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Abstract. Levoglucosan, a highly specific tracer of partic- oglucosan by OH, an upper estimate of 31-45% of EBC

ulate matter from biomass burning, has been used to studgould be attributed to Ef; (ECyp adjusted for chemical

the influence of residential wood burning, agricultural wastedegradation) in winter, whereas no reliable X00 %) upper

burning and Boreal forest fire emissions on the Arctic atmo-estimate could be provided for summer for the degradation

sphere black carbon (BC) concentration. A one-year timerates applied. Hence, fossil fuel sources appear to dominate

series from March 2008 to March 2009 of levoglucosanthe European Arctic BC concentrations in winter, whereas

has been established at the Zeppelin observatory in the Euhe very wide range obtained for summer does not allow us

ropean Arctic. Elevated concentrations of levoglucosan into conclude upon this for the warm season.

winter (mean: 1.02ngm?) compared to summer (mean: Calculations using the Lagrangian particle dispersion

0.13ngnT3) were observed, resembling the seasonal vari-model FLEXPART show that the seasonal variation of the

ation seen for e.g. sulfate and BC. The mean concentratiomodeled EGy, (ECopm) concentration compared relatively

in the winter period was 2—3 orders of magnitude lower thanwell with observationally derived BEfp from agricultural

typical values reported for European urban areas in winterfires/wildfires during summer, and residential wood burning

and 1-2 orders of magnitude lower than European rural backin winter. The model overestimates by a factor of 2.2 in win-

ground concentrations. Episodes of elevated levoglucosater and 4.4 in summer when compared to the observationally

concentration lasting from 1 to 6 days were more frequentderived mean Egp concentration, which provides the mini-

in winter than in summer and peak values were higher, ex-mum estimate, whereas it underestimates by a factor of 2.3—

ceeding 10 ng m3 at the most. 3.3 in winter and a factor of 4.5 in summer when compared
Concentrations of elemental carbon from biomass burnto EG;,, which provides the upper estimate. There are indi-

ing (EGyp) were obtained by combining measured concen-cations of too-low emissions of residential wood burning in

trations of levoglucosan and emission ratios of levoglucosamorthern Russia, a region of great importance with respect to

and EC for wildfires/agricultural fires and for residential observed concentrations of BC in the European Arctic.

wood burning. Neglecting chemical degradation by OH pro-

vides minimum levoglucosan concentrations, corresponding

to a mean Eg, concentration of 3. 1.2ngn13 in win-

ter (October—April) and 0.8 0.3ngnT2 in summer (May— 1 Introduction

September), or 8.8 4.5 % of the measured equivalent black

carbon (EBC) concentration in winter and &B.4% in ~ The presence of ambient air pollutants in the Arctic has

summer. When accounting for chemical degradation of lev-been demonstrated in several studies (e.g., Shaw, 1995).

These studies have had a particular focus on the Arctic
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haze phenomenon (Quinn et al., 2007), caused by long-rangarctic (Stohl et al., 2007; Warneke et al., 2009). Warneke et
transport of pollutants from the midlatitudes, leading to ele-al. (2009) argued that in spring biomass burning (BB) plumes
vated concentrations of air pollutants during late winter andon average contribute at least 80 % as much BC to the Arc-
early spring. Long-term trend studies show a downward trendic atmospheric burden as is otherwise present as an Arctic
in black carbon and sulfate aerosol at the three Arctic sitedackground from all sources. However, Brock et al. (2011)
Alert, Barrow and Zeppelin over the last decade (Hirdmanhave shown that the BB layers were present only above the
et al., 2010a), which is in line with observed aerosol trendssea-ice inversion layers and thus may not regularly be seen at
at midlatitudes during the last decades (Murphy et al., 2011 Arctic surface sites.
Hand et al., 2012; Torseth et al., 2012). Radiative effects of Countries bordering the Arctic — i.e., the Scandinavian
aerosols, both direct and indirect, are complex (Myhre et al. countries, Canada, USA and Russia — are known to use sub-
2013) and can be quite different in the Arctic compared tostantial amounts of wood for residential heating; e.g., res-
elsewhere. Due to the high surface albedo of snow and iceidential wood burning accounts for more than 60Bts:
even weakly absorbing aerosol layers in the Arctic can heat/www.ssb.nd of the Norwegian PM5 emissions, of which
the Earth—atmosphere system (Pueschel and Kinne, 1995RC is likely to constitute 20—30 % (Yttri et al., 2009). Due to
Infrared emissions from the haze can heat the surface durinthe proximity to the Arctic, BC emissions from these coun-
the polar night, and during spring when the solar zenith an-ries are disproportionally important with respect to the Arc-
gle is still large (MacCracken et al., 1986). Furthermore, ab-tic BC contribution compared to emission sources situated
sorbing aerosols deposited in the polar region can affect théurther south (Hirdman et al., 2010b). Also, there is a grow-
show and ice albedo and increase the amount of solar radiang number of papers demonstrating that residential wood
tion absorbed, enforcing melting of snow on tundra and seaurning is more widespread and contributes more to the am-
ice (Clarke and Noone, 1985; Hansen and Nazarenko, 2004pient PM, and BC, level in continental Europe than previ-
Consequently, it can be argued that the largest uncertaintiesusly assumed (e.g., Sillanpaa et al., 2006; Gelencsér et al.,
when studying the aerosols’ impact on climate in the Arctic 2007; Puxbaum et al., 2007; Lanz et al., 2010; Maenhaut et
are attributed to black carbon (BG)which is generated by al., 2012; Genberg et al., 2013). Projections made by the In-
incomplete combustion of fossil fuel and biomass. Due to itsternational Atomic Energy Agency (2008) show that the con-
short atmospheric lifetime compared to £has been sug- sumption of biomass is likely to increase by approximately
gested that reducing emissions of BC is an effective strategy200 % between 2000 and 2020, in order to compensate for
complementing C@ mitigation, to slow global warming in  reductions in the use of fossil fuels.
the near future (Bond, 2007; Hansen et al., 2000; Jacobson, Levoglucosan is a thermal degradation product of cellu-
2002; shindell et al., 2012). It is thus essential to increasdose and a unique tracer of particulate matter emissions from
current knowledge of the relative strengths of different BC biomass burning. The component possesses features which
sources in order to implement effective mitigation steps. make it suitable to trace biomass burning aerosols in the am-
Some recent studies have argued that boreal wildfires wittbient atmosphere; this includes in particular a high emission
their high emissions and proximity to the Arctic could be the factor and a low vapor pressure (Locker, 1988; Simoneit et
most important source of Arctic BC in seasons of high wild- al., 1999; Oja and Sudberg, 1999). The studies by Locker
fire activity (Stohl, 2006; Stohl et al., 2007; Warneke et al., (1988) and Fraser and Lakshmanan (2000) long provided the
2009). Furthermore, an increased frequency of boreal foredbasis for levoglucosan being stable in the atmosphere for
fires has been postulated as a consequence of global warma-time period extending up to 10 days. However, more re-
ing, augmenting its present source strength. Also agriculturatent indications of degradation of levoglucosan have been
fires were identified as a strong episodic source of BC for thenferred from ambient measurements (e.g., Gao et al., 2003;
Saarikoski et al., 2007), as well as demonstrated in a few
Here, the term black carbon (BC) is used according to the recT€cent laboratory studies (Hennigan et al., 2010; Hoffmann
ommendations of Petzold et al. (2013). BC is defined as a subet al., 2010). In particular, aqueous-phase reaction with OH
stance with the following properties: (1) consists of mainlg-sp radical in deliquescent particles appears to be the most ef-
bonded, graphitic carbon; (2) consists of aggregates of carborficient pathway causing depletion of levoglucosan in the at-
spherules of 10-50nm diameter; (3) refractory, volatile at nearmosphere. For example, Hoffmann et al. (2010) founed
4000K, volatilization by oxidation from 613 K; (4) insoluble in or- ya|yes (the time until half of the levoglucosan has been de-
ganic solyents and water; (5) strongly abso_rbmg fo_r_ visible light. raded) for levoglucosan ranging from 12.7 to 83.2h in a
There exists no measurement method that is sensitive to al thes%wodel study representative of polluted continental plume
properties at the same time, i.e., no method for uniquely measur- ;. Lo .
conditions, where the variability im /> reflected variations

