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Abstract Radiative forcing by aerosols and tropospheric ozone could play a significant role in recent Arctic
warming. These species are in general poorly accounted for in climate models. We use the GEOS-Chem global
chemical transport model to construct a 3-D representation of Arctic aerosols and ozone that is consistent
with observations and can be used in climate simulations. We focus on 2008, when extensive observations
were made from different platforms as part of the International Polar Year. Comparison to aircraft, surface,
and ship cruise observations suggests that GEOS-Chem provides in general a successful year-round simulation
of Arctic black carbon (BC), organic carbon (OC), sulfate, and dust aerosol. BC has major fuel combustion and
boreal fire sources, OC is mainly from fires, sulfate has a mix of anthropogenic and natural sources, and dust is
mostly from the Sahara. The model is successful in simulating aerosol optical depth (AOD) observations from
Aerosol Robotics Network stations in the Arctic; the sharp drop from spring to summer appears driven in part by
the smaller size of sulfate aerosol in summer. The anthropogenic contribution to Arctic AOD is a factor of 4
larger in spring than in summer and is mainly sulfate. Simulation of absorbing aerosol optical depth (AAOD)
indicates that non-BC aerosol (OC and dust) contributed 24% of Arctic AAOD at 550nm and 37% of absorbing
mass deposited to the snow pack in 2008. Open fires contributed half of AAOD at 550nm and half of deposition
to the snowpack.

1. Introduction

The Arctic has warmed by more than 1°C over the last century, a rate almost twice the global average
[Trenberth et al., 2007]. Annual average Arctic sea ice coverage declined at a rate of 3.6% per decade between
1979 and 2006 [Meier et al., 2007]. Global climate models (GCMs) have difficulty reproducing the observed
Arctic warming [Shindell and Faluvegi, 2009] and the rate of observed Arctic sea ice loss [Stroeve et al.,
2007]. Recent studies suggest that GCM simulations of Arctic warming can be improved by better
accounting of aerosols and ozone as near-term (NT) climate forcing agents [Mickley et al., 2004; Law
and Stohl, 2007; Shindell et al., 2007; Quinn et al., 2008]. Adequate representation of aerosols and ozone
in models is challenging because of their short atmospheric lifetime and complex source and sink
processes. In this work we use extensive atmospheric observations from the 2007–2008 International
Polar Year (IPY), together with simulations using the GEOS-Chem chemical transport model, to better
understand the factors controlling the distributions of these NT forcers in the Arctic troposphere with
focus on aerosols.

Arctic aerosol and ozone concentrations at the surface and in the free troposphere are frequently elevated
relative to background [Mitchell, 1956; Radke et al., 1984; Oltmans et al., 2006], due to transport of pollution
from the northern midlatitudes and smoke from boreal fires [Rahn and McCaffrey, 1980; Radke et al., 1984;
Hegg et al., 2010]. Aerosols perturb the radiative balance of the Arctic directly by absorbing and scattering
radiation and indirectly by providing a source of cloud condensation nuclei (CCN) and ice nuclei (IN) [Twomey,
1974; Charlson et al., 1992]. Deposition of absorbing aerosols to the snowpack reduces surface albedo and
accelerates snow melt [Warren and Wiscombe, 1980; Clarke and Noone, 1985; Hansen and Nazarenko, 2004].
Tropospheric ozone perturbs climate through absorption of both shortwave (solar) and longwave (terrestrial)
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radiation. Over the Arctic the shortwave effect is amplified by the long pathlength of sunlight and the high
surface albedo of snow and ice [Mickley et al., 2004; Quinn et al., 2008]. Quinn et al. [2008] used the Goddard
Institute for Space Studies GCM to estimate that anthropogenic aerosols act to cool the Arctic surface in all
seasons by 0.5–1.4°C, while several studies have reported that twentieth century increases in tropospheric
ozone may have warmed the Arctic surface by as much as 0.4–0.5°C in the winter and spring [Mickley et al.,
2004; Shindell et al., 2006; Quinn et al., 2008]. Anthropogenic emissions have been changing rapidly in the last
decades, decreasing in Europe and North America and increasing in East Asia. This could potentially have
important implications for Arctic climate.

Observed concentrations of aerosols at remote Arctic surface stations peak in the late winter and early spring,
a phenomonon commonly called “Arctic haze” [Mitchell, 1956; Quinn et al., 2007]. Fast transport along
isentropic surfaces, weak vertical mixing, and lack of precipitation promote European and Russian pollution
influences during this time of year [Rahn, 1981; Hirdman et al., 2010]. As sunlight returns in spring, shortwave
radiative forcing becomes important [Mickley et al., 1999; Law and Stohl, 2007]. As spring progresses, snow
and ice surfaces melt, reducing the surface albedo, and themeteorological conditions that facilitate transport
frommidlatitudes to the remote Arctic begin to break down. The Siberian High dissipates, Arctic precipitation
increases, and decreasing stratification facilitates deposition [Shaw, 1995; Stohl, 2006; Matsui et al., 2011].
Aerosol concentrations at remote Arctic stations are minimum in summer [Stohl, 2006]. The lower
concentrations of aerosols, combined with the decrease in snow and ice coverage, reduce the top of
atmosphere forcing at a time when solar radiation reaches its seasonal maximum [Quinn et al., 2008].

Quantification of climate forcing from aerosols and ozone in the Arctic requires an accurate representation of
their seasonal distributions [Hansen and Nazarenko, 2004; Quinn et al., 2008]. The multimodel intercomparison
studies by Shindell et al. [2008] and Koch et al. [2009] indicated large discrepancies between current models and
observations of black carbon (BC) and sulfate, including incorrect seasonality and order-of-magnitude errors.
The 2007–2008 IPY featured an ensemble of Arcticmeasurement campaigns targeting aerosols and ozone, under
the auspices of the Polar Study Using Aircraft, Remote Sensing, Surface Measurements and Models, of Climate,
Chemistry, Aerosols, and Transport (www.polarcat.no). The detailed data from these campaigns, complementing
long-term measurements from Arctic surface sites, provide a valuable resource for testing and improving
models of Arctic composition. Of particular interest is the NASA Arctic Research of the Composition of the
Troposphere from Aircraft and Satellite (ARCTAS) campaign [Jacob et al., 2010], which covered large domains
of the North American Arctic through the depth of the troposphere in two deployments in April and July 2008.

In this paper we use the GEOS-Chem global chemical transport model (CTM) to simulate the full-year
distributions of aerosol and ozone concentrations in the Arctic. Our aim is to achieve an improved
representation of these NT climate forcers and their natural and anthropogenic sources, as the first step toward
better simulation of their climatic effects. We discuss ozone only cursorily and focus on aerosols, which have the
greater radiative impact. Comparisons are presented to ARCTAS and other observations (Table 1). We place
particular emphasis on the aerosol optical depth (AOD) and absorbing aerosols because of their importance for
radiative forcing. Our work builds on the knowledge gained in previous GEOS-Chem studies of ARCTAS and
other Arctic data that focused on specific components and seasons [Fisher et al., 2010, 2011; Alvarado et al.,
2010; Mao et al., 2010; Wang et al., 2011].

