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Abstract. In recent decades much attention has been given
to the Arctic environment, where climate change is happen-
ing rapidly. Black carbon (BC) has been shown to be a ma-
jor component of Arctic pollution that also affects the ra-
diative balance. In the present study, we focused on how
vegetation fires that occurred in northern Eurasia during the
period of 2002-2013 influenced the budget of BC in the
Arctic. For simulating the transport of fire emissions from
northern Eurasia to the Arctic, we adopted BC fire emission
estimates developed independently by GFED3 (Global Fire
Emissions Database) and FEI-NE (Fire Emission Inventory
— northern Eurasia). Both datasets were based on fire loca-
tions and burned areas detected by MODIS (Moderate res-
olution Imaging Spectroradiometer) instruments on NASA’s
(National Aeronautics and Space Administration) Terra and
Aqua satellites. Anthropogenic sources of BC were adopted
from the MACCity (Monitoring Atmospheric Composition
and Climate and megacity Zoom for the Environment) emis-
sion inventory.

During the 12-year period, an average area of
250000 km? yr~' was burned in northern Eurasia (FEI-

NE) and the global emissions of BC ranged between 8.0 and
9.5 Tgyr~! (FEI-NE4+MACCity). For the BC emitted in the
Northern Hemisphere (based on FEI-NE+MACCity), about
70 % originated from anthropogenic sources and the rest
from biomass burning (BB). Using the FEI-NE4+MACCity
inventory, we found that 102 + 29kt yr~! BC was deposited
in the Arctic (defined here as the area north of 67° N) during
the 12 years simulated, which was twice as much as when
using the MACCity inventory (564 8ktyr~!). The annual
mass of BC deposited in the Arctic from all sources (FEI-NE
in northern Eurasia, MACCity elsewhere) is significantly
higher by about 37 % in 2009 (78 vs. 57ktyr~') to 181 %
in 2012 (153 vs. S4ktyr~!), compared to the BC deposited
using just the MACCity emission inventory. Deposition of
BC in the Arctic from BB sources in the Northern Hemi-
sphere thus represents 68 % of the BC deposited from all BC
sources (the remaining being due to anthropogenic sources).
Northern Eurasian vegetation fires (FEI-NE) contributed
85 % (79-91 %) to the BC deposited over the Arctic from all
BB sources in the Northern Hemisphere.
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We estimate that about 46 % of the BC deposited over
the Arctic from vegetation fires in northern Eurasia origi-
nated from Siberia, 6 % from Kazakhstan, 5 % from Europe,
and about 1% from Mongolia. The remaining 42 % origi-
nated from other areas in northern Eurasia. About 42 % of the
BC released from northern Eurasian vegetation fires was de-
posited over the Arctic (annual average: 17 %) during spring
and summer.

1 Introduction

The Arctic environment has experienced rapid modifications
(e.g. warming, ice degradations) during the last four decades
and concerns have been raised that human activities were
the main cause for these transformations. The thinning of
Arctic sea ice (Hansen and Nazarenko, 2004) and the Arc-
tic’s rapidly growing human influence (e.g. transportation,
drilling, industry) indicates the need not only for further de-
crease of greenhouse emissions, but also a better understand-
ing of aerosol properties, as well as of aerosol interaction
with radiation, clouds, and ecosystems in polar regions. The
“Arctic haze” phenomenon in winter and spring is a major
feature of Arctic air pollution. Several studies have been con-
ducted to determine the sources of Arctic air pollution using
trajectory, regional, and global models (e.g. Hirdman et al.,
2010a; Klonecki et al., 2003; Koch and Hansen, 2005; Law
and Stohl, 2007; Stohl, 2006). They all agree that the major-
ity of the pollution in the high-latitude Arctic, especially near
the surface, originates at mid- and high-latitudes, and that
the accumulation of pollution in the Arctic is a consequence
of the slow removal processes in winter and spring (Shaw,
1995). Also, northern Eurasia (Europe, Siberia, Kazakhstan,
Mongolia, etc.) is the main source of the Arctic BC due to
both wildfire and anthropogenic emissions.

Episodic emissions from mid- and high-latitude vegetation
fires can affect tropospheric concentrations of trace gases
(e.g. carbon monoxide (CO), ozone (O3), volatile organic
compounds (VOC), and aerosols (e.g. BC)) several thou-
sand kilometres away from the sources (Forster et al., 2001;
Wotawa and Trainer, 2000). Additionally, emissions from bo-
real fires lifted by convection can substantially alter upper
tropospheric and the lowermost stratospheric radiation bal-
ance and chemistry (Waibel et al., 1999; Jost et al., 2004;
Fromm et al., 2005). Aerosols and trace gases are uplifted
during transport to the Arctic due to the upward-sloping sur-
faces of constant potential temperature towards the Arctic
(Klonecki et al., 2003; Stohl, 2006). However, understanding
of aerosol transport from midlatitudes to the Arctic has been
limited because of the lack of quantification of the relevant
aerosol sources and removal processes.

Globally, BC contributed to climate warming with recent
estimates of radiative forcing at the top of the atmosphere
ranging between 0.17 and 0.71 W m—2 (Bond et al., 2013;
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Myhre et al., 2013; Wang et al., 2014). Snow albedo may
be reduced by 1-3 % in fresh snow by BC deposited in the
Arctic and by another factor of 3 as snow ages and the BC be-
comes more concentrated (Clarke and Noone, 1985). Hansen
and Nazarenko (2004) found that the decreased albedo in
Arctic snow and ice since preindustrial times resulted in a
hemispheric radiative forcing of +0.3 Wm™2, which may
have had a substantial impact on the climate in the North-
ern Hemisphere, while for northern Russia it amounts to
0.2Wm2 (Lee et al., 2013a, b). Airborne soot also absorbs
incoming solar radiation, thus warming the air and reducing
tropical cloudiness (Ackerman et al., 2000).

Biomass burning (BB) constitutes a major source of BC,
in addition to incomplete combustion of fossil fuels (pri-
marily coal and diesel) and burning of biofuels. BC is the
most absorbing portion of carbonaceous aerosols, commonly
referred to as soot. BC deposited on snow/ice surfaces re-
duces surface reflectance and can promote faster melting
of snow/ice in the Arctic, which is tightly coupled to cli-
mate effects through snow-albedo feedback (Flanner et al.,
2007, 2009; Hansen and Nazarenko, 2004). In addition, high
aerosol concentrations in the Arctic haze lead to the enhance-
ment of cloud longwave emissivity (Garrett and Zhao, 2006;
Lubin and Vogelmann, 2006), leading to surface warming
and accelerating the melting of snow/ice.