ing BC, and BC only. Therefore, the term BC is used in a quali- .

tative manner. Only certain BC properties can be quantified, e.g.,In photochemical activity and OH concentrations, being a

the absorption coefficientag; the equivalent black carbon (EBC) function of temperature and season. However, confirmation
concentration, obtained by multiplyingyp, with an assumed mass ~ Of the range oty > values reported by Hoffmann et al. (2010)
absorption coefficient; or the elemental carbon (EC) concentrationfor wood burning particles in the atmosphere is still missing.
obtained by thermal-optical analysis.
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Figure 1. The Zeppelin observatory located at the Zeppelin Mountain (478 m a.s.l.) close to Ny-Alesund (Svalb¥54)N781°53 E).
The light-blue line on the map shows the Arctic Circle.

Although levoglucosan appears to be best suited to tracéoring Programme (EMEP), the Global Atmospheric Watch
biomass burning emissions in winter and on a local to re-(GAW) and the Arctic Monitoring and Assessment Pro-
gional scale, conservative estimates of the biomass burningramme (AMAP). The site is also included in the EU infras-
aerosol concentration can still be provided for the remote entructure project ACTRIS (Aerosols, Clouds and Trace gases
vironment. At present there are only very few studies report-Research InfraStructure Network).
ing levoglucosan concentrations for the Arctic environment
(Stohl et al., 2006, 2007; Fu et al., 2009; von Schneidemesse?.2  Aerosol filter sampling for analysis of levoglucosan
et al., 2009; Zangrando et al., 2013) and typically for a short
duration, days to a few months, and with a low time reso-Ambient aerosol filter samples subjected to levoglucosan
lution (48 to 168 h). Thus, a time series of levoglucosan in-analysis were obtained using a Digitel high-volume sampler
cluding all seasons and with an improved time resolution is€dquipped with a Pl inlet, collecting aerosols on prefired
needed to get an overview of the current biomass burnind850°C; 3h) quartz fiber filters (Munktel MK360; 150 mm
aerosol concentration in the Arctic. The presence of levoglu/n diameter, batch number 11415138). The sampler was oper-
cosan in the Arctic has been associated with boreal foresgted ataflow rate of 20#h~*. The sampling time was 24 h.
fires (Stohl et al., 2006), agricultural waste burning (Stohl The sampling inlet was installed approximately 2m above
et al., 2007), and closed combustion of wood (Hegg et a|_,the roof level of the observatory and 5m above the ground
2009), but no attempt has been made to convert the ambi€vel: _ _ . _
entaerosol levels of levoglucosan into levels of carbonaceous For certain days throughout the sampling period the Dig-
aerosol, e.g., BC, from these respective sources. itel s_ampler was not operat|onz_il; hence filter samples_ were

The current study presents the first one-year time serie§btained from a co-located high-volume sampler with a
of levoglucosan in the Arctic environment, and allows for a PM2s inlet collecting aerosols on”8< 10" cellulose fil-
quantification of the BC fraction of the aerosol in the Arctic ters (Whatman 41) according to a 2 +2 +3-day weekly sam-

originating from agricultural and wildfires during summer, pling scheme. The sampler was operated r_:\t a flqw rate of
and from residential wood burning during winter. 1.1 m? h~1. Post-exposure and prior to analysis the filter sam-

ples were wrapped in aluminium foil, placed in polyethy-
lene zip lock bags, and stored in a freezerl8°C). One

2 Experimental field blank was assigned to each month of sampling and was
_ o . treated in exactly the same manner regarding preparation,
2.1 Site description and measurement period handling, transport and storage as the filters being exposed,

) ) except that they were not inserted in the sampler.
Aerosol filter samples were collected at the Zeppelin atmo-  qyality assurance of the aerosol filter sampling, as well as
1 / o i . . .
spheric observatory (784 N, 1I°53 E, 478 ma.s.l.) (Fig. 1)  the chemical analysis performed, are presented in Sect. 3.
outside Ny-Alesund at the west coast of the Spitsbergen
island in the Svalbard archipelago (Norway). The samples2.3 Measurement of levoglucosan, mannosan and
were collected during the one-year period from 12 March galactosan
2008 to 7 March 2009. The Zeppelin observatory is an im-
portant site in various global, regional and national monitor- Quantification of the monosaccharide anhydrides (MAs)
ing networks, including the European Evaluation and Mon-levoglucosan, mannosan and galactosan was performed
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according to the method described by Dye and Yttri (2005),Table 1. Equations used to calculate concentrations of=C
and is only briefly described here.