2. GEOS-Chem Description

We use the GEOS-Chem CTM version v8-02-03 (http://geos-chem.org) driven by 6-hourly assimilated
meteorological data from the NASA Global Modeling Assimilation Office Goddard Earth Observing System
(GEOS-5) at 2° × 2.5° horizontal resolution and with 47 vertical layers.

The GEOS-Chem aerosol simulation includes BC, organic carbon (OC), sulfate-nitrate-ammonium, dust, and
secondary organic aerosol (SOA). The aerosol simulation is coupled to oxidant chemistry through
heterogeneous processes; aerosol effects on photolysis rates; formation of sulfate, nitrate, and SOA; and
inorganic nitrate partitioning. Primary emissions of BC are mainly in hydrophobic form (80%); 50% of emitted
OC is hydrophobic. An e-folding time of 1.15 days is assumed for the aging of hydrophobic BC and OC to the
hydrophilic forms. Oxidation of SO2 to sulfate aerosol takes place via OH in the gas phase and by O3 and H2O2

in the aqueous phase at temperatures above 258 K [Alexander et al., 2009]. The cloud volume fractions and
cloud liquid water content used for the aqueous chemistry calculation in each model grid cell are taken from
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Table 1. Arctic Observations (2008) Used for Model Evaluation

Site or Campaign Type Time Period Location Species Useda Reference

ARCTASb,c,d Aircraft Apr and
Jun-Jul

North American
Arctic

BCe, OCf, nss-Sulfateg,
Dusth

Jacob et al. [2010]

ICEALOTd,i Ship Mar-Apr North Atlantic
Arctic

BC, OC, nss-Sulfate Frossard et al. [2011]

ASCOSd Ship Aug-Sep High Arctic OC, nss-Sulfate Chang et al. [2011]
Pallastunturi Surface Full year Finland BC Hyvärinen et al. [2011]
IMPROVEj Surface Full year Alaska BCk, OCk, Sulfate, Dustl Malm et al. [2004]
EMEPm Surface Full year Northern Europe nss-Sulfate Lazaridis et al. [2002]
Barrown,o,p Surface Full year Northern Alaska BC, OC, nss-Sulfate Quinn et al. [2000];

Shaw et al. [2010]
Alert Surface Full year Northern Canada BCq, nss-Sulfate Sharma et al. [2013];

Gong et al. [2010]
Ny-Alesund Surface Full year Svalbard, Norway BCr Eleftheriadis et al. [2009]
WOUDCs Profile Full year Pan-Arctic sites Ozone Oltmans et al. [2006]
AERONETt,u Column Full year Pan-Arctic sites Aerosol optical depth Holben et al. [1998]

aBC (black carbon), OC (organic carbon), and nss-Sulfate (non–sea-salt sulfate).
bARCTAS observations are from the DC-8 aircraft only. The observations are filtered to remove open-fire plumes

(where [CH3CN]> 200 ppt) and stratospheric air (where [O3]/[CO] >1.25molmol�1 [Hudman et al., 2008]). We also
remove observations from south of 60°N and near Fairbanks, Barrow, and Prudhoe Bay (< 0.5° from the city and below
4 km). The Jun-Jul deployment included a focus on fire plumes, and we exclude data from below 1 km on the dedicated
flights on 1, 4, 5, and 9 July.

cSea-salt sulfate in ARCTAS observations are removed using a threshold ratio for sea-salt SO4
2�/Na+ of 0.252, as

described in Fisher et al. [2011].
dMeasurements of organic aerosol are converted to carbonmass (μgCm�3) using a conversion factor of 2.1 for nonurban

aerosol [Turpin and Lim, 2001].
eARCTAS BC measurements were made using a single-particle soot photometer instrument [Kondo et al., 2011].
fARCTAS organic aerosol measurements weremade using an aerosol mass spectrometer instrument [Jimenez et al., 2003].
gARCTAS Observations of submicrometer aerosol sulfate mass were made with the SAGA instrumentation package

[Dibb et al., 2003], using a mist chamber/ion chromatograph.
hARCTAS Dust mass concentrations are calculated from observed sodium and calcium ions using filters analyzed by

ion chromatography. Sodium is used to remove the sea-salt calcium assuming a sea-salt Ca:Na mass ratio of 0.04. The
dust mass is determined assuming a calcium to dust mass ratio of 6.8% [Song and Carmichael, 2001].

iNorth of 60°N only.
jIMPROVE (Interagency Monitoring of Protected Visual Environments) observations at Trapper Creek are made using

24 h filter measurements collected every 3 days and are available from http://vista.cira.colostate.edu/improve/.
kBC and OC observations at Trapper Creek are made using thermal/optical reflectance carbon analysis.
lFine dust mass is estimated using the formula in Malm et al. [1994].
mEMEP (European Monitoring and Evaluation Programme) observations are available from http://ebas.nilu.no/.
nBC observations at Barrow are from the NOAAGlobal Monitoring Division (http://www.esrl.noaa.gov/gmd/aero/net/).

Observations of aerosol light absorption coefficients from the Particle Soot Absorption Photometer instrument are
converted to BC mass concentrations assuming a mass absorption efficiency (MAE) of 9.5m2 g�1, based on ARCTAS
observations [McNaughton et al., 2011].

oBarrow OC measurements are described in Shaw et al. [2010].
pBarrow nss-Sulfate measurements are described in Quinn et al. [2000].
qBC observations at Alert are described in Sharma et al. [2013]. Observations of aerosol light absorption coefficients

(λ=880 nm) using an aethalometer instrument are converted to equivalent BC mass concentrations assuming an MAE
of 19m2g�1.

rBC observations at Ny-Alesund are described in Eleftheriadis et al. [2009]. Observations of aerosol light absorption
coefficients (λ=880nm) using an aethalometer instrument are converted to equivalent BC mass concentrations assuming
an MAE of 15.9m2g�1.

sWorld Ozone and Ultraviolet Radiation Data Centre (WOUDC) observations (http://www.woudc.org) for stations>65°N
are Alert [62.3°W, 82.5°N], Barrow [156.6°W, 71.3°N], Eureka [85.9°W, 80.0°N], Ny-Alesund [11.8°E, 78.9°N], Resolute [94.9°W,
74.7°N], Sodylanka [26.7°E, 67.4°N], and Summit [38.5°W, 72.6°N].

