased with the new inventory; in parts of Norway,
ered as being at the extreme ends of what could be definethodelled total EGy was reduced by more than 30 %.
as a representative measurement; one is tailored to include At the eight sites included in this study, model calcula-
as much condensable fractions as possible, the other to meéions using the new inventory gave similar results for total
sure almost only solid particles. Now when we apply a fixed EC to corresponding calculations that used the EUCAARI
EC/OC fraction to the PM emissions from both countries, emissions (Fig. 11, Tables S3a and S3b). One reason for this
the result will be a large overestimation of EC in Norway is that the dominating source of EC is fossil fuel use, in most
because the PM included a large share of condensable oof Europe; another is that for most countries the EC emission
ganics. In the case of Sweden EC will be underestimated beestimates were similar in the two inventories. For emissions
cause the PM consisted mainly of solid particles to start with.of organic aerosol the differences between the two invento-
So measurement-protocol-specific EC/OC fractions wouldries are much larger (Denier van der Gon et al., 2013).
be needed. If available, this would result in comparable EC Since only the residential wood burning emissions are dif-
data. It would not generate comparable condensable PM fraderent in the two inventories, the effect of the choice of in-
tions as we cannot derive something that was not measuredentory is greatest for the winter samples (for an illustration
in the first place (there are no condensable organics in thef the monthly variation of the EC emissions in the Scandi-
Swedish protocol). navian countries see Fig. S9). For all sites investigated ex-

We also note that comparisons of model calculations, uscept the Norwegian site Birkenes, the new RWC inventory
ing the EUCAARI EC/OC emissions, and observations, in-increased the modelled EC concentrations. For example, at
cluding source-apportionment data, (e.g. Befgstret al.,  Melpitz the new inventory led to a median EC increase of
2012; Genberg et al., 2011) have indicated that the inventory.04 pg nm3 (8 %) for the winter samples. At Birkenes, the
probably underestimates organic aerosol emissions from resffect of the RWC inventory was a mean decrease of 30—
idential wood combustion substantially in large parts of Eu-50 % in wintertime EC concentration. For all stations the two
rope. different inventories gave essentially identical modelled EC

As a consequence of these findings, Denier van der Gon etoncentrations during summer.
al. (2013) created a bottom-up RWC emission inventory to  Although the total EC was similar for both emission in-
get fully consistent and comparable data for different coun-ventories, larger differences can be seen when regarding
tries. A detailed description of the new inventory is given by only the EC originating from biomass burning (B£in-
Denier van der Gon et al. (2013), including evaluation of im- cluding EC from both residential wood fuel combustion and
pacts on modelling of organic aerosol. Here we focus on theopen biomass fires). In Fig. 12 model-calculated EC from
impact on EC emissions. wood burning is compared to available source-apportionment

For most countries the EC emissions do not change aslata for five Scandinavian stations (10-90th percentiles,
dramatically as the OC emissions in the new inventory. To-from source-apportionment based on tracers of wood burn-
tal European Egs emissions from residential wood com- ing emissions). For the two Norwegian sites Hurdal (rural)
bustion are approximately 26 % higher in the new inventoryand Oslo (urban background) the new RWC inventory gave
compared to the EUCAARI emissions. This leads to aboutsubstantially lower Eg} than the EUCAARI inventory. The
5% higher total anthropogenic € emissions in Europe results were in much better agreement with the observations
with the new inventory. This is a relatively small change, but with the new inventory, especially for the rural site.
there are large differences between different countries. More- For the three Swedish sites, the new RWC inventory led
over, the impact will be more pronounced during wintertime. to small increases in Bfg and better agreement with the ob-
Some of the largest changes occur in Norway, where the reservations at the rural sitesd® and Vavihill. For Vavihill
vised wood burning EC emissions in the new inventory arethe increase in Eg was relatively small. However, Vavi-
only about ¥3 of the EUCAARI inventory, which leads to hill is located in southern Sweden and, because of the domi-
substantially lower total E&s emissions in the updated in- nating south-westerly winds, influenced by Danish emissions
ventory (—46 %). For neighbouring Sweden and Finland the (which decreased with TNO new RWC).
new inventory has higher total g emissions than the EU-
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modelled EC, using two different emission inventories for residen-
o2 tial wood combustion. Data are from different periods for different
stations (see Tables 1 and S3a and S3b). The upper diagram shows