Between 50 and 100% (77-154&nof the quartz fi- TCphp=[LG] x (TC/LG)pp (1)
bre filter were soaked in tetrahydrofuran (10 mL) and sub- OCyp = TChp x (OC/TOpy, (2)
jected to ultrasonic agitation (30 min). The filter extract was ECob = TCpp — OCpp (3)
filtered through a syringe filter (0.45um) to remove insol- Square brackets denote measured quantities.
uble PM and filter parts. Each filter was extracted twice. Parentheses denote emission ratios (see

Table 2).
The extracted volumes were pooled and evaporated to a to- Notation: TC = total carbon:
tal volume of 1 mL in an N atmosphere. Before analysis LG =levoglucosan; OC = organic carbon;
. EC = elemental carbon; subscript
the sample solvent elution strength was adapted to the mo- bb = biomass burning.

bile phase by adding Milli-Q water (0.8 mL). The concen-

trations of MAs were determined using high-performanceape o Emission ratios (meah SD) used to calculate concentra-

liquid chromatography (HPLC) in combination with HRMS- {jons of EC from biomass burning (g§) according to Egs. (1-3).
TOF (high-resolution mass spectrometry—time of flight) op-

erated in the negative electrospray mode. The compound sep- -SD Mean +SD
aration was performed with two series-connected reversed-
phase C18 columns (Atlantis dC18, Waters). Levoglucosan,

Res wood burniny

mannosan and galactosan were identified and quantified on E-([)(c::#g)))bb 307'2 éd;; (1)88';'
the basis of retention time and mass spectra of authentic o wbb , ' ' '

. 3 Wildfires/agricultural fire$
standards (Sigma}3C labeled levoglucosan ¢El100s) and (TCILG)pp 38 48 58
galactosa_n (6H100s), purchased _from Cambridge Isotqpe (OC/TChp 0.80 085 0.90
Laboratories, Inc., were used as internal standards. This ap-
proach accounts for any potential loss of the native com- L vttri et al. (2009, 2011a)

, Yurietal
pounds during the sample preparation. Saarikoski etal. (2007)

2.4 Measurement of black carbon (BC) 2.6 Emission ratios used to calculate EC from biomass

The concentration of light-absorbing particles was measured burning (EC pv)

using a pamlcle soot absorption photqmetgr (PSAP). In th'SFor residential combustion, emission ratios for levoglucosan
instrument, light (522 nm wavelength) illuminates two 3 mm have been reported, or can be derived, for a wide range of

diameter spots on a single filter substrate, on one of Wh'Chsoftwood and hardwood trees — see e.g. Fine et al. (2001,

particles are collected from ambient air flushed through the2002a, b, 2004), Mazzoleni et al. (2007) and Simoneit et

flltetr_, IW Tle th_e fother IS ﬂ,:JSThr?d W'tth lth$ Sh?ms am;)_unt of al. (1999) — but are typically for US tree types, using US
particle-lree air for respect. The partice fight absorption Co'appliances. There are only few stove measurements for Eu-

efficientoap is derived from the change in light transmittance ropean tree types, e.g., Puxbaum et al. (2007) and Schmidl

across the filter. The influence of particle scattering has beegt al. (2008). Studies with single appliances show a large
corrected according to Bond et al. (1999). Assuming thatvariability, owing to different combustion conditions (e.g.,

all the light absorption measured is due to BC and that aIISchmidl et al., 2008), different technologies or type of wood

BC has the same light absorption efficienay values can used. Studies using ambient data could provide a good alter-

beh Cog‘.’e.ge‘; E)O (tar(]quwalent IZC (EtI.SC) mass con_centrauon%ative’ as they reflect the weighted mean of all the factors
when divided by the mass absorplion Cross sectignRor mentioned above, but results will vary from region to region
the o value used to calculate EBC in the present study, Se?Yttri etal., 2000)

Sect. 2.7. The choice of emission ratio is critical for the EC de-
rived from biomass burning (Rfg) emissions. Thus, we
have made an effort to select emission ratios from the ge-
ographical region being the source region of the Zeppelin

Total carbon (TC), elemental carbon (EC) and organic car-observatory, both with respect to emissions from agricultural
tance (TOT) instrument from Sunset Laboratories Inc., whichfor levoglucosan with reference to EC, OC and TC are not
corrects for charring of OC during analysis (Birch and Cary, @bundant for the actual region, and we recognize that we thus

1996). The instrument was operating according to the EU-Potentially might miss parts of the total range. However, ex-
SAAR_2 protocol (Cavalli et al., 2010). panding the range based on ratios from prescribed fires or

laboratory burn tests involving vegetation from other parts of
the world is scientifically hard to justify.

2.5 Measurements of elemental, organic and total
carbon
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To account for the fact that the emission ratio for resi- 2.7 « values for calculation of equivalent black carbon
dential wood burning is likely to differ as a function of e.g. (EBC)
wood type, type of appliance and flaming versus smolder-
ing combustion, and consequently between geographical reA challenge when providing a whole-year time series of the
gions, we have allowed for a rather wide range in our calcu-relative content of Egp in aerosol at Zeppelin lies in the
lations and adopted the range and approach reported by Yttfct that EGp can be calculated using only the levoglucosan
et al. (2011a) (Tables 1 and 2). Consequently, the analyticafoncentration as a proxy, while the (total) EC concentration
method used to determine levoglucosan is self-consistent, a&s @ reference is available only in winter. Summertime EC
the method by Dye and Yttri (2005) was applied both in the concentrations are below the detection limit of the thermal-
present study as well as in that of Yttri et al. (2009), from optical analysis (TOA) at Zeppelin. To overcome this chal-
which the emission ratio range listed in Yttri et al. (2011a) lenge, the relative Eg concentration is referenced not to
was derived. the EC concentration, but to the EBC concentration derived

Emission ratios for wildfires and agricultural fires likely from the aerosol absorption coefficien, by employing a
have a similarly wide range as those reported for residentiamass absorption cross-sectien The calculation is tied to
wood burning, as the vegetation type being burnt can vanthe EC concentrations measured at Zeppelin by calculating a
widely. In the present study we derived emission ratios of lev-Site-specifiax using the concurrent measurementsgfand
oglucosan from the study of Saarikoski et al. (2007), whichEC in winter:
reported observed concentrations of levoglucosan, EC and
OC at a rural background site in Helsinki during influence of @ = %ap/ EC. (4)
emissions from the major wildfires and agricultural fires that . . . . .
took place in eastern Europe in spring 2006 (see Table 2). AéDt(re;v?gOtrk\:vearrdglatlve B concentration, Egprel, is then
main argument for deriving emission ratios from Saarikoski 9 '
et al. (2007) is the proximity of Hglsinki with rgspect to the ECobrel = EChp/ EBC (5)
area burnt. Hence, the transport time of the air masses pass-

