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Abstract Arctic observations show large decreases in the concentrations of sulfate and black carbon (BC)
aerosols since the early 1980s. These near-term climate-forcing pollutants perturb the radiative balance of the
atmosphere and may have played an important role in recent Arctic warming. We use the GEOS-Chem global
chemical transport model to construct a 3-D representation of Arctic aerosols that is generally consistent with
observations and their trends from 1980 to 2010. Observations at Arctic surface sites show significant
decreases in sulfate and BC mass concentrations of 2–3% per year. We find that anthropogenic aerosols yield
a negative forcing over the Arctic, with an average 2005–2010 Arctic shortwave radiative forcing (RF) of
�0.19 ± 0.05Wm�2 at the top of atmosphere (TOA). Anthropogenic sulfate in our study yields more strongly
negative forcings over the Arctic troposphere in spring (�1.17 ± 0.10Wm�2) than previously reported. From
1980 to 2010, TOA negative RF by Arctic aerosol declined, from �0.67± 0.06Wm�2 to �0.19 ± 0.05Wm�2,
yielding a net TOA RF of +0.48 ± 0.06Wm�2. The net positive RF is due almost entirely to decreases in
anthropogenic sulfate loading over the Arctic. We estimate that 1980–2010 trends in aerosol-radiation
interactions over the Arctic and Northern Hemisphere midlatitudes have contributed a net warming at
the Arctic surface of +0.27 ± 0.04 K, roughly one quarter of the observed warming. Our study does not
consider BC emissions from gas flaring nor the regional climate response to aerosol-cloud interactions or BC
deposition on snow.

1. Introduction

Arctic surface temperatures have increased by ~1.2°C since 1980, while annual average Arctic sea ice cover-
age has declined by 3.6% per decade [Trenberth et al., 2007; NSIDC, 2015]. The factors driving the observed
changes in Arctic surface temperatures and sea ice extent are uncertain. Recent studies suggest that account-
ing for changes in near-term (NT) climate-forcing agents (aerosol, ozone, andmethane) might improve global
climate model simulations of Arctic warming and sea ice loss [Mickley et al., 2004; Shindell, 2007; Quinn et al.,
2008; Yang et al., 2014]. Emissions of primary aerosol and aerosol precursors have decreased in recent
decades in Europe, Russia, and North America due to air quality concerns, and in situ observations in the
Arctic show large declines in concentrations of sulfate and black carbon (BC) aerosol since 1980, consistent
with these emission trends [Gong et al., 2010; Hirdman et al., 2010]. In this study we use the GEOS-Chem
chemical transport model together with a detailed inventory of historical anthropogenic emissions to quan-
tify decadal changes in Arctic radiative forcing (RF) from trends in aerosols species from 1980 to 2010.
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Aerosols perturb the radiative balance of the atmosphere through scattering and absorption of solar radia-
tion, reduction of snow albedo, and alteration of cloud properties [Twomey, 1974; Clarke and Noone, 1985;
Charlson et al., 1992]. The radiative impact of Arctic aerosols is modulated by the large seasonal amplitude
in available radiation, which peaks in summer [Quinn et al., 2008], and in cloud coverage, which peaks in sum-
mer to fall [Shupe et al., 2011]. Aerosol abundance at remote Arctic stations also shows a distinct seasonal
cycle, with a maximum in late winter and early spring known as “Arctic Haze” and a minimum in summer
[Mitchell, 1956; Heidam et al., 2004; Quinn et al., 2007]. Aircraft measurements reveal that the aerosol seasonal
cycle extends into the Arctic middle to upper troposphere [Fisher et al., 2011;Wang et al., 2011; Di Pierro et al.,
2013; Ancellet et al., 2014]. The spring peak in aerosol loading arises from efficient pollution transport along
isentropic surfaces from the midlatitudes to the Arctic at this time of year [Rahn and McCaffrey, 1979; Radke
et al., 1984; Shaw, 1995; Stohl, 2006].