average EC or Bgconcentrations during winter half-year periods
(November—April): observed (black), model with EUCAARI emis-
Fig. 10.Difference in modelled total EG concentrations (six-year ~SiOns gorange), model with TNO new RWC emissions (blue); unit:
tial wood combustion emission inventory (TNO new RWC) and ror ("MAE) for EUCAARI (orange) and TNO new RWC (blue);
a run using the EUCAARI emission inventory' Left: the differ- the rMAE is calculated as the MAE divided by the observed mean
ence in total EGy [TNO new RWC — EUCAARI] (unit: pg m3). concentrations.

Right: the relative difference in total g [(TNO new RWC-

EUCAARI)/(EUCAARI)].

observed EGp. There were five observed Egpeaks during
2010 that were substantially underestimated by the model,
and some of these could possibly be due to missing veg-
The modelled long-term average contribution tojg@om etation fire emissions, but, as discussed in Sect. 3.3, other
open- burning wildfires and agricultural fires to surface level sources are perhaps more likely.

3.5 EC from vegetation fires (agricultural and wildfires)

sites included in this study (Fig. 3d). In the following we de- ticles with an aerodynamic diameter less than 1um) were
note this source vegetation fires (andvggare). At the three  clearly underestimated by the model (Fig. S7). The largest
westernmost stations (Mace Head, Harwell and Overtoompbserved EC peak (1.5 ugt underestimated by a factor
and Vavihill no significant ECegiire peaks were seen in the of three), occurred in late March 2007; based on the model
model results during the periods with EC measurements. results, it seems to have included substantial contributions
For Aspvreten (Fig. S3) there were a few occasions withfrom vegetation fires, RWC and fossil sources. The peak was
vegetation fire contributions to model k€ but the modelled  relatively broad, with elevated EC concentrations for about
EC.egfire cONcentrations were very low (the largestJggare a week. The model Efggsire cOrrelates best with the obser-
peak was ca. 0.1 ugmi; the rest were below 0.05 pgT) vations, with a maximum on 29 March; the anthropogenic
and it is hard to draw any conclusions regarding the emis-sources peaked the day before. This could indicate that the
sion estimates from a comparison of these "episodes” WithEC,egfire Was underestimated rather much at Hgidj at least
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Fig. 12. Biomass burning EC (Eg) from wintertime source-  Fig. 13. Levoglucosan concentration and modelled EC from
apportionment studies in Scandinavia (Yttri et al., 2011; Szidat etbiomass burning (Eg, = EC from open burning of biomass EC

al., 2009; Genberg et al., 2011) compared to model calculations usfrom residential wood combustion) at Hygk in April 2007. The

ing different emission inventories. Observed gg®ars represent levoglucosan concentrations (vertical lines) are scaled by factors of

10th and 90th percentiles. Note the logarithmic scale ory theis. 0.3 t0 5.6 to be comparable to EgXsee text). Model Eg are from
two different model setups, one using the EUCAARI emissions for
RWC (squares) and one using the new TNO inventory for RWC