ing over Helsinki from the area burnt causes deposition as [LGITC/LG)pp(1 = (OC/TCbb) / 7ap/ e,

well as potential depletion of levoglucosan by OH still to be \\hare [LG] denotes the levoglucosan concentration, and
moderate. Also the area burnt is considered to be in the S“b[he emission ratios (TC/LG) and (OC/TC}y, the source-
Boreal region and thus ought to be representative for wild-gyq ific emission ratios taken from Yttri et al. (2011a) in win-
fire/agricultural fire emissions impacting the European Arc- o, and Saarikoski et al. (2007) in summer (see Table 2). We
tic. Indeed, emissions from this exact fire event have beenyyiain a site- and season-speaifivalue of 5.7+ 2.3 7 g1
reported to reach the European Arctic, causing record high the 7eppelin observatory in winter. The number of sam-

levels of air pollutants (Stohl et al., 2007). Further, the LC— ¢ @ = 35) from which the value was derived was lim-
MS method used for levoglucosan analysis by Saarikoski e[t)ed by the low ambient EC levels and the detection limit of

al. (2007) was similar to the method of Dye and Yttri (2005), {he thermal-optical instrument (see Sect. 3). In the absence
which was used in the present study, and which also is they any other more specific information, the samealue is

basis for_ the I_evoglucosan emission ratio used for emissions saq for summer as welt? was 0.77 when correlating EC
from residential wood burning.

ECy, was calculated using Egs. (1-3) (see Table 1),

) S , X 1 . The « value obtained and applied in the current study is
using the emission ratios listed in Table 2. Obviously, agpstantially lower than that used for Arctic sites by Sharma
mix of emissions from residential wood burning and wild- et al. (2013), but consistent with that applied by Hegg et
fires/agricultural fires can occur (see Fig. 2d), particularly 5 (2011) for Svalbard. Various instruments, operating at dif-

during the transient periods in spring and fall. In the present, ont wavelengths, likely explain most of the variability.
study, we have used weighted emission ratios according to

the relative contribution of BC from wildfires/agricultural 2.8 FLEXPART model simulations

fires versus BC from residential wood burning, as predicted

by the FLEXPART (FLEXible PARTiIcle dispersion) model. BC concentrations and source receptor relationships were

See Section 2.8 for further details on the model runs, andimulated with the Lagrangian particle dispersion model

Fig. 2d for the time series of BC associated with wild- FLEXPART (Stohl et al., 1998, 2005; Stohl and Thomson,

fires/agricultural fires and residential wood burning as pre-1999) using 3-hourly operational meteorological analyses

dicted by the FLEXPART model. from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) with 91 model levels and a horizontal reso-
lution of 1 x 1 degrees. For each levoglucosan measurement
carried out at Zeppelin 50000 particles were released and
followed 30 days backward in time. A Bgtracer was used
that is subject to dry and wet deposition. The model set-up

www.atmos-chem-phys.net/14/6427/2014/ Atmos. Chem. Phys., 14, 6462442 2014
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Figure 2. Ambient aerosol concentrations of levoglucoga)) equivalent black carbon (EBGp) and elemental carbon from biomass
burning (EGyp) (c), presented as 24 h mean concentrations for the Zeppelin observatory during the period 12 March 2008-7 March 2009.
(d) shows modeled concentrations of fg&ECyp 1), as obtained by the FLEXPART model. The green curve is the sum of EC from wildfires
and agricultural fires, whereas the red curve is EC from residential wood burning. The two orange astéeiskslicate episodes with a

rapid increase in the Bfg concentration that are not captured well by the model and which are discussed in further detail in Sect. 4.4.

and the parameters used for thegg@acer were identical lutants) project. More detailed description is provided in

to the BC tracer simulations described by Stohl et al. (2013) Klimont et al. (2013) and Kupiainen and Klimont (2007),

However, for the By tracer we only considered BC emis- and gridded emission data sets are available through the

sions from residential wood burning, wildfires and agricul- ECLIPSE project websiteh{tp://eclipse.nilu.np upon re-

tural fires (see below). quest. Open biomass burning (forest and savannah fires)
The experimental determination of Egaccording to  emissions originate from the Global Fire Emissions Database

Egs. (1)—(3) assumes that levoglucosan is not chemically de(GFED) version 3.1 (van der Werf et al., 2010).

graded in the atmosphere. However, in reality the levoglu-

cosan chemical half-life time;,>» may range from 12.7 to )

83.2h according to Hoffmann et al. (2010). To explore the3 Quality assurance

impact of such degradation on modeled g&oncentra- ) . )
tions, chemical decay following a number of different half- S@mpling was conducted for a time period of 352 days, of

life times (0.5, 1, 2, 3, 4 and 5 days) was superimposed on th¥/hich 321 days were covered by the sampling. The mis-
other BC loss processes (i.e., dry deposition and wet sca/Naich between the two numbers was typically attributed to
enging) (see Table 3). The differences to simulated,8C instrument malfunction. In total 289 filter samples were col-
without decay allow quantifying the impact of this process. lected. For some filters the sampli.n_g time extended beyonq
The estimate of emissions from residential wood burning24h because poor weather conditions prevented the engi-
and open burning of agricultural residues used in this study'€€rs to access the station. Certain filter samples were con-
have been developed with the GAINS (Greenhouse gas—Ai?'dered unacceptabl'e for aqalyses pecause they were soakmg
pollution Interactions and Synergies) model (Amann, 2011;et from snow entering the inlet during harsh weather condi-
seehttp://gains.iiasa.ac pwithin the ECLIPSE (Evaluating U0ns. Moreover, during occasions when the Digitel sampler

the CLimate and Air Quality ImPacts of ShortivEd Pol- was not operational due to e.g. maintenance, filter samples
were obtained from a co-located high-volume sampler, with
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Table 3. Modeled (EGyp,m), observationally derived (BEfp) and chemical-lifetime-corrected (%9 mean concentrations of EC assuming
chemical half-life times<y/2) of levoglucosan ranging from 12 h to 5 days and relative contribution ¢f ECEBC.