tAerosol Robotic Network (AERONET) stations >65°N are Andenes [16.0°E, 69.2°N], Barrow [156.6°W, 71.3°N],
Hornsund [15.6°E, 77.0°N], Kangerlussuaq [50.6°W, 70°N], Ny-Alesund [11.8°E, 78.9°N], OPAL [85.9°W, 79.9°N], PEARL
[86.4°W, 80.0°N], Resolute Bay [94.9°W, 74.7°N], and Thule [68.7°W, 76.5°N]. We include an observation point only if six
or more stations have data for that month.

uThe model AOD is sampled at 550 nm. The observed AOD at 440 nm is corrected for 550 nm using the Angstrom
exponent and assuming a linear fit [Seinfeld and Pandis, 2006].
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GEOS-5 assimilated meteorological fields. A small fraction of SO2 from anthropogenic sources is emitted as
particulate sulfate to account for subgrid-scale processes. Dimethylsulfide (DMS) oxidation takes place via
reaction with OH and NO3. A detailed description of the basic model is provided by Mao et al. [2010] for
ozone chemistry, by Fisher et al. [2011] for sulfate-nitrate-ammonium aerosol chemistry, and by Wang et al.
[2011] for carbonaceous aerosols. These studies presented detailed comparisons with ARCTAS and other
observations. For dust aerosol we use the simulation described by Fairlie et al. [2007], adapted for GEOS-5
meteorology by Fairlie et al. [2010]. The GEOS-Chem sea-salt aerosol simulation is described by Alexander
et al. [2005]. SOA formation takes place via the reversible condensation of the oxidation products of biogenic
and aromatic volatile organic compounds [Henze and Seinfeld, 2006], as well as the irreversible condensation
of glyoxal and methyl glyoxal [Fu et al., 2008, 2009]. Aerosol optical properties are described in Drury et al.
[2010], with updated dust size distribution from Ridley et al. [2012].

Wet deposition of aerosol in GEOS-Chem takes place in convective and large-scale precipitation through
in-cloud and below-cloud scavenging, as well as in convective updrafts. For below-cloud scavenging, we use
the parameterization from [Feng, 2007, 2009]. For sulfate and carbonaceous aerosols, we assume scavenging
coefficients specific to accumulation mode sized particles and coarse mode coefficients for sea salt and dust.
Scavenging coefficients are dependent on the phase of precipitation, where snow (T< 268 K) scavenging is
more efficient than rain (T> 268K) due to the larger cross-sectional area of snow crystals. In-cloud scavenging
includes the removal of aerosols that act as CCN and IN. We assume 100% of hydrophilic aerosol are scavenged
in warm and mixed phase clouds (T> 268 K). In cold clouds (T< 268 K) only hydrophobic BC and dust are
scavenged. Dry deposition of aerosol is based on a standard resistance in-series scheme [Wesely, 1989] and
assumes an aerosol dry deposition velocity of 0.03 cm s�1 over snow and ice surfaces [Nilsson and Rannik,
2001]. A detailed description of the aerosol scavenging parameterization in GEOS-Chem is provided inWang
et al. [2011]. We conduct a full-year simulation of this coupled aerosol-ozone system for 2008 with 6months
of initialization in 2007. We use sensitivity simulations to separate natural and anthropogenic contributions.
For the purpose of this analysis, open fires are considered natural.

Anthropogenic emissions of nitrogen oxides (NOx ≡NO+NO2), sulfur oxides (SOx ≡ SO2+ sulfate), and CO are
from van Donkelaar et al. [2008], updated to 2008 and with modifications to SOx emissions from Fisher et al.
[2011]. Anthropogenic carbonaceous aerosol emissions are from Bond et al. [2007] for the year 2000. BC and
primary OC emissions from anthropogenic sources in Asia and Russia are doubled to match surface BC
observations in China and in the Arctic as described by Wang et al. [2011]. The increase is consistent with
industrial growth in China and the economic recovery in Russia since the year 2000. Table 2 summarizes the
aerosol emissions in our study, with a focus on the source regionsmost relevant for transport to the Arctic. Global
anthropogenic BC emissions in our study are 7.04 TgC yr�1, higher than the 5.14 TgC yr�1 emissions used by
Bourgeois and Bey [2011] but within the emission range of 3.13–10.08 TgC yr�1 estimated by Bond et al. [2004].
The annual Chinese BC emission of 2.64 TgC in our study is also larger than recent estimates, but within the range
of uncertainty [Lu et al., 2011]. We do not account for seasonality in Asian BC emissions. Anthropogenic emissions
of OC, SO2, and NH3 are all in agreement with previous studies [Bond et al., 2007; Smith et al., 2011].

Table 2. Global BC, OC, SO2, NH3, and Dust Emissions in GEOS-Chem for 2008

Species Emission Source Europe China North America Russia Global

BC (Tg C yr�1) Anthropogenica 0.59 2.64 0.37 0.24 7.04
Open fires 0.23 0.24 0.02 0.67 11.15

OC (Tg C yr�1) Anthropogenica 1.04 4.96 0.53 0.51 14.5
Open fires 1.28 2.18 0.96 6.03 82.85

SO2 (Tg S yr
�1) Anthropogenica 5.19 16.22 8.11 2.45 62.93

Open fires 0.03 0.08 0.03 0.27 1.90
Volcanoes 13.3

Oceanic DMS 17.14
NH3 (TgN yr�1) Anthropogenica 4.83 11.23 2.56 1.13 38.6

Open fires 0.15 0.24 0.08 0.70 9.4
Other naturalb 14.3

Dust (Tg yr�1) Natural 1107

aIncludes emissions from fossil fuel and biofuel combustion.
bIncludes oceanic, soil, and agricultural emissions.
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Fire emissions are from the Fire Locating andMonitoring of Biomass Emissions (FLAMBE) inventory [Reid et al.,
2009]. We apply modifications to Eurasian fire sources to match ARCTAS observations of CO, BC, and OC
[Fisher et al., 2010;Wang et al., 2011]. The FLAMBE emissions from Russia and Southeast Asia are scaled down
by 47% and 55%, respectively, following the analysis of ARCTAS CO observations in Fisher et al. [2010].Wang
et al. [2011] found that the Russian OC emission factor should also be reduced to 6.8 g carbon per kilogram
dry mass burned to match ARCTAS OC observations. In addition, we decrease North American fire emissions
by 0.375 relative to FLAMBE to match ARCTAS CO observations as suggested by Alvarado et al. [2010]. Kondo
et al. [2011] found an average BC:CO emission ratio of 2.3 ngm�3 ppbv�1 CO for North American fires based
on ARCTAS data, and we adopt that value here. Annual BC and OC emissions from boreal regions (45°N to 65°N)
are 0.86 TgC yr�1 and 7.59 TgC yr�1, respectively. Boreal fires were unusually extensive in Eurasia in spring 2008
[Fisher et al., 2010], while summer was more typical [Jacob et al., 2010].