Model simulations by Stohl (2006) suggested that the con-
tributions from BB to Arctic BC loadings, particularly from
fires in Siberia, exceeded the anthropogenic contributions in
the summer. Moreover, large amounts of BC from Siberia
and Kazakhstan have been observed during aircraft cam-
paigns over Alaska in spring 2008 (Warneke et al., 2009),
which was a year with an unusually early start of the BB
season in northern Eurasia. Warneke et al. (2010) estimated
that BB in Russia may have doubled aerosol concentrations
in the Arctic haze during the spring. BC has been monitored
at several surface stations in the Arctic (e.g. Alert in Canada,
Barrow in Alaska, and Janiskoski in Russia) for many years
(e.g. Sirois and Barrie, 1999; Sharma et al., 2006; Quinn et
al., 2008; Eleftheriadis et al., 2009; Gong et al., 2010; Huang
et al., 2010; and many others), showing decreasing trends
during the 1980s and 1990s, which have been attributed to
reductions in anthropogenic emissions (Sharma et al., 2013;
Hirdman et al., 2010b).

In this study, we focused on the transport of BC produced
by vegetation fires in northern Eurasia to the Arctic from
2002 to 2013. We define northern Eurasia from 10°W to
170°E and 35 to 80° N. The Arctic is defined here as the
area north of the Arctic Circle (~ 67° N). Fires were mapped
using satellite measurements from MODIS on NASA’s Terra
and Aqua satellites. We investigated the geographic distri-
bution of BC sources contributing to the Arctic BC budget,
which needed to be better understood for developing BC mit-
igation policies. Moreover, the transport of BC to the Arctic
after vegetation fires was defined as transport efficiency of
BC. Shindell et al. (2008) showed large differences in the
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calculated BC concentrations in the Arctic using different
General Circulation Models (GCMs). A large part of these
differences was attributed to the different model treatments
of BC aging from hydrophobic to hydrophilic and to rain-
out/washout processes during transport. It indicated the ne-
cessity of a continuously improving description of BC trans-
port in order to better assess the impact on the Arctic climate
despite many recent improvements (e.g. Browse et al., 2012;
Eckhardt et al., 2015).

This paper consists of five sections. The methodology
(transport model, model set-up, emission altitude, satellite-
derived BC emissions) is discussed in detail in the next sec-
tion. The results, with respect to Arctic transport and depo-
sition of BC, are presented in Sect. 3. Then, we show how
different regions in northern Eurasia contribute to the Arctic
BC, distinguishing between anthropogenic and BB sources
(Sect. 3.3). In Sect. 4.1, we discuss how our modelling re-
sults compare to observations of BC using data from five dif-
ferent Arctic stations for the period of our simulations (2002—
2013). Finally, we calculate and study transport efficiencies
of BC to the Arctic from different BB regions (Sect. 4.2). The
main conclusions are presented in Sect. 5.

2 Methodology
2.1 The LMDz-OR-INCA model

We used the LMDz-OR-INCA global chemistry—aerosol—
climate model, which couples the LMDz (Laboratoire de
Meétéorologie Dynamique) GCM (Hourdin et al., 2006) and
the INCA (INteraction with Chemistry and Aerosols) model
(Hauglustaine et al., 2004). The interaction between the at-
mosphere and the land surface was ensured through the cou-
pling of LMDz with the ORCHIDEE (ORganizing Carbon
and Hydrology In Dynamic Ecosystems) dynamical vege-
tation model (Krinner et al., 2005). In the present config-
uration, the model included 39 hybrid vertical levels ex-
tending to the stratosphere and a horizontal resolution of
1.29° x 0.94° (280 grid cells in longitude, 192 in latitude). A
more detailed description and an extended evaluation of the
GCM can be found in Hourdin et al. (2006). The large-scale
advection of tracers was calculated based on a monotonic
finite-volume second-order scheme (Hourdin and Armen-
gaud, 1999). Deep convection was parameterized according
to the scheme of Emanuel (1991). The turbulent mixing in the
planetary boundary layer (PBL) was based on a local second-
order closure formalism.

A comparison made with inert tracers indicated an en-
hanced vertical transport as the horizontal resolution of
the model was increased from 144 x 142 grid points to
280 x 192. We have studied the effect of the model reso-
lution on the robustness of the predicted BC concentration
distribution in Wang et al. (2014). The higher model reso-
lution and an updated emission inventory used in this work
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allowed for substantially improving the correlation between
predicted and measured BC concentrations. The vertical pro-
files of BC over the Arctic measured during the ARCTAS
campaigns (Arctic Research of the Composition of the Tro-
posphere from Aircraft and Satellites) were used to assess
the ability of such a model to represent the vertical distribu-
tion of BC. The comparison showed that BC loads over the
Arctic were slightly underestimated for the time of the ARC-
TAS flights. The model was also compared to other models
in the recent AeroCom Phase II intercomparison (Myhre et
al., 2013). The global mean anthropogenic all-sky and clear-
sky aerosol radiative forcing is slightly more negative than
the median for all the models (—0.36 vs. —0.27 Wm~2) and
the BC load from fossil fuel and biofuel emissions is very
close to the corresponding median of the models (0.15 vs.
0.14mgm~2).

The INCA model simulates the distribution of anthro-
pogenic aerosols such as sulfates, nitrate (NO3), BC, and
particulate organic matter (POM), as well as natural aerosols
such as sea salt and dust. The aerosol model keeps track of
both the number and the mass of aerosols using a modal ap-
proach to treat the size distribution, which is described by
a superposition of 5 log-normal modes (Schulz, 2007), each
with a fixed spread. To treat the optically relevant aerosol size
diversity, particle modes were categorized in three ranges:
submicronic (diameter < 1 um), corresponding to the accu-
mulation mode; micronic (diameter 1-10 um), correspond-
ing to coarse particles; and super-micronic or super coarse
particles (diameter > 10 um). Compared to a bin-scheme, the
treatment of the size distribution with modes was computa-
tionally much more efficient (Schulz et al., 1998). Further-
more, to account for the diversity in chemical composition,
hygroscopicity, and mixing state, we distinguished between
soluble and insoluble modes. In both submicron and micron
size ranges, soluble and insoluble aerosols were treated sepa-
rately. Sea salt, SO4, and methane sulfonic acid (MSA) were
treated as soluble components of the aerosol, dust was treated
as insoluble, whereas nitrate, BC, and POM appeared both
in the soluble and insoluble fractions. The aging of primary
insoluble carbonaceous particles transfers insoluble aerosol
number and mass to soluble ones with a half-life of 1.1 days
(Chung and Seinfeld, 2002). The deposition scheme used in
the model is described in detail in Evangeliou et al. (2013).

2.2 Model set-up, BC inventories, and injection height

The simulations lasted from 1 January 2002 to 31 Decem-
ber 2013. The model ran in a nudged mode using 6-hourly
ERA Interim Re-analysis data (ECMWF, 2014) with a relax-
ation time of 10 days (Hourdin and Issartel, 2000).