ECop (ngm3)  EG, (ngm3)  EG;,/EBC (%)

Winter

ECyp, ([Levo]* ER) Observed 3.9

ECpbh,m Mod (Dry/Wet dep.) 8.5

ECph,m Mod (Dry/Wet dep.) Lifet. 0.5 0.03 1203 1908
ECph,m Mod (Dry/Wet dep.) Life t. 1 0.18 181 286
ECph,m Mod (Dry / Wet dep.) Life t. 2 0.67 50 72
ECpb,m Mod (Dry/Wet dep.) Life t. 3 1.2 28 45
ECph,m Mod (Dry/Wet dep.) Life t. 4 1.7 20 31
ECpbh,m Mod (Dry/Wet dep.) Life t. 5 21 15 25
Summer

ECyp, ([levo]* ER) Observed 0.91

ECpb,m Mod (Dry/ Wet dep) 4.0

ECph,m Mod (Dry/Wet dep.) Lifet. 0.5 0.001 4672 16556
ECph,m Mod (Dry/Wet dep.) Life t. 1 0.004 802 2843
ECph,m Mod (Dry/Wet dep.) Life t. 2 0.03 123 436
ECph,m Mod (Dry/Wet dep.) Life t. 3 0.09 39 139
ECpbh,m Mod (Dry/Wet dep.) Life t. 4 0.20 18 65
ECph,m Mod (Dry/Wet dep.) Life t. 5 0.33 11 39

ECbb* = ECbb adjusted with respect to lifetime/degradation as predicted by the FLEXPART model.

a sampling time of 2 (Monday—Wednesday and Wednesday-while the cellulose filters contained 30 pg of levoglucosan
Friday) and 3 (Friday—Monday) days per week. per filter, which was accounted for when performing the cal-
In total 106 samples were collected during summer-culations.
time (May—September) sampling, whereas the corresponding Thermal-optical analysis of EC, OC and TC was con-
number for winter (October—April) was 183. ducted for a selection of samples only=£ 73), i.e., for the
Aerosol particles emitted from biomass burning are foundfilter samples experiencing the highest concentration of lev-
to reside in the fine particle size fraction (e.g., Kleeman etoglucosan and/or filters which showed visual sign of col-
al., 1999; Hedberg et al., 2006; Yttri et al., 2005). Hence, weoring. Twelve of the filter samples subjected to TOA were
regard the PMs cut-off size of the co-located high-volume picked from the period 20 March to 25 April 2008, whereas
sampler, which was used when the Digitel high-volume sam-the remaining filter samples were from the period 18 Novem-
pler (PM inlet) was out of order due to maintenance, as aber 2008 to 7 March 2009. In total 10 % of the filter sam-
minor uncertainty. ples had TC concentrations below the TOA analytical detec-
The HPLC/HRMS-TOF methodological limit of detec- tion of 0.2 ug C cm?, whereas the corresponding percent-
tion (LOD) for levoglucosan, mannosan and galactosan at age for EC was 45 %. Field blanks £ 2) analyzed within
signal-to-noise ratio of 3 was 7.5 pgth A total of 97 % of 10 months after the sampling period was ended showed re-
the samples contained levoglucosan at levels exceeding thaarkably low carbon concentrations, i.e:,0.2 ug C cnm?
LOD. Concurrent data of the isomeric compounds mannosaibeing the analytical LOD of the TOA instrument. The car-
and galactosan were available for only 30 % of the samplesbon content of field blanks:(= 6) analyzed after 5 years
due to their low observed levels. Levoglucosan was the mostvas 1.0+ 0.3 ug C cnm2. For the one field blank for which
abundantisomer, accounting for #%6.4 % of the sum of the  reanalysis was possible, the concentration increased from
three isomers, which is comparable to what has been reporte@.1 ug C cn2, which is below the instrument’s analytical
in the literature for areas impacted by biomass burning (e.g.LOD, to 0.73 ug C cm?, strongly suggesting that the field
Zdrahal et al., 2002; Yttri et al., 2011b). When calculating blanks have picked up organic material during 5 years of stor-
mean concentrations, values below the detection limit wereage in the freezer at18°C. For all field blanks, the carbon
accounted for by using a value corresponding to one-half ofcontent was entirely attributed to OC; i.e., no EC was ob-
the LOD. The precision was found to be satisfactory, with served on the field blanks. The sampling approach did not al-
a relative standard deviation below 5 %. The quartz fiber fil-low for addressing positive and negative artifacts associated
ters field blanks did not contain monosaccharide anhydridesyith sampling of OC.
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a) Summer (May—Sept) b) Winter (Oct—April)
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Figure 3. The overall emission sensitivity of measurements at the Zeppelin observatory to surface emissions during the last 30 days of air
transport to the site for summer (here: mean of June—August, Z8DP8nhd winter (here: mean of January—March, 20@f)) respectively.
Unit: ns m3.

4 Results and discussion the mean concentration exceeded 1.0 ngniThe lowest
monthly mean was observed for September (0.07 n§m
4.1 Levels of levoglucosan The ambient concentration of levoglucosan (Fig. 2, panel

a) showed minor variability during summertime sampling

Ambient concentrations of levoglucosan observed at the ZepWith only two episodes of elevated levoglucosan levels. The
pelin observatory during the period 12 March 2008—7 Marchmaximum 24 h concentrations increased by a factor of 7—
2009 are shown in Fig. 2 (panel a). The annual mean conll compared to the summertime mean (0.13 ng)dur-
centration of levoglucosan was 0.68 ngin Elevated con-  ing these episodes. During winter, episodes of elevated lev-
centrations in winter (October—April) (mean 1.02 ngH oglucosan concentration were more frequent than in summer.
compared to summer (May—September) (mean 0.13Tym Peaks of similar magnitude as seen during summer were ob-
were observed, resembling the well-known seasonal patterf€rved regularly from the middle of October on. From the
seen for e.g. sulfate and BC caused by the Arctic haze phestart of December until the end of the sampling period (7
nomenon (Shaw, 1995). The wintertime mean concentratiodarch), the levoglucosan time series was characterized by
of levoglucosan at the Zeppelin observatory was 2—3 order§everal episodes and periods of considerably elevated con-
of magnitude less than typical concentrations reported forcentrations, one of which extended up to 2.5 weeks’ duration
European urban areas in winter (Szidat et al., 2009), and 14in January. The 24 h maximum levoglucosan concentration
2 orders of magnitude less than that of the European rurafor the entire year of sampling was observed during this pe-
background environment (Puxbaum et al., 2007: Yttri et al.,iod, exceeding 10 ng ¥, hence being 1 order of magnitude
2014). The very few studies reporting levoglucosan concenhigher than the wintertime mean (1.02 ng# The winter-
trations for the Arctic environment — i.e., Stohl et al. (2006, time sampling period also included the months March and
2007) and Zangrando et al. (2013) for the Zeppelin observaApril in 2008, and a major peak in the transition between
tory, Fu et al. (2009) for Alert (Canada), Schneidemesser eMarch and April is evident.
al. (2009) for Summit (Greenland) and Fu et al. (2013) for the
Beaufort Sea (Canada) — have found levels within the con4.2 Main source regions contributing to elevated
centration range reported in the present study. The daily max- levoglucosan concentrations at the Zeppelin
imum concentration of 10.4 ngT was observed on 17-18 observatory
January 2009 and is more than 3 times higher than the con-
centration reported by Stohl et al. (2007) (3.2 ng?yduring To identify the main source regions of the observed levoglu-
the severe air pollution episode caused by agricultural fires ircosan concentrations at the Zeppelin observatory we have
eastern Europe affecting the European Arctic in spring 2006used the FLEXPART model (see Sect. 2.8) to calculate the