The GEOS-Chem simulation of Fisher et al. [2011] showed a factor of 2 overestimate in sulfate mass
concentrations in April at Barrow and in May at Denali in Alaska. Our initial analysis found this model sulfate
bias to extend into summer. We implement here several improvements to the simulation of Arctic sulfate.
These include an improved treatment of cloud pH and hence aqueous-phase oxidation of SO2 by ozone in
clouds as described in Alexander et al. [2012], an update of the dimethylsulfide (DMS) seawater climatology
following Lana et al. [2011], and inclusion of the unit-yield formation of dimethylsulfoxide (DMSO) from the
addition-pathway oxidation of DMS by OH [Barnes et al., 2006]. As will be shown below, the update to the
aqueous oxidation chemistry reduces the model spring bias at Zeppelin and Barrow. The use of the new DMS
seawater climatology [Lana et al., 2011] results in a 40% decrease in DMS emissions in the Arctic spring and
summer because of lower DMS seawater concentrations in the region. The inclusion of DMSO chemistry
reduces the yield of sulfate formation from the oxidation of DMS. Due to its high solubility, DMSO is efficiently
scavenged and oxidized in cloud droplets to meathanesulphonicacid. These updates to the DMS emissions
and oxidation reduce the model bias in summer at Zeppelin and Alert.

Table 3 shows the simulated global burden and lifetime and deposition budgets for each of the aerosol
species. The simulated BC lifetime is within the range of Aerosol Comparisons between Observations and
Models (AEROCOM) values reported by Koch et al. [2009]. We have a larger global BC burden than most
AEROCOM models; however, this is the result of the high open-fire emissions in the tropics in the FLAMBE
inventory, a region that has little importance for the Arctic. Table 4 shows the simulated Arctic burdens,
lifetimes, and deposition fluxes for the aerosol species in our study. The lifetimes of BC and sulfate aerosol in
the Arctic are longer than those reported by previous studies [e.g. Bourgeois and Bey, 2011]. We refer the
reader to Wang et al. [2011, section 5] for a detailed discussion of differences in emissions and deposition
parameterizations between GEOS-Chem and previous global model studies of aerosols in the Arctic.

Table 3. Global Annual Mean Burdens, Lifetime, Total Deposited Mass, and Fraction of Removal by Wet and Dry
Deposition for GEOS-Chem Aerosolsa

Species Burden (Tg) Lifetime (days) Total Deposition (Tg species yr�1) Wet (%) Dry (%)

BC 0.27 5.38 18.1 73 27
OC 1.93 5.48 128.9 76 24
Sulfate 0.39 3.57 40.34 89 11
Dust 10.32 1.71 2206 54 46

aValues are integrated over the troposphere column between the surface and 300 hPa.

Table 4. Annual Mean Burdens, Lifetimes, Total Deposited Mass, and Fraction of Removal by Wet and Dry Deposition
for GEOS-Chem Aerosol in the Arctica

Species Burden (Gg) Lifetime (days) Total Deposition (Tg yr�1) Wet (%) Dry (%)

BC 6.46 8.27 0.28 89 11
OC 42.6 6.25 2.49 90 10
Sulfate 25.4 8.34 1.11 91 9
Dust 108.4 2.43 16.3 93 7

aValues are integrated over the Arctic troposphere column between the surface and 300 hPa for latitudes
greater than 65°N.

Journal of Geophysical Research: Atmospheres 10.1002/2013JD020996

BREIDER ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4111



Figure 1 compares observed and simulated monthly mean ozone profiles for different seasons of 2008,
averaged across seven stations in the WOUDC (World Ozone and Ultraviolet Radiation Data Centre)
(http://www.woudc.org/) database north of 65°N. The model has no bias near the surface but underestimates
ozone by 5–10ppb in the middle and upper troposphere for all seasons except fall. Observed concentrations
increase by 14 ppb on average from January to April due to photochemical production [Browell et al., 2003],
and this is well reproduced by the model. The model underestimate in summer is consistent with the
previously reported underestimate of peroxyacetylnitrate [Alvarado et al., 2010] and suggests insufficient
photochemical production from Asian pollution and boreal fires.

We conducted sensitivity simulations to examine the model enhancement of ozone due to open fires and
human influence. The blue lines in Figure 1 show values for a sensitivity simulation excluding fires and
anthropogenic sources, while the green lines are for a simulation excluding only anthropogenic sources. The
anthropogenic enhancement is maximum in April (19 ppb) and minimum in August (10 ppb). The open-fire
enhancement is 4 ppb in August but only 1 ppb in April.

3. Aerosol Distributions

We examine in this section the observed distributions of different aerosol components over the Arctic, the
ability of GEOS-Chem to reproduce these distributions, and the implications for source attribution. Figure 2
shows simulated and observed seasonal mean aerosol concentrations in surface air over the Arctic in spring
and summer, when the radiative impact is maximum [Flanner et al., 2007; Quinn et al., 2008]. GEOS-Chem
values (background) are compared to observations (circles). Aerosol concentrations are generally lower in
summer than in spring, for reasons discussed in section 1. We discuss below the results of Figure 2 as well as
other features of the distribution for each component.

3.1. Black Carbon

Figure 3 shows the seasonality of BC concentrations at Barrow and Trapper Creek in Alaska, Alert in Nunavut,
Canada [Sharma et al., 2013], Ny-Alesund in Svalbard, Norway [Eleftheriadis et al., 2009], and Pallas in Finland
[Hyvärinen et al., 2011]. Observations at Barrow are from the NOAA Global Monitoring Division (http://www.
esrl.noaa.gov/gmd/aero/net/), and observations at Trapper Creek are from the Interagency Monitoring of

Figure 1. Vertical profiles of monthly ozone volume mixing ratios over the Arctic in different seasons for 2008. Observations
averaged over the seven WOUDC sites north of 65°N (Table 1) are compared to GEOS-Chem values for the standard
simulation, a sensitivity simulation with no anthropogenic emissions (natural + fires) and a sensitivity simulation with no
anthropogenic or fire emissions (i.e., natural). Horizontal bars for the observed profiles indicate the ±1 standard deviations
for 2000–2009. Open circles show the 2008 observations, and the solid circle shows the 2000–2009 mean.
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Protected Visual Environments (IMPROVE) network
(http://vista.cira.colostate.edu/improve/). Observed
concentrations at Barrow, Alert, Ny-Alesund, and
Pallas show a maximum in late winter-early spring
attributable to anthropogenic sources in Eurasia
[Wang et al., 2011]. The summer minima at these
stations reflect slower transport and increased
scavenging, particularly at themore remote Barrow,
Alert, andNy-Alesund sites. At Trapper Creek in central
Alaska, observed BC concentrations in February and
March are half those at Barrow because the Brooks
mountain range blocks long-range transport from
Eurasian sources [Quinn et al., 2002]. In late spring-
summer, by contrast, BC concentrations are higher at
Trapper Creek than at Barrow due to larger year-
round influence of North American anthropogenic
BC source. The model provides a good match to
observations. Data from the International Chemistry
Experiment in the Arctic Lower Troposphere
(ICEALOT) cruise [Frossard et al., 2011] in spring
(Figure 2a) indicate a mean concentration of
0.27± 0.13μgm�3 north of 60°N, as compared to a
simulated value of 0.12± 0.05μgm�3 sampled
along the cruise track for the corresponding days.