To support the IPCC-ARS (Intergovernmental Panel for
Climate Change Assessment Report 5) and the ACCMIP
(Atmospheric Chemistry and Climate Model Intercompari-
son Project), a historical emissions dataset was developed
(Lamarque et al., 2010) on a decadal basis (from 1850 to
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2000 for the historical dataset), as well as RCP (Represen-
tation Concentration Pathway) emission scenarios for the
period after the year 2000. As part of a project funded
by the European Commission, MACC (Monitoring Atmo-
spheric Composition and Climate) and CityZen (megacity
Zoom for the Environment), the ACCMIP and the RCP emis-
sions datasets were adapted and extended to the year 2013
on a yearly basis. For anthropogenic emissions, emission
data were interpolated on a yearly basis. For BB emissions,
the ACCMIP dataset was extended to yearly and monthly
mean calculated from modified RETRO (REanalysis of the
TROposhperic chemical composition) BC emission data for
the years 1980 to 1996, and from GFEDv3 carbon emission
data for the years 1997 to 2013 by applying a single set of
vegetation-type-specific emission factors, and the predomi-
nant vegetation map used in the GFEDv3 inventory. This ex-
tension of the ACCMIP and RCP emission dataset for the
MACC and CityZEN projects is referred to as MACCity
(MACC/CityZen) emission dataset (Granier et al., 2011). As
it is explained below, emissions of MACCity (anthropogenic
and BB) were used as the input source of the model world-
wide, in which BB sources were derived from GFEDv3. In
addition, we adopted BC emissions from BB in northern
Eurasia from 2002 to 2013 (FEI-NE) described in the com-
panion paper (Hao et al., 2016), while MACCity emissions
were used for all the sources in other regions and for anthro-
pogenic sources in northern Eurasia.

Injection height is a key factor that controls transport and
in turn deposition of BC emitted from fires. It is generally
accepted that only explosive volcanic eruptions and strong
crown fires (more common in North America than in north-
ern Eurasia) have the energy to inject pollutants from the
surface into the stratosphere (Jost et al., 2004; Fromm et al.,
2005). In a modelling study of midlatitude supercell thunder-
storms (Wang, 2003), it was reported that these plumes could
induce important transport into the lowermost stratosphere.
These findings suggest that extreme convection, even unasso-
ciated with energetic forest fires, may represent an important
pathway for rapid, efficient redistribution of gases and par-
ticles from the lowest levels of the atmosphere to the lower
stratosphere or, more commonly, to the upper troposphere.
Nedelec et al. (2005) described such a case for a fire happen-
ing over Siberia. However, injection of emissions in the lower
troposphere is more common. Recently, Sofiev et al. (2013)
published global maps of emission heights of wildfires that
occurred between 2000 and 2012, reporting that about 80 %
of the smoke is generally injected within the PBL, while the
rest is injected at higher altitudes. Here we follow the same
pattern as Sofiev et al. (2013) for northern Eurasia, where
90 % of the emissions were injected below 1.1 km, with the
rest in heights up to 1.5 km. Outside Eurasia, a similar injec-
tion profile is followed with 100 % of the emissions occurring
up to 1 km.
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2.3 BC emissions from FEI-NE and MACCity

For the 12-year global simulations, anthropogenic sources
of BC were adopted from the MACCity emission database.
With regards to BB emissions, MACCity BB emissions from
GFED3 were applied for all the regions outside northern
Eurasia, while within northern Eurasia anthropogenic emis-
sions from MACCity and BB from FEI-NE (Hao et al.,
2016) were adopted. In summary, BC emissions from BB in
northern Eurasia, excluding agricultural fires, were estimated
based on the area burned, fuel loading, percentage of the fuel
burned, and emission factors of BC from different vegetation
types (Hao et al., 2016).

This combined simulation is hereafter referred to as FEI-
NE+MACCity. For comparison, we carried out the same
simulation but using MACCity emissions alone (i.e. BB
emissions in northern Eurasia were also taken from MACC-
ity) for the same period (2002-2013) (from now on referred
to it as MACCity simulation). The different simulations are
shown in Table 1.

2.4 Lifetime calculations

Several definitions for atmospheric lifetime exist. In any do-
main of the Earth’s atmosphere the mass balance can be ex-
pressed as follows:
dB(t) B(t)
=S@t)— —, 1

” 0 - o ey
where B(t) is the atmospheric burden, S (¢) is the mass enter-
ing or exiting the domain and t(¢) is the removal time over a
given time step. If one assumes equilibrium between S (¢)
and deposition (steady state conditions), the mean steady
state lifetime will be the following:

) 2

where B and D are the mean atmospheric burden and depo-
sition over a specific period (Croft et al., 2014).

2.5 Observation data

With different types of instruments, we collected measure-
ments of BC, which may not always be directly comparable.
Following the nomenclature of Petzold et al. (2013), we re-
ferred to measurements based on light absorption as equiv-
alent BC (eBC) and measurements based on thermal-optical
methods as elemental carbon (EC).

Aerosol light absorption data were obtained from five
sites in different parts of the Arctic: Alert, Canada (62.3° W,
82.5°N; 210ma.s.l.), Barrow, Alaska (156.6°W, 71.3°N;
11mas.l), Zeppelin/Ny Alesund, Spitsbergen, Norway
(11.9°E, 78.9°N; 478 ma.s.l.), and Tiksi, Russia (128.9°E,
15 71.6°N; 1 ma.s.l.). Different types of particle soot ab-
sorption photometers (PSAPs) were used for the measure-
ments at Barrow and Zeppelin, and an aethalometer was
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Table 1. List of simulations from this study to characterize the transport and origin of BC.

Name Anthropogenic sources BB sources  Purpose

FEI-NE+MACCity MACCity FEI-NE Study of BC transport to the Arctic

MACCity MACCity MACCity Comparison with the combined FEI-NE+MACCity run

Europe - FEI-NE Study of BC originating from Europe by masking this
region

Asia - FEI-NE Study of BC originating from Asia by masking this re-
gion

Siberia - FEI-NE Study of BC originating from Siberia by masking this
region

Kazakhstan - FEI-NE Study of BC originating from Kazakhstan by masking
this region

Mongolia - FEI-NE Study of BC originating from Mongolia by masking this
region

35-40°N (10° W-170°E) - FEI-NE Study of BC originating from latitudes 30 to 40° N in
Eurasia by masking this region

40-50°N  (10-170°E) - FEI-NE Study of BC originating from latitudes 40 to 50° N in
Eurasia by masking this region

50-60° N (10° W-170° E) FEI-NE Study of BC originating from latitudes 50 to 60° N in
Eurasia by masking this region

60-90° N (10° W-170°E) - FEI-NE Study of BC originating from latitudes > 60° N in Eura-

sia by masking this region

used at Alert and Tiksi. All these instruments measured the
particle light absorption coefficient o,p, each at their own
specific wavelength (typically at around 530-550 nm), and
for different size fractions of the aerosol (typically particles
smaller than 1, 2.5, or 10 um are sampled at different humidi-
ties). Conversion of o,p to eBC mass concentrations is not
straightforward and requires certain assumptions (Petzold et
al., 2013). The mass absorption efficiency used for conver-
sion can be specific to a site and is uncertain by at least a
factor of two. For Tiksi, the conversion was done internally
by the aethalometer. For the other sites, a mass absorption
efficiency of 10m? g~!, typical of aged BC aerosol (Bond
and Bergstrom, 2006), was used. Sharma et al. (2013) used
an even higher value of 19 m? g~! for Barrow and 10 m? g~!
for Alert data.