The highest monthly mean concentration of levoglucosanemission sensitivity of BC tracer aerosols for the summer and
was observed for January (3.2ng®), which along with  winter months. Figure 3 shows the overall sensitivity of mea-
February (2.0 ngm?) were the only two months for which surements at the Zeppelin observatory to surface emissions
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during the last 30 days of air transport to the site for summerexceeding 20 ngm? on a daily basis were only observed
(panel a) and winter (panel b), respectively. High values showfor 2.5 % of the samples and were all confined within the
where the air mass has been in contact with the surface fowintertime period.

a long time (unit: nsm?3), and consequently has the great- No pronounced correlation was observed between the ab-
est potential to take up emissions. Hence, the plots indicatsorption coefficient4,p) and levoglucosan on an annual ba-
where potential surface sources influence the measurementsis; hence BC from other sources than biomass burning was
There is a clear seasonal variation in the BC emission senhikely the major contributor to the observed absorption co-
sitivity. During winter (panel b), relatively high values ex- efficient values. From January 2009 higher correlation be-
tend towards northern Eurasia, and as far south as approxweenosp and levoglucosan was observed, and for the last
imately 50 N, covering large parts of Russia, Scandinavia 40 days of sampling (25 January—7 March 2088)= 0.84.

and eastern Europe. This is expected to be the most importamlthough this was the time period during which the highest
source region for BC during wintertime at Zeppelin. Dur- concentrations of levoglucosan were observed, one cannot
ing summer (panel a), high values are limited to the Arctic exclude that the high correlation was a result of the Arctic
Ocean basin and the emission sensitivity decreases distinctlgaze phenomenon causing thorough mixing of aerosol par-
from the northern continental coastline and southward. Thigicles from all sources entering the polar dome during this
indicates that BC aerosol particles emitted at the relativelytime of the year, rather than biomass burning (here: residen-
warmer landmasses at lower latitudes are less likely to reachial wood burning) being the major source of BC. No pro-
the Zeppelin observatory on a 30-day timescale during thenounced correlation was observed when correlating major
summer season. Consequently, sources located in the centrialbrganic aerosol constituents and S@ith o4, except for
European and Eurasian region are less likely to have a digoﬁ— (R? = 0.74). Consequently, we cannot point to either
rect impact on the measurements during summer than duringf the two suggested reasons explaining the high correlation
winter. This is consistent with the current understanding ofgbserved between levoglucosan angd

atmospheric transport patterns in the Arctic (Hirdman et al.,

2010b, and references therein). 4.4 Comparison of modeled and observed Efp
4.3 Levels of equivalent carbon (EBC) and EC from The FLEXPART modeled Egp (here: EGpm) from wild-
biomass burning (EGyp) fires and agricultural fires (green curve) and residential wood

burning (red curve) are shown in panel d in Fig. 2. The model

Ambient concentrations of EBC and Egat the Zeppelin  captures the seasonal pattern of the levoglucosan time se-
observatory during the one-year sampling period are showmies with elevated levels in winter compared to summer. Also
in Fig. 2, panel b and panel c, respectively. The annual meathe mean seasonal concentration is in relatively good agree-
concentration of EBC was 4619ngnt3 (Mean+ SD), ment, although the deviation during summer is considerably
which compares well with the annual mean of EBC larger than during the winter period; i.e., the mean mod-
(39ngnT3) for Zeppelin for the time period 1998-2007, eled winter and summer concentration of & was 8.5
reported by Eleftheriadis et al. (2009). It should be notedand 4.0 ng m23, respectively, compared to 3.9 (winter) and
that a different instrument (aethalometer), wavelengte-( 0.9 ngnT3 (summer) obtained on the basis of the levoglu-
880nm) and absorption cross sectiom =159 g~1) cosan observations. Note that the observation-based means
were used by Elefteriadis et al. (2009) than in the presentre slightly different from those presented in Sect. 4.3, as the
study. The seasonal variation observed in the present studyopulation of samples compared consists of samples which
was similar to that of Elefteriadis et al. (2009), with increasedhave concurrent measurements of EBC as well.
concentrations in winter (68 26 ngnt3) (October—April) We consider OH degradation of levoglucosan, levoglu-
compared to summer (2510 ngn13) (May—September), cosan emission ratios and uncertainties in the emissions to
with monthly mean concentrations ranging from a maxi- be the most important reasons for the observed deficit be-
mum in March (113t 45 ng n73) to a minimum in Septem- tween the modeled and observational derived meap, EC
ber (5.4+ 2.2 ngm3). Major peaks of EBC# 100 ng nm3) Uncertainties in emissions from biomass burning have been
were exclusively observed during the wintertime period. estimated to range from-50 % to +200% for both con-