Figure 4a compares BC model results with mean
vertical profiles from the ARCTAS April and July
campaigns. Values are lower in July than in April
throughout the tropospheric column. The high
values in the midtroposphere in April are due to a
combination of Asian anthropogenic and Russian fire
influences transported to the Arctic in warm conveyor
belts [Wang et al., 2011]. The observations in July are
less than 0.025μgm�3 throughout the vertical profile,
but the model shows an increase with altitude due to
long-range transport of deep convective outflow from
Asian pollution (summer monsoon) and Siberian fire
plumes. A more recent version of GEOS-Chem
corrects this problem by increasing the scavenging
efficiency of BC in deep convection [Wang et al., 2014].

Figure 5a gives a summary of the model
representation of Arctic BC concentrations vs. altitude
and season. In winter, elevated concentrations are
confined below 2 km and have a dominant Russian
source [Wang et al., 2011]. Peak tropospheric
loadings are in spring, when the model provides a
good match to the ARCTAS observations. Minimum

BC concentrations are in October after the fire season and before the efficient wintertime transport of pollution
develops. Sensitivity simulations indicate that the anthropogenic influence is largest in March, when it
contributes 70% of the Arctic BC burden, dropping to 40% in May and 10% in summer-fall.

3.2. Organic Carbon

Observations of organic aerosol in the high Arctic show a factor of 5 decrease from spring to summer, as shown
in Figure 2 with the ICEALOTand the Arctic Ocean Cloud Ocean Study (ASCOS) cruises [Chang et al., 2011] and

Figure 2. Seasonal mean surface air concentrations of (a and
b) black carbon (BC), (c and d) organic carbon (OC), (e and f)
sulfate, and (g and h) dust aerosol in the Arctic in spring
(March-April-May) and summer (June-July-August) 2008.
Small circles indicate observations at surface sites, and large
circles show cruise data, including the spring ICEALOTcampaign
(> 60°N) in March and April 2008 and the summer ASCOS
campaign in August and September 2008. GEOS-Chem results
are shown as background contours. The observations are
further described in Table 1.
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Figure 3. Seasonal variation of BC and OC aerosol concentrations at Arctic sites in 2008. Observations for 2008 are shown as
black symbols, and vertical bars show the interannual standard deviation of monthly mean concentrations for 2001–2009 at
(a) Barrow, (b) Alert, and (d and f ) Trapper Creek. (c) Pallas has observations for only 2008 and 2009. (e) Observations at
Ny-Alesund are for the period 2002–2005 only; the diamond symbol shows the interannual mean. Model values are shown as
stacked contours for natural (green) and anthropogenic (red) contributions.

Figure 4. (a–d) Log-mean vertical profiles of aerosolmass concentrations during the ARCTAS campaign over theNorth American
Arctic in April (red lines) and July (black lines) 2008 [Jacob et al., 2010]. Observations are from the DC-8 aircraft. Observations
are screened as described in Table 1. GEOS-Chem model results are sampled along the flight tracks and for the flight times.
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at Barrow, Alaska [Shaw et al., 2010]. At Barrow, the model shows a small 10% spring-summer decrease in OC,
as shown in Figure 2, apparently because of an overestimate of fire influence in summer. Observations at
Trapper Creek (Figure 3f) show seasonal peaks in April and in summer, reflecting the influence of Russian fires
(April) [Warneke et al., 2009, 2010] and of North American fires (summer). The model reproduces these
features and finds fires to be the main source of OC in spring and summer.

The ARCTAS vertical profiles (Figure 4b) show that higher concentrations in spring than in summer extend up
to 6 km, above which the difference vanishes. The model provides an overall good simulation, although it is
too low near the surface in spring and too high in the upper troposphere in summer. As for BC, the elevated
concentrations in the midtroposphere in April are due to Siberian fires [Wang et al., 2011]. Concentrations
remain relatively high in summer throughout the tropospheric column, reflecting emissions from North
American fires below 2 km and Siberian fire influences above 3 km. The pan-Arctic model perspective in
Figure 5b shows prominent peaks in spring and summer due to fires, extending through the depth of the
tropospheric column. Thus, we find that the relatively high free tropospheric concentrations observed by
ARCTAS in July are representative of the wider Arctic. The model overestimate of fire influence in surface air
over the high Arctic in summer (Figure 2d) could reflect insufficient scavenging or lofting of fire plumes.

Open fires account for 70% of Arctic OC in the model throughout the troposphere from April through August.
Anthropogenic emissions (mostly primary OC from combustion) are important in the Arctic boundary layer
from November throughMarch, providing 0.2–0.6μgm�3 during that period. SOA (90% biogenic in themodel)
contributes up to 30% of total surface OC in late summer and early fall. The simulated annual contributions to
Arctic tropospheric OC are 53% from fires, 29% from biogenic SOA, and 18% from anthropogenic sources.

3.3. Sulfate

Arctic sulfate concentrations in surface air show a similar seasonal pattern to BC, with the model successfully
representing the geographical distribution in the observations and the decrease from spring to summer
(Figures 2 and 2f). Here and elsewhere we show and discuss only the non–sea-salt component of sulfate.

Figure 6 shows the seasonal variation at four Arctic sites. The seasonality in the high Arctic is driven by the
large anthropogenic influence in winter and spring, when sources from Russia and Kazakhstan (winter) and
East Asia (spring) are most important [Fisher et al., 2011]. The model is consistent with observations but is too
low at Alert in winter and spring, as discussed by Fisher et al. [2011]. Observed sulfate concentrations in
February and March at Trapper Creek are a factor of 2–3 lower than at Barrow and Alert for the same reason
as for BC (section 3.1). Anthropogenic sources are important in winter and early spring, providing 83% of the

Figure 5. (a–d) Mean vertical profiles of aerosol mass concentrations in the Arctic (north of 65°N). Values are GEOS-Chem
model results for 2008.

Journal of Geophysical Research: Atmospheres 10.1002/2013JD020996

BREIDER ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4115



total Arctic surface sulfate at that time of year. The natural sulfate in winter and spring at Trapper Creek is
from volcanic sources. The seasonality in the anthropogenic source contribution is consistent across all sites with
the exception of Barrow in summer, where the elevated anthropogenic influence is driven by emissions from
the Prudhoe Bay oil field, as shown in Figure 2f by the higher sulfate concentrations on the northern coast of
Alaska. Volcanic emissions drive the maxima in simulated natural sulfate in spring and late summer at Barrow,
Zeppelin, and Alert. The marine biogenic source of sulfate shows a broad summer maximum.