At Villum Research Station, Station Nord, Green-
land, thermal-optical measurements were available. Weekly
aerosol samples were analysed with a thermal-optical Lab
OC /EC instrument from Sunset Laboratory Inc (Tigard,
OR, USA). Punches of 2.5 cm? were cut from the filters sam-
pled at Villum and analysed according to the EUSAAR-2
protocol (Cavalli et al., 2010).

At Alert, eBC data were available for the years 2006—
2013, at Barrow for 2002—2013, at Tiksi for 2009-2013, and
at Zeppelin for 2002-2013. At Villum station, EC data were
available for 2008-2011. The EC and eBC data were directly
compared with modelled BC concentrations for the same lo-
cations and periods. Tiksi data were not filtered for a clean air
sector and may have been affected by local pollution events.
Barrow and Alert data were routinely subject to data clean-
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ing, which removed the influence from local sources. Zep-
pelin generally was not strongly influenced by local emis-
sions; however, summer values were enhanced by some 11 %
due to local cruise ship emissions (Eckhardt et al., 2013).

3 Results
3.1 Emission, transport, and deposition of BC

Northern Eurasia encompasses diverse ecosystems including
forest, shrubland, cropland, grassland, and savanna (Friedl
et al., 2002). The total burned areas (excluding agricultural
fires) during the period of 2002-2013 were estimated to be
250000km? yr~! (n = 12) (Hao et al., 2016), which con-
sisted of 61 % of grassland and 27 % of forest. Grassland fires
occurred predominantly over central and western Asia, and
forest fires over Siberia in Russia. The years 2003, 2006, and
2008 showed respectively 96, 40, and 30 % more burn scars
than the annual mean from 2002 to 2013 (Fig. S1 in the Sup-
plement). The unusual high fire activity in 2003, 2006, and
2008 was a result of extensive grassland fires over central and
western Asia, and forest and grassland fires over Russia.
Table 2 presents the yearly mean atmospheric emis-
sions of BC from anthropogenic and BB sources for the
period 2002-2013 from FEI-NE4+MACCity and MACC-
ity. Annual global BC emissions varied in a range from
8.02Tgyr~! in 2007 to 9.48 Tgyr~! in 2003 with an av-
erage: 8.42+0.43Tgyr!' over the period 2002 to 2013
according to FEI-NE+MACCity. These values compared
well with other published results. For instance, Wang et

Atmos. Chem. Phys., 16, 7587-7604, 2016
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. Evangeliou et al.: Wildfires in northern Eurasia affect the budget of black carbon in the Arctic

al. (2014) reported that, according to the PKU-BC-2007
(Peking University BC Inventory for 2007) inventory of
global BC emissions (both anthropogenic and biomass burn-
ing sources), a total amount of 8.9 Tgyr~! was emitted in
2007. The ECLIPSE inventory estimated for 2010 by Eck-
hardt et al. (2015) was 8.32 Tgyr~!, only slightly higher than
our estimations of 8.02Tgyr~!. In contrast, the ACCMIP
BC emissions for 2005 (Lamarque et al., 2010) was 15 %
lower (e.g. ~7.82Tgyr~! compared to 8.13 Tgyr~!). BC
emissions from vegetation fires in northern Eurasia ranged
between 0.45 and 2.19 Tgyr~! for the period 2002-2013,
representing 20 % to 49 % of the total BC emissions over
this region. In comparison, the emissions over the same re-
gion based on the MACCity inventory ranged between 0.13
and 0.43 Tgyr~! and accounted for 5 to 16 % of total BC
emissions. The BC emissions in the Northern Hemisphere
(FEI-NE+MACCity) were classified as 70 % from anthro-
pogenic sources and 30 % from BB. Northern Eurasian veg-
etation fires accounted for 56 % of the BB BC emissions in
the Northern Hemisphere.

BC emissions from FEI-NE were relatively constant in
time except for four (2003, 2006, 2008, 2012) intense years
(Fig. S2). Similarly, the GFED3 of MACCity showed rela-
tively high emissions in some of these years (2003 and 2006),
but the relative emission increase was significantly lower
for these years (Table 2). The fire episodes that occurred in
northern Eurasia during these extreme fire years were partic-
ularly intense. In 2003, fire events in the Transbaikal region
(Russian provinces Chita and Buryatia) caused severe smoke
pollution in the Far East of the Russian Federation (IFFN,
2004), while in spring 2006, smoke from peat and forest fires
in the western Russian Federation was noticed as far as the
United Kingdom (Hao et al., 2009) and in the Arctic (Stohl
et al., 2007). In summer 2006, smoke from vegetation fires
in the Russian Federation persisted for weeks over Finland
(GFMC, 2006).

Figure 1 depicts deposition anomalies of BC for the pe-
riod 2002-2013. A remarkable feature was that the highest
anomalies were observed in the northernmost part of Asia
and in the Arctic in 2003, 2006, 2008, and 2012. Taking into
account emissions fluxes from these years (Fig. S2), one can
note that the largest amounts of BC were deposited over Arc-
tic regions as a result of large fire events in Siberia, western
Russia, and Kazakhstan. The annual amount of BC deposited
over the Arctic from all possible global sources (including
BB) during the 12-year period ranged from 65 to 152 kt yr~!
(average: 1024 29ktyr~!) representing about 0.9-18 % of
total global emissions. The total annual deposition of BC to
the Arctic from vegetation fires in northern Eurasia (FEI-NE)
during the same period ranged between 29 and 120kt yr~!
(average: 65 4 28kt yr~!') or about 0.3—14 % of total global
BB emissions (Table 2). Hence, more than half of the to-
tal BC that deposited over the Arctic originated from BB
in northern Eurasia, which underlines the importance of the
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Figure 1. Deposition anomalies of BC (mg m—2 yr— 1) in the North-
ern Hemisphere for the period 2002-2013 from our combined simu-
lation (FEI-NE4+MACCity) in northern Eurasia. The dashed yellow
line represents the border of the Arctic (~ 67° N). Note that the most
intense years were estimated to be 2003, 2006, 2008, and 2012.

northern Eurasian vegetation fires on the Arctic BC budget
compared with contributions of other sources.