The annual mean concentration of gC was  tained (stoves, boilers) and open burning sources (Bond et
2.6+0.8ngnT3. The seasonal variation, showing ele- al., 2004), and substantial differences between countries can
vated concentrations in winter (3t71.2 ngnt3) compared  appear. Also levoglucosan emission ratios are found to vary
to summer (0.80.3ngn73), as well as frequency and widely, as shown by e.g. Sullivan et al. (2008). The per-
evolution of episodes, equals that of levoglucosan agEC ~ haps most important criterion for a tracer to be used in a
merely a function of the observed concentration of levoglu-quantitative manner is that its mass is conserved from emis-
cosan and a given emission ratio. The highest monthly measion source to receptor point or its degradation well known.
was observed for January (H13.4ngnt3) and the lowest Hence, in the current study, any selective depletion of lev-
for September (0.50.2ngn73). EGy concentrations oglucosan following from reaction with the OH radical, as
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shown by e.g. Hoffmann et al. (2010), will cause an underes-sponds with an increase in the observed level of levoglucosan
timation of EGy,. Hence, the levoglucosan concentration ob- (1.4 ng n3). However, the levoglucosan level does not con-
served at the Zeppelin observatory will provide minimum es-tinue with high values as long as predicted by the model. For
timates of the biomass burning EC aerosol concentration. Tahe second part of the period the observed level of levoglu-
explore the possible magnitude of OH degradation, we haveosan is below the summertime mean of 0.13 ng nunfor-
recalculated the Eg m model tracer with assumed chemi- tunately, during the August episode only a few levoglucosan
cal half-life times of 0.5, 1, 2, 3, 4 and 5 days (see Table 3),measurements were available Observations of levoglucosan
spanning the range of half-life times of 12.7—83.2 h given byexist only for the first four days of August, for which the
Hoffman et al. (2010), being shorter in summer comparedievel increased to approximately 1 ngfand hence corrob-
to winter. The ratio between the modeled concentration oforates to the increased levels from wildfires and agricultural
ECho.m assuming dry and wet deposition only and that of fires predicted by the model.
ECopm including chemical degradation in addition to wet  The winter period is characterized by much higher back-
and dry deposition would then give the relative underestima-ground values and a number of peaks. The model predicts a
tion due to ignoring the chemical degradation. These ratiogeriod of increased emissions from residential wood burning
can in turn be used to provide chemical lifetime-correctedfrom mid-November 2008 until the end of the sampling pe-
concentrations of E€p, denoted E; (see Table 3). When riod in the beginning of March 2009. This is in line with the
using chemical half-life times of levoglucosan ranging from observation-based time series. For two of the most substan-
3 to 4 days for the wintertime period, including thg, val- tial periods, extending up to 13 (9-22 December 2008) and
ues suggested for winter by Hoffmann et al. (2010),EC 18 days (13-31 January 2009) in length, the model matches
is underestimated by a factor of 5-7, corresponding to anwell with the observed time series of levoglucosan, both with
EG,, concentration ranging from 20 to 28 ngmWhenus-  respect to onset and duration. The maximum of the first pe-
ing chemical half-life times of levoglucosan ranging from 0.5 riod was reached on 15 December, when the air was trans-
to 2 days, which includes thg,» values suggested for sum- ported from central Europe. The maximum of the second pe-
mer by Hoffmann et al. (2010), Bf is underestimated by riod was observed on 17 January, when the source region was
a factor of 130-4000. This in turn corresponds to arffC confined to the northern parts of central Europe, as well as
concentration range which far exceeds that of the summerfor a region extending to the East and the West of the Ural
time mean EBC concentration, and thus is unlikely. mountain range, being centralized around the major Russian
A chemical lifetime of 4 days, which is in line with that cities Perm and Sverdlovsk.
suggested for winter (Hoffmann et al., 2010), provides an During the wintertime period there were two distinct
EG;,, concentration of 18 ng P for summer. This finding  episodes with a rapid increase in the levoglucosan ang EC
indicates that the chemical lifetime of levoglucosan during concentration, both indicated with an orange asterisk in
the Arctic summer is longer than that suggested by Hoff-Fig. 2 (panel c), that are not captured well by the model. One
mann et al. (2010). It should be noted though, that a partjs the major episode observed during the transition of March
yet unknown, of the underestimation could be attributedto April (29 March to 6 April, 2008) with a maximum lev-
to uncertainties in the emissions, as well as the levoglu-oglucosan concentration of 5.6 ngf The model predicts
cosan emission ratio. Given the lower concentrations of OHan influence by both agricultural fires/wildfires and residen-
in winter compared to summer, chemical lifetimes for lev- tial wood burning during the period, but neither of the two
oglucosan extending beyond the range suggested by Hoffsources, nor the sum of them, seems to reconstruct the evolu-
mann et al. (2010) could also be assumed during the Arction of the episode. The second episode is characterized by a
tic winter. Indeed, the chemical lifetimes suggested by Hoff- sharp peak rising from 2 to 3 February 2009, reaching a peak
mann et al. (2010) are best estimates for typical tropospheritevoglucosan concentration of 7.7 ng# One plausible ex-
agueous-phase oxidation processes under polluted contineplanation of these observed deviations is the distribution and
tal plume conditions, and thus their use under other atmostrength of the emissions used in the model. The days 29
spheric conditions should be performed with caution. Nev-March to 2 April during the 29 March to 6 April episode
ertheless, Hoffmann et al. (2010) is the most comprehensivén 2008 is not captured well by the model, while the smaller
study published on this topic yet and thus is a natural choicepeak on the 6 April is reproduced. From 27 March to 2 April,
for the current study. the air transport shifted from air masses originating mainly
Episodes of elevated concentrations of levoglucosan are ifrom the Arctic Ocean basin to increasingly include more of
many cases hicely reflected in the modeled time series; howair masses from northern Russia. For the last part of the pe-
ever sometimes the timing and duration of the episodes areod, extending towards 6 April, the air masses were almost
not captured well. During the spring and summer months, theexclusively originating from the North-American continent,
model predicts two prolonged periods influenced by wildfires passing over the Arctic Ocean. This is illustrated in Fig. 4;
and agricultural fires at Zeppelin, both extending about onepanel a shows the emission flux of BC from the GFED and
month in time, i.e., from 20 April to 20 May 2008 and from 1 GAINS residential wood burning emissions for the month
August to 25 August 2008. The first of the two periods corre-March 2008 [unit: g month! m~2], whereas the footprint

Atmos. Chem. Phys., 14, 6426442 2014 www.atmos-chem-phys.net/14/6427/2014/



K. E. Yttri et al.: Quantifying black carbon from biomass burning by means of levoglucosan 6437

a) BC emission [g/month/m?] b) 2008-03-27
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Figure 4. (a) shows the geographical distribution of the total emission flux of BC from GFED and GAINS biofuel emission for March 2008
[kg s~1]. (b—d) shows the footprint sensitivities for the days 27 and 31 March and 6 April 2008.

sensitivities for the days 27 and 31 March and 6 April 20084.5 Relative contribution of ECy, to EBC
are shown in panel b—d.