Observations of sulfate and BC at remote Arctic stations have shown rapid decreases of 1–3% yr�1 since the
1980s [Sharma et al., 2004, 2013; Eleftheriadis et al., 2009; Quinn et al., 2009; Hirdman et al., 2010]. Consistent
with these trends, ice cores in Greenland and Svalbard Island indicate that sulfate deposition peaked in the
1970s, followed by decline [Goto-Azuma and Koerner, 2001; Isaksson et al., 2001; McConnell et al., 2007]. At
Barrow, Alaska, observed background aerosol optical depth (AOD) decreased from 1977 to 2002 but
increased slightly between 2002 and 2010 [Tomasi et al., 2012]. Many studies have attributed the observed
decreases in sulfate and BC in the Arctic to reductions in anthropogenic emissions of primary aerosol and
aerosol precursors in Russia and West Eurasia [Sirois and Barrie, 1999; Heidam et al., 2004; Gong et al., 2010;
Hirdman et al., 2010; Sharma et al., 2013]. Tomasi et al. [2012] attributed the recent increase in background
AOD at Barrow to emissions increases in developing countries at lower latitudes. Stone et al. [2014] found
an increase of 0.01 per decade in observed background AOD (500 nm) at Barrow, Ny-Alesund, and Alert over
the period 2001 to 2012.

Previous studies have used model simulations to investigate how anthropogenic aerosols affect Arctic
climate through aerosol effects on radiation, clouds, and surface albedo.Quinn et al. [2008] found that anthro-
pogenic aerosol warms the Arctic atmosphere and cools the surface in all seasons, with the largest forcing
contribution from BC. Samset et al. [2014] estimated the RF from atmospheric BC in the Arctic (70°N–90°N)
to be 0.38 ± 0.30Wm�2. Previous estimates for the RF from BC in the Arctic atmosphere (60°N–90°N) range
from 0.12 to 0.63Wm�2 [Koch and Hansen, 2005; Flanner et al., 2009; AMAP, 2011; Bond et al., 2011; Wang
et al., 2014a]. Estimates of Arctic RF due to BC deposition to snow and ice range from 0.03 to 0.28Wm�2

[Flanner et al., 2009; Koch et al., 2009; AMAP, 2011; Zhou et al., 2012; Jiao et al., 2014]. The Arctic Monitoring
and Assessment Programme [AMAP, 2015] report, in particular, provided a comprehensive overview of BC
RF in the Arctic. The report estimated an average multimodel BC Arctic RF of 0.64Wm�2.

Several studies have attempted to quantify the contribution of changes in aerosol to Arctic warming in recent
decades. Shindell and Faluvegi [2009] found that changes in aerosols from 1976 to 2007 contributed
1.09 ± 0.81°C to the observed Arctic surface temperature increase of 1.48 ± 0.28°C, while Koch et al. [2011]
found that reductions in BC in the Arctic since 1980 led to cooling at the Arctic surface. In contrast, Yang
et al. [2014] found no significant response in average Arctic surface temperatures to the 1975–2005 trends
in sulfate and BC. Yang et al. [2014] did find large regional trends, including a warming in the European
Arctic of 0.6 K decade�1 and a cooling of 0.6 K decade�1 in the Siberian Arctic.

In this paper we use GEOS-Chem to simulate multidecadal trends in distributions of aerosol concentrations
in the Arctic. Our aim is first to achieve a satisfactory representation of observed trends in NT climate for-
cers over decadal timescales in the Arctic and then to quantify the climatic effects of these forcers. Our
work builds on the knowledge gained in previous GEOS-Chem studies that focused on the interpretation
of measurements during the International Polar Year of 2008 [Fisher et al., 2011; Wang et al., 2011; Breider
et al., 2014].

2. Model Description

We use the GEOS-Chem chemical transport model version v9-01-03 (http://geos-chem.org) driven by
6-hourly assimilated Modern Era Retrospective Reanalysis (MERRA) meteorology from the NASA Global
Modeling and Analysis Office. The original MERRA data are at 0.5° × 0.67° horizontal resolution but are
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regridded here to 4° × 5° to enable multidecadal simulations. There are 47 vertical layers extending up
to 0.01 hPa.

The GEOS-Chem aerosol simulation includes BC, primary organic carbon (OC), sulfate-nitrate-ammonium,
dust, and sea salt and is described in detail by Breider et al. [2014].