near the end of this episode, potentially making up a substan.(-dOtS)- The model-calculated.EC from the open burnigg of biomass
tial part of the missing EC. is also shown (E(egfire red line; values<0.001pg m are not
Saarnio et al. (2010) measured levoglucosan (and othefhown). Unit: ig m®,
monosaccharide anhydrides) at H@#iduring the period 28
March—27 April 2007 (i.e, the measurements started in the
middle of the major EC peak at the site). The measured leva vegetation fire that was not included in the emission inven-
oglucosan concentrations are compared to the modelled E@ry, but, since the 7 April 2007 was Easter Saturday, it is
from non-fossil sources (RW& vegetation fires, i.e. B) more likely that the peak was due to local/nearby burning,
in Fig. 13. Levoglucosan concentrations are shown as an ineither traditional Easter Fires or other residential combus-
terval where the concentrations are multiplied with 0.3 andtion (e.g. sauna stoves). The following two samples (8 and
5.6, to be comparable with g (Genberg et al., 2011). The 9 April) also showed elevated levoglucosan levels, which the
first observed levoglucosan peak confirms that there wereanodel captured, at least to some degree; but all modgh EC
major contributions from wood fires during the largest EC came from RWC during this period — no ERiire CONtribu-
episode, as indicated by the model results. This was alséions were seen.
corroborated by an increasddhgstiom coefficient. At the The only other significant modelled vegetation fire peak
mated the wood burning contribution to EC (at least when13 August 2007, which also corresponded to a minor peak in
using the updated RWC emission inventory), but for the fol- the observed EC The model underestimated the observed
lowing two days the Eg} tends to be underestimated. How- EC by 26 % (unless EC ageing was turned off) but we cannot
ever, the underestimation of the total EC was much largeretermine if this was due to underestimation of the fossil or
than of the EGp, which means that fossil EC must also have vegetation fire EC or both.
been substantially underestimated by the model during this For Melpitz (Fig. S1), even the highest model G&re
period. In fact, the Efgssii was likely more underestimated concentrations (0.2—0.9 pgt) were low compared to the
than the EGy, (ECiossii Was underestimated by at least 0.4 to very high observed total EC. Most of the time, the modelled
0.5pug nT3 and EGyp, by max. 0.2 to 0.3 ug i?, as averages fossil EC was much higher than the fiire COMponent,
for the three days with peak observations). making evaluation of the vegetation fire emissions difficult.
Apart from these first three levoglucosan samples theNevertheless, there was one very interestingegfe peak at
model performed relatively well compared to the observa-Melpitz on 5-9 May 2006. This was the result of agricultural
tions, with one major exception: on the 7 April 2007 a high fires in eastern Europe (Stohl et al., 2007). Model&fre
levoglucosan concentration (79 ngf was observed, but peaked on 6 May with approximately 0.9 pgna The mod-
the model results showed very low Efoncentrations. At elled fossil EG 5 on the same day was below 0.3 ug#and
the same time, théngstrt')m coefficientincreased, indicating RWC was insignificant. The observed E£was very high
an increased contribution from biomass burning, although(9 ug n23); the model underestimated total E€by a factor
the observed BC concentration was low. This could indicateof seven. For a single episode though, it is not possible to
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distinguish where problems are due to underestimated firdGED (all EC considered internally mixed and hygroscopic
emissions or the modelled dispersion. Even the long-termwhen emitted). The new RWC emissions were used for all
average Egs was underestimated by more than a factor three ageing scenarios.
of three at Melpitz, which indicates severe problems also Assuming all EC as hydrophobic (FRESH) led to higher
with the fossil sources (as discussed in Sect. 3.3). A simi-EC concentrations all over Europe (Fig. S10). The absolute
lar episode with potential large impact from vegetation firesdifference was largest in the high-emission areas, but the rel-
occurred on 1-2 April 2007, when observeds@eaked at  ative importance of the ageing was largest at remote locations
6.7 ug n3; the model underestimated this by 90 % and thewhere the EC is mainly due to long-range transport.
peak coincided with a vegetation fire episode in the model. = Comparing modelled EC to observations (Fig. 6, Tables
At Birkenes (Fig. S4) there were four observed EC peaksS2a, S2b) shows that the FRESH model overestimated EC at
that corresponded to simultaneous modelleddsfe peaks ~ most of the more remote locations, as expected. For Melpitz
during the period 2005-2010. The highest modelleqegfe and Harwell the model underestimated EC even without age-
was found during the period 26 April-15 May 2006 with a ing, which may indicate underestimated emissions or (rela-
peak value of about 0.2 ug EC T as an average for the tively) local emissions influencing the measurements, mak-
6-day sampling period 3—8 May. This is the same agricul-ing them unrepresentative on the 50 k0 km grid reso-
tural fire episode as was observed at Melpitz. Interestinglylution of the model. For the EC comparison the correlation
the modelled total E&s was in good agreement with the ob- coefficients were similar with the different ageing schemes
servations from the middle of March until the middle of July (see Table S2a).
2006, with only a few marked exceptions when the model Differences between the AGED and STD model version
overpredicted EC severely because of too-high modelled foswere very small — similar to what was found by Tsyro et
sil EC. Thus, some fossil EC source(s) seem clearly overestial. (2007). This is due to the relatively rapid ageing rate used
mated in the model. The modelled EC peak on 26 Septemben the model. For most sites the bias, MAE and correlation
2006 also contained some &ire but even more fossil EC,  were slightly better with the STD model compared to the
and the total EC was overestimated also for this period. AGED version.
The largest total E&s peak (11 October 2005) was under-
estimated by approximately 25 % by the model. All model
components peaked at the same time (fossil, RWC and vegd Conclusions
etation fires), so with only EC observations it is impossible
to determine which of the emission sources was most likelyThe EMEP MSC-W model is an important tool for policy
underestimated. makers. Thus it is essential to know how well the model can
The second-highest observed EC peak occurred over eeproduce the measured concentrations of different air pol-
somewhat longer time period, 21 March—3 April, 2007 (threelutants. This study shows that the combination of the EMEP
EC samples). This peak was clearly underestimated by thenodel with recently developed emission inventories for EC
model except for the first 6-day sample. The first sample wagperforms generally well when compared to measurements
dominated by EGegfire in the model, while fossil EC was of (long-term average) EC concentrations at regional back-
the most abundant fraction during the following two peri- ground sites in the northern part of Europe.
ods. This could be an indication that the fossil EC emissions In the present study, EC and BC were measured using
were underestimated or that this particular open fire eveneight different methods or protocols which induce uncertain-
was of too-short duration in the emission inventory, or thatties into the analysis. To some extent, the variations observed
there were too-large deposition losses in the model. are probably due to differences between the measurement
There was a limited number of obvious vegetation fire techniques. One example is the VDI method, used at Mel-
events at the sites included in the present study (during theitz, which provides higher EC concentrations compared to
EC measurement periods), and the modelled contribution tahe thermal-optical methods. This propagates into the site-
EC from this source was usually relatively small, comparedspecific mass absorption cross section (MA®alues as
to EC from other sources. It is not possible to determinewell. Harmonizing the measurement techniques for both EC
whether it is more realistic to treat the Rffire emissions  and BC is an important step in order to obtain comparable
as hydrophilic or hydrophobic based on the results from thisresults for these variables across Europe.
study; the difference in modelled EC between the two alter- To make the comparison between EC and BC less method