Figure 2 illustrates BC deposition from FEI-NE detected
vegetation fires only, excluding anthropogenic sources,
while Fig. S3 shows the deposition from all sources (FEI-
NE-+MACCity). For the most intense fire years, 2003, 2006,
2008, and 2012, annual amounts of 142, 129, 117, and
152kt yr~—! of BC were respectively deposited over the Arc-
tic from northern Eurasian vegetation fires (Table 2). They
amount to 3.2 to 4.1 times the 37 £ 5kt yr~! average (2002 to
2013) deposition flux for anthropogenic sources over north-
ern Eurasia. Finally, when using MACCity emissions, both
from anthropogenic and BB sources, the estimated aver-
age deposition of BC over the Arctic was 56 + 8ktyr~! for
the period 2002-2013. Consequently, Arctic deposition was
lower by 45 % compared to FEI-NE, when BB emissions of
BC from GFED (MACCity) were used.

www.atmos-chem-phys.net/16/7587/2016/
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Figure 2. Arctic deposition of BC (mg m—2 yr_l) from BB emis-
sion according to the FEI-NE inventory. The upper panel depicts the
12-year average deposition, while the lower four panels show the
most intense fire years (2003, 2006, 2008, and 2012). The dashed
blue line represents the border of the Arctic (~ 67° N).

3.2 Aerosol lifetime and seasonality of BC

Figure 3 depicts the global mean aerosol lifetimes for anthro-
pogenic and BB BC from the combined FEI-NE+MACCity
simulation. The results are given in box and whisker plots
of daily lifetimes for the 12-year period. Mean aerosol life-
times for anthropogenic BC were stable for all the stud-
ied years with an annual average value of 5.6 & 0.2 d. Mean
aerosol lifetimes of BC from FEI-NE+MACCity simulation
exceeded these lifetimes by 1.2 days (6.8 £ 1.0d). The pro-
nounced variability of the mean lifetime of BB BC was at-
tributed to the variability in regions and injection height. Ac-
cording to the injection scheme used (Sofiev et al., 2013),
continuous injection close to the PBL (around 65 % of the
mass of BC is emitted up to 0.8 km, 90 % up to 1.1 km) re-
sults in accumulation of BC in the troposphere, where longer
lifetime occurs compared to the PBL. This was likely the
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Annual lifetime of anthropogenic BC = 5.6 + 0.2d
Annual lifetime of biomass burning BC = 6.8 + 1.0d

Mean lifetime (d)

o

— Biomass burning
— Anthropogenic

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov' Dec

Figure 3. Annual mean global lifetime (Zstandard deviation) of
the global anthropogenic and BB BC from our combined FEI-
NE+MACCity simulation. The results show minimum, average,
and maximum daily lifetimes of BC (both for anthropogenic and
BB) for the period 2002-2013.

main reason for transport of BC into the Arctic. For any sol-
uble species emitted in the PBL, the lifetime is controlled
by the removal, which happens within a few days if it is not
transported to the free troposphere. Two weeks after being in-
jected into the atmosphere, most of the tropospheric aerosol
was scavenged through wet deposition, whereas aerosols
that have been transported into the high troposphere/lower
stratosphere persist, given the absence of wet scavenging at
these heights. The total aerosol mass and the lifetimes are
then dominated by the stratospheric loading (Cassiani et al.,
2013).

Mean aerosol lifetimes from global models are typically in
the range of 3-7 days (Benkovitz et al., 2004; Textor et al.,
2006), very similar to our estimations for BC, but more vari-
able in this study due to the higher injection heights of BC in
smoke plumes. As stated, in the present case of wildfires in
northern Eurasia, the lifetimes and the behaviour of BC was
strongly affected by the fact that it was directly emitted aloft.
Although 80-90 % of BC was emitted inside the PBL, nearly
65 % of the BC was emitted near the PBL height, while 10 %
was injected above (according to Sofiev et al., 2013).

In this study, we analysed monthly values of both the Arc-
tic BC burden and the mass deposited in the Arctic for all
BC sources (FEI-NE4+MACCity) and for BC produced from
BB sources only over northern Eurasia (FEI-NE). A strong
seasonal variation can be seen in both Arctic burden and de-
position (Fig. 4a, b, ¢, and d). Relatively high BC burden
from the combined emissions of the FEI-NE+MACCity run
occurred in winter (December—January, Fig. 4b), while two
peaks were found in late spring and in summer for intense fire
years. The latest were clearly caused by spring and summer
fire events over northern Eurasia (Fig. 4). The higher win-
ter values corresponded to the meridional transport of BC,
mostly emitted from anthropogenic sources (Fig. 4a). These
large increases in the burden were not proportional among
the different aerosol modes (hydrophilic and hydrophobic)
and affected mostly hydrophilic BC aerosol from vegetation
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fires. This indicated that wet scavenging was less efficient
than the rest of the year along the transport path between
mid- and high-latitudes. A spring maximum was also sim-
ulated for BC deposition over the Arctic. It was caused by
a combination of anthropogenic BC in the Northern Hemi-
sphere and fires in northern Eurasia (Fig. 4a and c), the ma-
jority of which occurred between March and May. The an-
nually deposited mass of BC over the Arctic exceeded the
annual average for the period 2002-2013 by 52 % in 2003
and 86 % in 2012.

There were three noteworthy findings. First, the year 2012
appeared to be a year when BC transport to the Arctic was
particularly efficient. Although the year itself (2012) was not
an extreme fire year (Fig. S1) in terms of burn scars, it ap-
peared that the prevailing winds and the lack of scavenging in
mid-latitudes during June and July, when fires were most in-
tense, favoured transport and subsequent deposition to high-
latitudes (120 kt from vegetation fires only and 152kt from
all possible sources). Second, we simulated a higher relative
contribution of wet to total deposition in the Arctic (90 %)
than at mid-latitudes (69 %). Third, the annual mean lifetime
of anthropogenic BC particles from BB was longer (6.8 d)
than for BC from combustion (5.6 d). These values are within
the range of other published results (e.g. 5.8 days from Park
et al., 2005 and 7.3 days from Koch and Hansen, 2005).

3.3 Geographic distribution of sources contributing to
the Arctic BC

In this section, we compare the contributions from different
source regions and from different emission types to the de-
position of BC in the Arctic region. Several simulations with
BC tracers tagged by source region were carried out to isolate
the different contributions. We selected the following regions
(Fig. 5a): Europe, Asia, Siberia, Kazakhstan, and Mongolia,
as well as from the latitude bands 35 to 40° N, 40 to 50° N,
50 to 60° N, above 60° N (60-90° N), and also the entirety
of northern Eurasia. We discuss the results of these separate
simulations and compare them to our FEI-NE+MACCity
run (Fig. 5). Each simulation covered the whole period from
2002 to 2013.

Quinn et al. (2007) were the first to report that for BC over
the Arctic, anthropogenic sources dominated during winter
and early spring Arctic haze conditions. We estimated that
anthropogenic emissions accounted for 70 % of the Arctic
BC burden from all sources in the Northern Hemisphere dur-
ing winter and fall and for 40 % during spring and summer
when vegetation fires are most frequent.