ARCTAS observations in Figure 4c show a 70% decrease in the column average sulfate between spring and
summer, with little vertical gradient, and this is reproduced in the model. Fisher et al. [2011] pointed out that
different sources of sulfate dominate at different altitudes in spring. We find the same in summer with
oceanic DMS dominating below 2 km, volcanic and anthropogenic sources both important between 2 and
6 km, and anthropogenic sources dominant above 6 km. We find that the main anthropogenic component in
summer is from East Asia, whereas in spring there are also major contributions from Europe and North
America [Fisher et al., 2011].

Figure 5c shows that elevated sulfate concentrations in themodel are confined close to the surface in January
and February but extend throughout the troposphere in spring. The Arctic column sulfate burden in late
spring is a mixture of anthropogenic and natural sources [Fisher et al., 2011]. The peak in sulfate in the free
troposphere in late summer is the result of volcanic emissions from the Kasatochi eruption in the Aleutian
Islands and was observed in AODmeasurements at Ny-Alesund, Svalbard [Hoffmann et al., 2010], and at Barrow
[Tomasi et al., 2012]. During this time we estimate that volcanic emissions increased the Arctic tropospheric
sulfate burden by a factor of 3 compared to those in July. The simulated 2008 annual contributions to Arctic
tropospheric sulfate are 48% from anthropogenic sources, 30% from volcanic sources, 19% from DMS, and
3% from fires. The anthropogenic influence is largest in March when it contributes 60% of the Arctic sulfate
burden. It drops to 30% in summer-fall.

Fisher et al. [2011] found from the ARCTAS observations and GEOS-Chem simulations that the sulfate aerosol
is acidic throughout the Arctic troposphere in winter-spring. We find that the summer aerosol is more acidic
in the boundary layer compared to that of spring, due to sulfate production from DMS. In the free troposphere
the summer aerosol is almost neutralized because boreal fires provide a large source of NH3. Fisher et al. [2011]
showed that nitrate contributed <15% to the total aerosol anion concentration during ARCTAS in April. We
find that below 5 km the simulated nitrate contribution remains less than 15% in the spring and summer
months, with the exception of July when it increases to 20–30% in response to large fire emissions at that

Figure 6. Mean seasonal variation of sulfate aerosol concentrations at Arctic sites in 2008. Observations for 2008 are shown
as black symbols, and vertical bars show the interannual standard deviation for the period 1997–2008 at Barrow, 1999–2008 at
Zeppelin, 1998–2008 at Alert, and 2001–2009 at Trapper Creek. The observations are further described in Table 1. Model
values are shown as stacked contours for natural (green) and anthropogenic (red) contributions.
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time. The nitrate contribution is most important above 5 km
in June and July, when it provides 40% to total simulated
aerosol anion concentration.

3.4. Dust

Surface observations of dust at Trapper Creek (Figure 7)
show peak values in spring. This spring peak extends to
the entire Arctic and to all altitudes (Figures 2 and 5d). We
estimate the source contribution from the Sahara and
the Taklamakan and Gobi deserts using two sensitivity
simulations with dust emissions from these regions
independently switched off. Source attribution at Trapper
Creek in the model shows that 60% of dust in spring is from
the Sahara, 22% from the Taklamakan and Gobi deserts,
and 18% from other deserts. Dust emissions from dry
valleys in Greenland and from Iceland may also contribute
to the Arctic dust budget. Elemental analysis of the dust
observations at Trapper Creek suggests a Saharan influence

only during mid-May (Al:Ca >3.8, [Perry et al., 1997]). ARCTAS vertical profiles in spring (Figure 4d) show
an increase with altitude and good consistency between model and observations. We find that the upper
tropospheric maximum is mainly of Saharan origin. The simulated dust concentrations in summer are an
order of magnitude lower than in spring as a result of weaker transport to the Arctic and increased
precipitation. This sharp seasonal decrease is seen in the surface observations at Trapper Creek, but the
ARCTAS observations show little decrease. The ARCTAS summer flights were mostly over West Central
Canada, and dust concentrations there were comparable to observations at the two IMPROVE sites in North
Dakota (averaging 0.69μgm�3 for July 2008). Previous aircraft observations over the Great Plains in summer from
the SUbsonic aircraft Contrail & Clouds Effects Special Study (SUCCESS) campaign showed elevated dust
concentrations throughout the tropospheric column reflecting regional convective lifting [Talbot et al., 1998]. The
model underestimate of dust concentrations over the North American Great Plains in summer has been noted
before in a GEOS-Chem simulation by Fairlie et al. [2007] and suggests a missing dust source in that region
and season. The dust source in GEOS-Chem is confined to topographic depressions in desert areas [Ginoux
et al., 2001]. A broader definition of dust-producing regions as in the Dust Entrainment and Deposition
model [Zender et al., 2003] would better represent the North American dust source in summer but lead
to model overestimates in other seasons [Fairlie et al., 2007]. One ARCTAS summer flight to the remote
Arctic over Greenland on 9 July still observed dust concentrations greater than 0.5 μgm�3 above 4 km.
Better understanding is needed of that North American dust source in summer.

The magnitude of Saharan influence in the Arctic is uncertain. We find in our model that the Sahara is
responsible for 65% of total dust in the Arctic on an annual mean basis. Chemical and back-trajectory analyses
point to evidence of transport of Saharan dust to the Arctic either through transport across Northern Europe
or around the Bermuda High [Franzén et al., 1994; Ansmann et al., 2003; Rodríguez et al., 2012; VanCuren et al.,
2012]. However, Bory et al. [2003] found no evidence of Saharan origin in isotopic and mineralogical dust
analysis of Greenland snow samples.

4. Aerosol Optical Depth

Figure 8 shows the spatial distribution of 550 nm aerosol optical depth (AOD) over the Arctic in spring and
summer. Model results (background) are compared to sun photometer observations from Arctic Aerosol
Robotics Network (AERONET) stations [Holben et al., 1998]. AOD provides an integrated measure of aerosol
abundances that is most relevant for aerosol scattering of radiation. The model captures the seasonal
decrease in Arctic AOD from spring to summer. Simulated AODs are higher in the Eurasian Arctic than the
North American Arctic, but there are insufficient AOD observations in Eurasian Arctic in 2008 to evaluate this
result. Figure 9a shows the mean seasonal variation of AOD at the AERONET sites, where observations are
limited to March–October because of winter darkness. The observations show an April-May maximum, and
this is captured by the model. There is a secondary September maximum in 2008, both in the observations

Figure 7. Seasonal variation of finemodedust aerosol
(<2.5μm diameter) concentrations at Trapper Creek,
Alaska, in 2008. Observations for 2008 are shown as
black symbols, and vertical bars show the interannual
standard deviation for the period 2001–2009. The
observations are further described in Table 1. Model
values are shown as green contours.
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and the model, due to the eruption of the Kasatochi volcano in the Aleutian Islands on 8 August. The larger
observed AOD perturbation (from themultiannual mean) in September than in August is due to the relatively
long lifetime of SO2 against oxidation to sulfate in the upper troposphere and lower stratosphere (weeks)
[Kravitz et al., 2010]. The simulation reproduces well the monthly observed AOD in 2008 at the Arctic stations
north of 65°N (R2 = 0.56, significant at the 95% confidence level). The AERONET climatological record, also
shown in Figure 9a, is relatively flat from June to October. The model suggests that AODs are minimum in
December-January, but this is inconsequential from a radiative forcing perspective because of the low
availability of shortwave radiation in the Arctic at this time.