A similar analysis was performed for the episode early in The monthly distribution of the relative contribution of {C
February, for which a rapid increase in the levoglucosan cont0o EBC is shown in Fig. 5. For the wintertime period §C
centration was observed:; i.e., it increased by a factor of 9vas found to constitute 8:84.5% of EBC on average,
from 2 to 3 February. A corresponding increase was observetvhereas during summer [ constituted 6.1 3.4% of
for EBC. Only a modest increase, starting earlier, is predicted=BC on average. These are lower estimates as chemical
by the model for these days, peaking at 4 to 5 February. Foflegradation of levoglucosan has not been accounted for. The
this episode there was a rapid shift in transport to the Zepmean relative contribution of Efs to EBC does not differ
pelin observatory from the Atlantic Ocean and northern Eu-substantially between the summer and the wintertime peri-
rope to air masses from the northern Russian region. Theseds, despite totally different regimes with elevated,s-énd
two examples indicate that there might be an underestimaEBC concentrations in winter compared to those in sum-
tion in the emissions strength from residential wood burningmer. As an example, the mean relative contribution opd=C
in Russia, while such emissions from the other regions seerfo EBC for September (14 %) was close to that observed
to fit relatively well with the observations. A more systemic for January (16 %), despite September recording the lowest
study of the distribution of the emissions from residential monthly mean level of levoglucosan and EBC and January
wood burning in Russia is necessary to assess its importand@e highest ones.
for the EGyp, level in the Arctic region.
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Figure 5. The grey bars show the monthly mean relative contribution of elemental carbon from biomass burnjg)gt¢EGtal equivalent

black carbon (EBC) at Zeppelin for the time period March 2008—February 2009 (left axis). Standard deviations are included. These values
are lower estimates as degradation of levoglucosan are not accounted for. The light-blue curve is the monthly mean ambient concentratior
of elemental carbon from biomass burning ¢gi; whereas the red curve is that of equivalent black carbon (EBC) for the same period (right

axis).

By means of the chemical-lifetime-corrected gg&on- 5 Conclusions
centrations (E(;) presented in Table 3, an upper estimate
for the relative contribution of Egp to EBC can be provided.
During winter a chemical half-life time of levoglucosan rang-
ing from 3 to 4 days corresponds to a mean relative con
tribution of EG), to EBC of 31-45%. For lifetimes rang-

In the present study we have demonstrated the presence of
biomass burning aerosol particles in the European Arctic
based on measurements of levoglucosan at the Zeppelin ob-
ing from 0.5 to 2 days the relative contribution of FQo seryatory at Svalbard. '_I'o our knoyvledge _this is the first time
EBC becomes unrealistically high for summer, i.e., in ex- series of levoglucosan in the Arctic covering a full year.

cess of 100%. In summer, only a lifetime extending to 4 Elevated concentrations of levoglucosan in winter

3
days or more provide a realistic mean contribution ofgC (1-:02ngnm) compared to summer (0.13 ngt) were ob-
to EBC, i.e.,< 65 %. Consequently, a reliable upper estimate served, resembling the seasonal variation seen for e.g. sulfate

of EC;,, to EBC for summer cannot be provided based on theand BC caused by the Arctic haze phenomenon. The winter-

chemical lifetimes suggested for levoglucosan by HoffmanntiMme mean concentration of levoglucosan was 2-3 orders of
etal. (2010). magnitude less than that reported for European urban areas

A recent study suggests that BC emissions from gas flaring"d 1~2 orders of magnitude less than that of the European
dominate the BC emissions in the Arctic at latitudes greaterrural background environment.

than 66 N and that flaring emissions contribute 42 % to the Nedlecting chemical degradation by OH provides mini-

annual mean BC surface concentrations in the Arctic (StohflUM levoglucosan concentrations, gc_)rre§pond|ng to a mean
et al., 2013). The current study could support the conclu-ECbb concentration of 3.2 1.2ng nt in winter (October—

. 3 .
sion by Stohl et al. (2013), at least in winter, as we find thatP") an(io.Si 0.3ng 1™ in summer (May—September), or
EG:, account for 31-45 % of EBC at most; hence, fossil fuel 8.8+ 4.5 % of the measured equivalent black carbon (EBC)

sources of BC appear to be most important in the Arctic nea€oncentration in winter and 6 3.4% in summer. When

the surface. No statement can be made on whether fossil fudccounting for OH degradation of levoglucosan, 31-45 9% of
or biomass burning sources dominated during the warm sea=BC could be attributed to B (EGyp adjusted for chemical
son, as no reliable upper estimate offf@ EBC could be degradation) in winter, whereas no reliable upper estimate

provided for summer based on the chemical lifetimes sug-culd be provided for summer based on the chemical life-
gested by Hoffmann et al. (2010). times suggested for levoglucosan by Hoffmann et al. (2010).

Hence, fossil fuel sources appear to dominate the European
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Arctic BC concentrations in winter, whereas we cannot con-References
clude upon this for the warm season. We recommend that
complementary, observation-based approaches, such as e.g.

radiocarbon measurements of EC, should be undertaken itmann, M., Bertok, .,

the near future to narrow the range reported fopEt0 EBC
in the current study. Note, however, that the annual Arctic

EBC loading is dominated by the wintertime sources; thus

Borken-Kleefeld, J., Cofala, J., Heyes,
C., Hoglund-Isaksson, L., Klimont, Z., Nguyen, B., Posch, M.,
Rafaj, P., Sander, R., Schépp, W., Wagner, F., and Winiwarter,
W.: Cost-effective control of air quality and greenhouse gases in
Europe: modeling and policy applications, Environ. Mod. Soft-

focus should be to understand these in more detail for a suc- \yare, 26, 1489-1501, dap.1016/j.envsoft.2011.07.012011.
cessful mitigation. On the other hand, winter values are nofgjrch, M. E. and Cary. R. A.: Elemental carbon-based method for

as important as summer values from a radiative forcing (cli-

monitoring occupational exposures to particulate diesel exhaust,

mate) perspective, although they do lead to BC deposition Aerosol Sci. Technol., 25, 221-241, 1996.
on snow and ice, which leads to a reduction of the snow/iceBond, T. C.: Can warming particles enter global climate dis-

albedo, which may persist into spring/summer.

Results from the current study indicate that the chemical

lifetime of levoglucosan in the Arctic atmosphere is longer
than that suggested by Hoffmann et al. (2010) for polluted
continental plume conditions.

Calculations using the Lagrangian particle dispersion
model FLEXPART show that the seasonal variation
of the modeled Eg, concentration compared relatively
well with observationally derived B from agricultural
fires/wildfires during summer, and residential wood burning
in winter. The model overestimates by a factor of 2.2 in win-

ter and 4.4 in summer when compared to the observationally

derived mean Egy concentration, which provides the mini-

mum estimate, whereas it underestimates by a factor of 2.3—

3.3 in winter and a factor of 4.5 in summer when compared
to EG;;,, which provides the upper estimate.

The current study indicates that emissions of residential

wood burning in northern Russia, a region of great impor-

tance for the BC concentrations observed in the European

Arctic, might be too low. This topic needs further investiga-
tion.
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