Vegetation fires from northern Eurasia contributed 68 % of
the annual BC deposition over the Arctic coming from that
same region (Fig. 5d), whereas anthropogenic emissions con-
stituted a lesser share (32 %). Northern Eurasian vegetation
fires were the most numerous over the Northern Hemisphere;
they contributed 81 % of the Arctic deposition of BC from
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Figure 4. Monthly atmospheric burden of BC (t) in the Arctic with each year between 2002 and 2013 represented by a different coloured
line: (a) from vegetation fires (FEI-NE) only and (b) from all BC emissions (FEI-NE4+MACCity). Panels (¢) and (d) show the same, but for

the Arctic deposition of BC (kt).

Northern Hemispheric fires (Fig. 5d), while the rest came
from other sources (e.g. BB in North America).

Of the northern Eurasian BB BC deposition in the Arctic,
95 % was from Asia, while only 5 % came from Europe. On
a more regional basis, Siberia contributed 46 % of the north-
ern Eurasian BB BC deposited in the Arctic, whereas Kaza-
khstan contributed 6 %, and Mongolia only 1 %. The rest was
shared between fire events in Europe (5 %) and elsewhere in
Asia (42 %) from areas that were not masked.

The relative contributions of fires at different latitudes to
the Arctic BB BC deposition were distributed as follows:
fires from the 35 to 40° N latitudinal band over northern
Eurasia contributed only 7 %, from 40 to 50° N the contribu-
tion was 21 %, 40 % came from fires at 50—-60° N, and 32 %
from fires above 60° N (Fig. 5c¢).

Moreover, we examined the vertical distribution of BC
over the Arctic for the different source regions (Fig. 6). When
emitted from Europe, BC over the Arctic was found mostly
below 5km (either in the PBL or the low free troposphere),
while BC emitted from Asia was found in higher layers that
extended up to the mid- to high- free troposphere (Fig. 6).
Similar vertical distribution for aerosols have been reported
by Stohl et al. (2002), who estimated that aerosol originat-
ing from Asia was mixed throughout the entire troposphere
within a few days.

These findings can be discussed in light of the ones re-
ported by other authors. For instance, our results agree well
with those of Hirdman et al. (2010a), who reported that the
northern Eurasian region (Europe and Russia) was the main
contributor to the Arctic surface concentrations of BC and
sulfate. The present study shows the importance of all the
regions north of 50° N. Stohl (2006) reported that Asia con-

www.atmos-chem-phys.net/16/7587/2016/

tributed 10 times less than Europe to the Arctic BC surface
concentrations, which was not supported by our findings for
total BC. Our results agreed with the conclusions of Koch
and Hansen (2005), who reported that Europe contributed
10 % to the Arctic deposition of BC (anthropogenic and BB).
In any case, all surface measurements of BC over the Arctic
indicated that the main contributors to the Arctic BC dur-
ing the summer were high-latitude sources (Hirdman et al.,
2010a; Sharma et al., 2013).

4 Discussion

4.1 Observed and simulated BC concentrations at
Arctic surface stations

There are contradictory results in the literature about where
geographically the Arctic BC pollution originates. For exam-
ple, Koch and Hansen (2005) estimated that south-east Asia,
Europe, and Russia each contributed about 20-25 % of the
Arctic pollution during the period January to March, whereas
Stohl (2006) reported that Europe was the main contributor
for the Arctic BC concentration at the surface. In addition,
Huang et al. (2010) stated that Russia contributed 67 % to the
surface Arctic pollution, whereas Europe and North America
were 18 and 15 % respectively (16-year observations from
Alert). Northern Eurasia appeared to be the main contribu-
tor in terms of Arctic BC during most seasons (Hirdman et
al., 2010a). More recently, Stohl et al. (2007) and Warneke et
al. (2009) reported that boreal and agricultural fires in eastern
Europe and in Siberia might be strong contributors to Arctic
BC, especially in the spring. Furthermore, Stohl et al. (2013)

Atmos. Chem. Phys., 16, 7587-7604, 2016
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Figure 5. (a) The nine geographic regions of BC emission in northern Eurasia defined for this study. (b) Seasonal values of BC emitted
from all fires in the Northern Hemisphere (NHEM), anthropogenic sources (black), and northern Eurasian vegetation fires (grey) deposited
in the Arctic for the period of 2002-2013. (c¢) Contribution of several geographic regions to the Arctic BC deposition. Colours are used
according to the ones used in panel (a). Red stands for regions within 35-40° N, dark blue for 40-50° N, turquoise for 50-60° N, yellow for
regions located above 60° N (60-90° N), magenta for Europe, brown for Asia, orange denotes Siberia, green for Kazakhstan, and light blue
for Mongolia. (d) Pie-charts showing the origin of BC deposition in the Arctic from anthropogenic sources (MACCity), vegetation fires in

northern Eurasia (FEI-NE) and BB outside northern Eurasia.

highlighted gas-flaring emissions in high latitudes as a major
contributor to the Arctic BC.

Figure 8 compares the simulated surface BC concen-
trations from this study with in situ eBC and EC mea-
surements from monitoring stations at Alert (Canada), Bar-
row (Alaska, USA), Villum (Greenland, Denmark), Zeppelin
(Ny-Alesund, Svalbard, Norway), and Tiksi (Russian Fed-
eration). The observations, when available, were represented
for the entire period of our simulations (2002-2013). At Zep-
pelin and Barrow stations, the measurements were available
between 2002 and 2013, at Alert from 2005 to 2013, at Vil-
lum from 2008 to 2011, and at Tiksi station from 2009 to
2013. Figure 7 compares the simulated vs. observed daily
surface concentrations by a box and whisker plot at the five
Arctic stations (Alert, Barrow, Villum, Tiksi, Zeppelin) for
the period 2002 to 2013.

At Alert, there was a systematic underestimation in win-
ter and early spring and an overestimation in late spring and

Atmos. Chem. Phys., 16, 7587-7604, 2016

summer, when the station did not record any enhanced eBC
concentrations that would be attributed to vegetation fires in
northern Eurasia (Figs. 7 and S2). At Barrow, the model not
only accurately estimated surface concentrations during win-
ter, when the Arctic haze is important, but also in spring and
summer, when vegetation fires persisted (Figs. 7 and S2). At
Villum, the measured seasonality was reproduced quite well
by the model and individual episodes of elevated BC surface
concentrations in spring and summer were also captured and
attributed to vegetation fires. At the Tiksi station, the com-
parison showed a notable deviation from the measurements.
Although some peaks in spring and summer were captured,
the model completely missed the high concentrations of eBC
in winter and early spring. Finally, at Zeppelin, it appeared
that the anthropogenic BC contribution was slightly under-
estimated (spring), while vegetation fires in northern Eurasia
elevated modelled surface concentration of BC.

www.atmos-chem-phys.net/16/7587/2016/



N. Evangeliou et al.: Wildfires in northern Eurasia affect the budget of black carbon in the Arctic

20 ==NHEM veget.fires ==—Anthropogenic
—Eurasian veget. fires =35N-40N
=—40N-50N 50N-60N

60N-90N —Europe

15 - Siberia .