We find that successful simulation of the observed seasonal variation of Arctic AOD in the model is contingent
on accounting for the observed seasonal shift in sulfate aerosol size [Bodhaine et al., 1981; Quinn et al., 2002;
Engvall et al., 2008]. An initial simulation using fixed aerosol optical properties from GEOS-Chem [Drury et al.,
2010]—i.e., a lognormal distribution with a geometric mean radius of 70nm for sulfate—overestimated the
observed Arctic AODs in summer by a factor of 2. Observations show that the geometric mean radius of sulfate
particles decreases from 80nm in spring to approximately 25 nm in summer, reflecting a decrease in transport
of aged particles from midlatitudes and an increase in local biogenic sulfur emissions, photochemistry, and

Figure 9. (a) Seasonal variation of Arctic AOD at 550 nm averaged across the eight Arctic AERONET stations (also see Table 1
for listing). The black circles show observations for 2008. The vertical bars indicate the interannual standard deviation for
the period 1999–2011, and the horizontal bar shows the interannual mean. GEOS-Chemmodel values are shown as stacked
contours with individual contributions from sulfate, BC, OC, sea salt, and dust. The white dashed line shows the total
contribution from natural sources in the model. There are no AERONET data between November and February and only
sparse data in October. (b) Seasonal variation of Arctic absorption aerosol optical depth (AAOD) at 550 nm north of 65°N.
Values are GEOS-Chem model results for 2008. The stacked contours show the BC, OC, and dust contributions. The white
dashed line shows the total contribution from natural sources.

Figure 8. Seasonal mean aerosol optical depth (AOD) at 550nm over the Arctic in (a) spring (April-May) and (b) summer
(June–August) 2008. GEOS-Chem model values are shown as background contours. Observations from the AERONET
network [Holben et al., 1998] for stations north of 65°N are shown as circles.
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nucleation [Ström et al., 2003; Engvall et al., 2008]. The size transition happens between late May and early
June each year [Engvall et al., 2008]. The smaller summertime particles scatter visible radiation less efficiently.
To account for the seasonal shift to smaller particles, we reduce the mean sulfate particle size in GEOS-Chem
by a factor of 3 between June and August throughout the Arctic (north of 65°N). This results in a factor of 3.4
decrease in sulfate AOD. The reduction in the sulfate particle size is applied only to the calculation of the AOD;
no feedbacks on aerosol scavenging are accounted for. Through accounting for the observed size shift to
smaller particles in Arctic summer, we can better estimate the climate impact of the aerosol. Models that do
not consider this size shift will overestimate the sulfate component of the AOD in Arctic summer and may
draw incorrect conclusions about aerosol forcing in the region at this time of year.

We see from Figure 9a that the dominant contributors to the AOD in the Arctic are sulfate, OC, and sea salt.
Sulfate accounts for 50% of the model AOD except in summer when OC from fires is more important. Sea salt
is most important in fall and winter when it accounts for 30–40% of AOD. The April-May seasonal peak in AOD
is due to both anthropogenic sulfate and OC from fires, and the long-term AERONET record shows that this is
a robust climatological feature as shown by the error bars in Figure 9a. The exceptional Eurasian fires in early
spring 2008 are evident in April.

The white line in Figure 9a shows the natural contribution to model AOD including biogenic, volcanic, dust,
fire, and sea-salt sources. We see that most of the AOD is natural in all seasons. The largest anthropogenic
influence is in April-May when it increases the AOD by 0.07. Sulfate aerosols represent 84% of the total
anthropogenic AOD in April-May, with OC contributing 12% and BC 4%. The larger anthropogenic sulfate
AOD in spring compared to that in winter is not as evident at the surface sites in Figure 6 but is manifest in the
ARCTAS aircraft data of Figure 4. The natural Arctic AOD is a mixture of sources with fires contributing 25% on
an annual mean basis, sea salt 23%, natural sulfate 18%, and dust 7%. All of these natural sources are subject
to potential feedback from climate change. For example, melting Arctic sea ice would increase the source of
sea salt and DMS, and this would act as a negative climate feedback by increasing both the Arctic AOD and
number concentration of cloud condensation nuclei.

5. Absorption Aerosol Optical Depth and Deposition to Snow

In this section we quantify the relative contributions of absorbing aerosols (BC, OC, and dust) to the Arctic
absorption aerosol optical depth (AAOD) at 550 nm and the deposition to Arctic snow and ice surfaces. The
AAOD provides a measure of the total absorption of radiation at a given wavelength in the atmospheric
column. The absorption by each species is calculated by multiplying the simulated column concentrations in
grams per square meter by the mass absorption efficiency (MAE) at 550 nm. We use MAEs for BC and OC of
9.5m2 g�1 and 0.27m2 g�1, respectively, based on ARCTAS data [McNaughton et al., 2011] and 0.03m2 g�1

for dust assuming a refractive index for dust of 1.53–0.0023i at 550 nm [Yang et al., 2009]. The BC MAE estimate
is for dry aerosol (RH< 40%) observed in the atmospheric environment and includes any enhancements due to
coatings [McNaughton et al., 2011]. We do not compare to AERONETAAOD observations in the Arctic because
the single scattering albedo retrieval is not sufficiently sensitive when the AOD at 440nm is below 0.4 [Eck et al.,
2009], which severely limits the available data.

Figure 9b shows the simulated seasonality of area weighted Arctic AAOD. We find an annual mean Arctic
AAOD of 0.004 with relative contributions of 80% from BC, 12% from OC, and 8% from dust. Maximum AAOD
is in May because of large emissions of BC and OC from Russian fires, with a small additional contribution
from dust. The secondary July maximum is attributable to fires. The largest non-BC fraction is simulated in
spring because of the combination of fires and dust transport to the Arctic. Anthropogenic sources mainly
from fuel combustion account for 46% of the annual Arctic AAOD, and fires account for 44% through
contributions from both BC and OC.