natives is often very small. dependent, the BC values were normalized with simultane-
ous EC measurements. This method was fairly successful
3.6 Modelled ageing of EC for most stations, but the correction factors varied a lot be-

tween the different stations, and the station-specific MAC
Three different assumptions regarding the atmospheric agevalues varied from 5.5 to 46%g~_. Clearly, correcting BC
ing and wet deposition of EC were compared, FRESH (alldata from different stations using the same MAC values for
EC hydrophobic), STD (standard ageing assumptions) anall sites is not meaningful. Although having advantages in
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terms of high temporal resolution, the results presented herpolluted environments, and it may be less realistic for cleaner
suggest that optical methods are inappropriate for determinparts of Europe.

ing ambient EC mass, without a secondary method validat- Future plans involve work on investigating the RWC emis-

ing the measurement. This makes such data difficult to useions contribution to organic aerosol in Europe, and further
for chemical transport model evaluations. detailed comparisons of the EMEP MSC-W model to mea-

Residential wood combustion is an important source of ECsurements that include tracers of wood burning, in an effort
in large parts of Europe. The new emission inventory for ECto improve the modelling of both RWC and the impact of
from RWC, presented in this study, improved model resultsopen biomass burning.
for source-apportioned EC from wood burning, compared to
the EUCAARI inventory, for all stations investigated. The
present study investigated a limited set of stations in SwedenSupplementary material related to this article is
Norway and Finland, and further comparisons are needed tavailable online at: http://www.atmos-chem-phys.net/13/
fully evaluate the performance over other European regions8719/2013/acp-13-8719-2013-supplement.pdf
Noteworthy is that the new RWC emission inventory led to
substantial improvements in the modelled EC from wood
burning in Norway, which is the country with the largest
change in emissions compared to the earlier estimates.
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