Mongolia

Altitude (km)
[N
o

0O 200 400 600 800 1000
Average Arctic burden of BC (kg m)

Figure 6. Annual average (2002-2013) vertical profiles of atmo-
spheric burden of BC (kgm™!) in the Arctic originating from dif-
ferent regions.

Looking at other inventories and results from the La-
grangian particle dispersion model FLEXPART, we are con-
vinced that local anthropogenic sources play an important
role in the apparition of these peaks (Eckhardt et al., 2015).
It was already noted that our model underestimated surface
concentrations at Alert and Villum stations during the Arc-
tic haze period. This is likely the consequence of an under-
estimation of Arctic transport in the model or a misleading
emission inventory used for anthropogenic sources (MACC-
ity). To verify it, we estimated surface concentrations of BC
in the same longitude as the five Arctic stations, but five and
ten degrees south in latitude (Fig. S4). In all stations except
Tiksi, surface concentrations increased to the south confirm-
ing that the underestimation by our model over the Arctic
could be attributed to a too-weak transport simulated towards
the Arctic.

It has been reported that most models underestimated BC
in the Arctic during winter and early spring (Eckhardt et al.,
2015), likely due to an improper representation of the scav-
enging processes (lack of below-cloud scavenging for solid
phase water), the different emission profiles used for BC,
and underestimated emission inventories used as input to the
models (e.g. Koch and Hansen, 2005; Liu et al., 2011; Jiao
et al., 2014). Using the FEI-NE+MACCity inventory, BC
concentrations over the Arctic are reasonable compared to
observations, with a tendency to underestimate winter con-
centrations but capturing some summer peaks. Figure 7 also
shows that using MACCity emissions globally, spring and

www.atmos-chem-phys.net/16/7587/2016/
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Figure 7. Modelled vs. measured surface concentrations of BC
(ng m~3) for the FEI-NE+MACCity and MACCity simulations
in the Arctic stations Alert, Barrow, Villum, Tiksi, and Zeppelin.
Due to the high variability of the surface concentrations, the re-
sults are presented as minimum, average, maximum modelled (FEI-
NE+MACCity and MACCity) and measured surface daily concen-
trations of BC for the period 2002-2013.

summer concentrations are rather underestimated (e.g. in Vil-
lum, Tiksi, and Zeppelin). In both cases, misleading anthro-
pogenic emissions appear to be the main problem during
winter. The largest deviations occur at the station Tiksi, Rus-
sia. The station is located only a few kilometres away from
Tiksi town and local pollution is likely to affect the mea-
surements, as the town has both a small airport and a har-
bour. Despite these drawbacks at Tiksi station, the data from
the station has been used to estimate the sources in north-
ern Eurasia (Cheng, 2014). Eckhardt et al. (2015) compared
both surface- and aircraft measurements of sulfate and BC
in the Arctic to model output from eleven different models.
They found that the models generally underestimated the sur-
face concentrations of BC and sulfate in winter and spring,
whereas concentrations in summer were overestimated. They
also found a strong correlation between surface measured
sulfate and BC concentrations in winter and spring (anthro-
pogenic impact), which indicated that the sources contribut-
ing to sulfate and BC were similar throughout the Arctic and
that the aerosols were internally mixed and undergo simi-
lar removal. Neither Eckhardt et al. (2015) nor Samset et

Atmos. Chem. Phys., 16, 7587-7604, 2016
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Figure 8. Difference in BC atmospheric burden (mg m~3) be-
tween our simulation that combines emission inventories (FEI-
NE+MACCity) and MACCity. The dashed yellow line represents
the limit of the Arctic (~ 67° N). The BC burden was estimated by
summing all the vertical layers and averaging with time (365 days)
for each of the years between 2002 and 2013.

al. (2014) could isolate the reason to explain why some mod-
els performed better than the others.

In the present model configuration, we included the emis-
sion inventory from FEI-NE and MACCity’s anthropogenic
BC inside northern Eurasia and MACCity (BB and anthro-
pogenic) outside northern Eurasia (FEI-NE+MACCity) re-
spectively to evaluate if it produced reliable results with re-
spect to observations. The question that stemmed from this
comparison was whether or not existing datasets included
all possible sources of BC emission. This was examined by
comparing the FEI-NE+MACCity inventory with MACC-
ity, which included lower BC global emissions. Figure 8 de-
picts the difference of the average atmospheric burden of
BC between FEI-NE+MACCity and MACCity runs, while
Figs. S5 and S6 show the same comparison for emissions and
Arctic deposition of BC. It is apparent that the difference in
average atmospheric burden between the FEI-NE+MACCity
and MACCity simulations (Fig. 8) is positive over northern
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Eurasia and over the Arctic, showing that vegetation fires in
northern Eurasia have a direct impact on the Arctic budget,
especially during the most intense fire years (2003, 2006,
2008, and 2012). The aforementioned impact extends up to
North America and may affect the BC concentrations there
as well. Subsequently, the deviation of the deposition of BC
from northern Eurasian vegetation fires relative to FEI-NE is
shown to be large over the Arctic (Fig. S6).

We also analysed the influence of anthropogenic emis-
sions, as well as BB emissions from the regions (defined
in Table 1) to the average surface concentration of the Arc-
tic stations (Fig. 9). As expected, the predominant contribu-
tor to the surface concentrations of the Arctic stations was
Northern Hemisphere anthropogenic emissions (29-55 %)
(e.g. Shaw et al., 2010). The explanation is twofold. On one
hand, transport of BC from the southern latitudes to the Arc-
tic takes place as the air masses follow the trajectories of
potential difference in temperature (a dome effect); they are
lifted up, leaving the surface, especially from North Amer-
ica and Asia (China). On the other hand, transport from
Russia/Siberia during the winter and spring is closer to the
surface due to large anthropogenic emissions that are also
effectively transferred from Europe. In addition, transport
of BC from Russia/Siberia is less efficient during summer
due to pressure systems that block the BC transport. Fires
from northern Eurasia contributed less BC to Barrow, Zep-
pelin, and Villum, while this pattern changed for Alert and
Tiksi stations (Fig. 9). This shows that emissions from north-
ern Eurasia may extend up to the American Arctic (Barrie,
1986). The region marked as “other” in Fig. 9 stands for all
BB emissions occurring over the Northern Hemisphere, ex-
cluding northern Eurasia, and shows that 4-42 % of the sur-
face concentrations may be due to fires in North America
and other BB sources. In all cases, fires in regions north of
50° N contributed the most, especially to Tiksi station. Fires
in the Asian part of northern Eurasia contributed to the sur-
face concentrations of the stations by 13 to 57 %, with the
maximum at Tiksi station. This was expected since this sta-
tion is in the middle of the northern Eurasian Arctic region
and receives a lot of BC emitted from BB in Siberia. The re-
spective portion for fires occurring in Europe was estimated
to be only 1-2 %. Similarly, BC emitted from Siberia con-
tributed 9-43 % to the simulated surface concentrations at the
stations (with a maximum in Tiksi station). We estimated that
the total of all vegetation fires in northern Eurasia contributed
around 56 ng m~3, on average, to the Alert station (during
spring and summer months), which is close to the 89 ng m—3
that Huang et al. (2010) estimated for the USSR and Euro-
pean Union, although with different geographic definitions
than those assumed here, and also including anthropogenic
emissions. Gong et al. (2010) and Shindell et al. (2008) es-
timated that the northern Eurasian contribution to Alert var-
ied between 80-90 %, while our runs suggested a lower BB
contribution (29 %). Nevertheless, considering our compar-
ison of modelling results with surface observations for BC
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Figure 10. Relative transport efficiency of BC from vegetation
fires from different geographic regions across the Arctic. The same
colours were used as in Fig. 5.