The deposition of BC to high albedo surfaces in the Arctic has been estimated to contribute 20% of the
twentieth century Arctic warming and snow ice cover loss [Koch et al., 2011]. We calculate the deposition of
BC to Arctic snow and ice surfaces during 2008 and quantify its relative importance compared to OC and
dust. Figure 10a shows the simulated total deposition of BC, OC, and dust in equivalent grams of BC per
month, providing a measure of the monthly mean deposited absorbing aerosol mass (DAM) in 2008. The
equivalent BC flux is calculated by multiplying the simulated species deposition fluxes in kilograms per
square meter per month by the ratio of the species MAE to the BC MAE as described for AAOD. We limit our
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calculation in each month to surface grid squares that have
a sea ice or land ice coverage greater than 50% or have
a snow depth greater than 5 cm according to GEOS-5
meteorological fields. The total DAM is less than 0.5 eqmg
BC m�2month�1 in most of the Arctic. DAM fluxes are a
factor of 3 higher in the Eurasian Arctic than the North
American Arctic. The area of high DAM from Northern
Siberia resulted from boreal fires emissions in Siberia in July.

Doherty et al. [2010] collected Arctic snow samples during
1998 and 2005–2009 and analyzed their light-absorbing
properties. As in Wang et al. [2011], the spatial pattern of
our simulated Arctic springtime BC snow concentrations is
comparable to the observed pattern in Doherty et al. [2010].
Figure 10b shows that non-BC aerosol contributed 35% of
the total DAM and up to 40–60% over Greenland, consistent
with observations in Doherty et al. [2010], who found a non-
BC fraction there of 55±8%. We attribute the large non-BC
fraction over Greenland to the higher altitude favoring dust
over BC. Source attribution shows that anthropogenic
emissions contribute 85% of Arctic DAM in winter, while
open fires contribute 47% in spring and 67% in summer.
Dust deposition contributes 25% of DAM in spring and 10%
in summer. Our results for the source attribution of DAM in
the Arctic are consistent with the observations reported in
Hegg et al. [2010], who determined that anthropogenic
sources are the principal source of light-absorbing aerosol
to Arctic snow in the winter and late autumn, while open-
fire sources are most important in spring.

6. Discussion and Conclusions

We used the GEOS-Chem chemical transport model to
simulate the distributions of aerosols and tropospheric
ozone over the Arctic and separate the contributions from
natural and anthropogenic sources. Our goal was to provide
a credible representation of these near-term climate forcers
to better understand their role in Arctic warming over the
past decades. Our primary focus was on aerosols and the
resulting aerosol optical depth (AOD) and absorption aerosol

optical depth (AAOD). Comparisons were presented to 2008 observations from aircraft (ARCTAS), surface sites
(including AERONET), and ship cruises, and also to multiyear surface and AERONET records. Our work
provides the foundation for application of GEOS-Chem to long-term trends (1980–2010) of aerosols and ozone
over the Arctic and for the accounting of these trends in climate models. This will be reported in later papers.

Previous applications of GEOS-Chem to simulate BC, OC, and sulfate aerosol during IPY had focused on the
winter-spring period [Fisher et al., 2011;Wang et al., 2011]. Here we extended the analysis to the full year and
separated natural and anthropogenic influences in order to distinguish radiative forcing from feedbacks. BC
and sulfate peak in winter-spring and are minimum in summer-fall, and this is well captured by the model
except for excessive BC at high altitudes in summer. The seasonal variation is largely driven by inflow of
midlatitudes pollution and scavenging efficiency [Shaw, 1995; Stohl, 2006; Matsui et al., 2011]. Most of BC is
anthropogenic from fuel combustion throughout the year (58%), while sulfate is mostly anthropogenic in
winter and spring but from natural sources (ocean and volcanoes) in summer and fall.

Analysis of the contribution of different geopolitical regions to Arctic BC shows that emissions from East Asia
and Siberia (east of 75°E) are the most important source of anthropogenic BC in the Arctic, accounting for

Figure 10. (a) Total deposited absorptionmass (DAM)
of BC, OC, and dust to Arctic snow and ice surfaces
in 2008, assuming MAE estimates at 550 nm in
equivalent grams of BC per month. (b) Non-BC
fraction. Values are GEOS-Chem model results for
2008. White areas are ice free year-round.
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30% of the Arctic troposphere BC burden. Europe and West Russia (15°W eastward to 75°E) together
contribute 19% of the anthropogenic BC burden in the Arctic, while North America accounts for just 4%.
These anthropogenic source contributions for Arctic BC in 2008 in our study are in good agreement with
Bourgeois and Bey [2011].

Most of the OC aerosol in the Arctic atmosphere in spring and summer originates from boreal fires. The
ARCTAS observations show a factor of 2 decrease in OC concentrations through much of the troposphere
from spring to summer, and the model has similar results. However, surface observations in the high Arctic
show a factor of 5 decrease from spring to summer that the model does not capture, suggestingmodel errors
in scavenging or the need to account for lofting of fire plumes.

Little attention has been paid previously to dust in the Arctic, but we find it to be an important component of
the aerosol in spring, with a dominant Saharan source. The ARCTAS observations further suggest a significant
North American source of dust over the Arctic in summer, but this is not captured by the model.

The AOD observations from the AERONET network at Arctic sites (April–September) show an April maximum
(0.14 across sites) and a June-July minimum (0.06). The model reproduces this seasonal variation and finds
much larger AODs in the Eurasian Arctic, where AERONET observations are few, than in the North American
Arctic. Additional AERONET stations are required in the central and eastern Eurasian Arctic to better constrain
pan-Arctic AOD. We find that reproducing the observed AOD decrease from spring to summer in themodel is
critically contingent on accounting for the smaller particle size of sulfate in summer [Quinn et al., 2002; Engvall
et al., 2008]. The model AOD is minimum in November–January, when no AERONET observations are available.

We used the model to analyze the major sources contributing to AOD at 550nm in the Arctic. Sulfate accounts
for 50% of AOD in spring and is then principally anthropogenic. Fires are the major source of Arctic AOD in
summer. Volcanic eruptions can also make significant contributions (as the Kasatochi volcano did in August
2008). Sea salt is a major component in fall and winter, but the AOD is then low. Dust makes a 10% contribution
to the spring maximum and is less important in other seasons. Most of the Arctic AOD is natural in all seasons
(67% on an annual mean basis). The anthropogenic influence is largest in spring, contributing 0.06 AOD units
then, mainly as sulfate.

Our simulations suggest a significant role not just for BC but also for OC and dust in shortwave absorption
both in the snowpack and in the atmosphere. The deposited absorbingmass (DAM) to the Arctic snowpack in
themodel shows a non-BC contribution of 30–40% over the high Arctic and 40–60% over Greenland, consistent
with observations by Doherty et al. [2010] and Hegg et al. [2010]. Light absorption by non-BC components in
spring and summer contributes 24% of AAOD at 550 nm and 37% of DAM (in BC equivalent) over the scale of
the Arctic. Fires were the dominant contributor to AAOD at 550 nm and DAM in 2008 because this was a high
fire year; under normal fire conditions anthropogenic sources would likely dominate.
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