from the five Arctic stations, it should be noted that the cal-
culated contribution constituted an upper bound, especially
when considering Asian and Siberian regions.

4.2 Transport efficiency of BC to the Arctic

In this section, we examine the relative roles of different re-
gions to emitting BC that will ultimately be deposited over
the Arctic. To do so, we computed the probability of BC
emitted from different regions to reach the Arctic (based on
FEI-NE). We defined the transport efficiency to the Arctic
as the ratio between the mass of BC deposited in the Arctic
and the total mass of BC emitted from a given region. These
estimates were obtained by masking the same geographical
regions as in Sect. 3.3 (anthropogenic sources in the North-
ern Hemisphere, vegetation fires in Europe, Asia, between
35 and 40° N, 40 and 50° N, 50-60° N and above 60° N) and
simulating fires that occurred inside the masked areas for the
period 2012-2013 (Table 1).

Figure 10 depicts the transport efficiency with which BC
from vegetation fires reached the Arctic for the different geo-
graphic regions. The results clearly show that anthropogenic
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BC from large emitting regions in south-eastern Asia and
other Asian regions were not transported efficiently to the
Arctic. The main source contributing to Arctic deposition
was BB in northern Eurasia with a transport efficiency of
10-32 % during spring and summer and 1-6 % in autumn
and winter. Overall, the transport and subsequent deposition
of BC from Asia was more effective than from Europe (12 %
of the BB emissions from Asia were deposited in the Arc-
tic, whereas only 5 % of the European BB emissions reach
the Arctic), which was attributed to the fact that European
BC tends to remain close to the PBL (Fig. 10), whereas the
Asian BC mixes up rapidly into the free troposphere (Stohl et
al., 2002). Therefore, European BC was much more affected
by removal processes since its transport to the Arctic is much
less efficient.

In contrast, Siberian BC was deposited very efficiently to
the Arctic in summer and autumn similar to fires above 60° N
(besides, Siberia covers the Asian part of the 60-90° N area).
However, it was evident from our results that in our model the
most efficient regional transport of BC to the Arctic occurred
in the summer months and was attributed to vegetation fires
in Kazakhstan and Mongolia (apart from Siberia, Fig. 10). To
summarize these results, the highest transport efficiencies in
our model occurred in the spring and summer for all of north-
ern Eurasia. This may be a result of (i) extreme fire events,
(i) the relatively weak removal processes occurring in mid-
and high-latitudes which favour transport without removal
of BC, and (iii) the imposed fixed injection profiles used in
these simulations.

5 Conclusions

The present study focused on the impact of vegetation fires
occurring in northern Eurasia on BC deposition in the Arc-
tic. For this reason, a three-dimensional global transport
model (LMDz-OR-INCA) was used to simulate fire events
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that took place during 2002-2013. Anthropogenic emissions
were adopted from MACCity inventory, while BB emis-
sions within northern Eurasia were from FEI-NE and beyond
northern Eurasia from MACCity’s GFEDv3 database.

A total of 3.0 x 10® km? was burned during the 12-year
period in northern Eurasia with the majority being grassland
and forest fires. Total global emissions of BC ranged from
8.02 t0 9.48 Tgyr~! (average: 8.42+0.43 Tgyr~!) with the
highest ones recorded for the years 2003, 2006, 2008, and
2012. The annual emissions from vegetation fires in northern
Eurasia were estimated to be between 0.45 and 2.19 Tg yr~!
(average: 0.86+0.51 Tgyr~!). Compared to the MACCity
emission inventory, our simulations suggested that 10—17 %
(average: 8 %) more BC was emitted by FEI-NE+MACCity,
while FEI-NE biomass burning emissions were 3.5 times
higher than GFED3.

The annual mean deposition of BC in the Arctic from
vegetation fires in northern Eurasia was found to be
65428kt yr~! for the 12-year period, which represents 45—
78 % of the BC deposited from all possible sources and
origins. The combined run (FEI-NE+MACCity) brought
around 55 % (1218 vs. 675kt in total for the 12-year period)
more BC to deposit over the Arctic environment compared
to the conventional MACCity emission inventory.

Arctic burden showed a strong seasonal variation, which
peaks during late winter and early spring in the presence
of the Arctic haze. The peak in winter depicted the latitu-
dinal transport of BC mainly from anthropogenic sources
in Europe, whereas the peak in spring and summer clearly
stemmed from the fire episodes in northern Eurasia. The an-
nual mass of BC deposited over the Arctic increased during
the most intense fire years (37 % in 2009 to 181 % in 2012)
in comparison to the annual average for the period of 2002—
2013.

Fires occurring in the Northern Hemisphere contributed
68 % to the simulated deposition of BC in the Arctic, while
the rest originated from anthropogenic sources. The major-
ity of the vegetation fires in the Northern Hemisphere were
attributed to northern Eurasian vegetation fires (85 %), of
which Asia contributed 81 % and Europe only 4 %. These
results were consistent with what other researchers have re-
ported, as Asian BC experienced fast elevation to the free
troposphere and hence long-range transport.

The present results were compared to surface observations
from five stations (Alert, Barrow, Villum, Tiksi, and Zep-
pelin), showing relatively good results and in most stations
capturing the trend in surface BC concentrations (a notable
deviation was observed at Alert). We estimated that vege-
tation fires in northern Eurasia contributed 14 to 57 % to
the surface environment of these stations, mostly affected by
fires that took place in Siberia. This showed the importance
of fires occurring over northern Eurasia in the Arctic BC bud-
get. However, anthropogenic sources also remain essential,
contributing 29 to 54 % to the surface of the Arctic stations.
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6 Data availability

The data used for this paper is available upon request. The
observations used to validate the results of the model were
directly retrieved from the website of the World Data Centre
for Aerosol (http://ebas.nilu.no) and are publicly available.

The Supplement related to this article is available online
at doi:10.5194/acp-16-7587-2016-supplement.
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