For primary aerosol, 80% of BC and 50% of OC are emitted in hydrophobic form [Cooke et al., 1999]. An
e-folding time of 1.15 days is assumed for the aging of hydrophobic to hydrophilic aerosol. Oxidation of
SO2 to sulfate aerosol takes place via OH in the gas phase and in the aqueous phase by O3 and H2O2 at tem-
peratures above 258 K [Alexander et al., 2009]. Aerosol dry deposition is described in Fisher et al. [2011], and
the wet deposition scheme is described in Liu et al. [2001]. We include updates to aerosol scavenging in con-
vective updrafts and in cold clouds, as described in Wang et al. [2014a, 2014b]. The aerosol simulation is
coupled to oxidant chemistry through heterogeneous processes, aerosol effects on photolysis rates, forma-
tion of secondary aerosol, and inorganic nitrate partitioning. The scheme for dust mobilization accounts
for subgrid variability in wind speeds [Ridley et al., 2013]. The sea salt aerosol simulation is described by
Jaeglé et al. [2011], and aerosol optical properties are from Drury et al. [2010]. We use the linearized ozone
climatological parameterization for stratospheric ozone [McLinden et al., 2000].

In their GEOS-Chem analysis of Arctic aerosols, Breider et al. [2014] reported an overestimate of Arctic sulfate
mass concentrations at the surface in summer. Croft et al. [2016] also identified an overestimate of summer-
time Arctic surface layer accumulation-mode aerosol number concentrations in a version of GEOS-Chemwith
aerosol microphysics, and these authors pointed to problems in model assumptions of cloud liquid-water
content (LWC) in precipitating low-level clouds. The standard GEOS-Chem specifies LWC in such clouds at
a globally constant 1.5 × 10�6 g m�3; spatially and temporally variable fields of LWC have not yet been tested
in the model. Observations in summer over the Arctic, however, suggest that LWC in low-level clouds is an
order of magnitude lower than the global specified value [Shupe et al., 2001]. In our study, we therefore reduce
the June–September cloud LWC in GEOS-Chem to a uniform 1 × 10�7 gm�3 north of 65°N from the surface up
to 300m above the boundary layer, the region of the atmosphere characterized by low-level precipitating
clouds in summer. In this manner we effectively increase the aerosol scavenging efficiency in the Arctic and
decrease the sulfate concentrations at the Arctic surface in summer by a factor of 2. Amore detailed discussion
of the sensitivity of cloud scavenging to these model updates is provided by Croft et al. [2016].

We use the Fu-Liou radiative transfer model (RTM) to estimate all-sky aerosol RF due to aerosol-radiation
interactions over the Arctic [Wang et al., 2008, 2013]. The radiative transfer calculation is performed offline
using monthly averaged aerosol fields and meteorology from GEOS-Chem. A monthly varying surface reflec-
tance data climatology from the period June 1995 to December 2000 is applied to the RTM [Koelemeijer et al.,
2003]. The aerosols do not affect cloud properties. The forcing calculation is conducted every 6 h, consistent
with input cloud properties. The RTM includes a treatment of cloud fraction overlap, ice crystal effective size,
and single scattering properties, and the effect of hygroscopic growth on sulfate particle size and refractive
index [Liou et al., 2008; Gu et al., 2011]. Our calculation provides an estimate of radiative forcing due to
aerosol-radiation interactions only (i.e., the direct effect). We do not consider radiative forcing due to
aerosol-clouds interactions. We define radiative forcing as the difference in net upwelling radiation between
the full aerosol simulation (anthropogenic + natural aerosols) and a simulation with natural aerosols only,
often termed the radiative forcing of the aerosol-radiation interactions (ARI) [Myhre et al., 2013]. We report
the 95th percentile confidence intervals for all forcings.

2.1. Historical Emissions

Anthropogenic emissions of primary aerosols (OC and BC) and trace gases—including NOx, CO, NH3, and spe-
ciated nonmethane hydrocarbons—are taken from the Monitoring Atmospheric Composition and Climate
(MACCcity) inventory for 1980 to 2010 [Granier et al., 2011]. MACCcity emissions are based on a simple linear
scaling of decadal emissions in the ACCMIP inventory, whose sectors are described in detail in Lamarque et al.
[2010]. For most species, the simple linear scaling adequately describes the observed trends. Our preliminary
simulations showed that the MACCcity SO2 emissions fail to reproduce the steep decline in sulfate concen-
trations in 1988 observed at Kevo and Ny-Ålesund (Zeppelin), and we therefore update the SO2 emissions
inventory following Smith et al. [2011]. Compared to MACCcity, Smith et al. [2011] provides an improved tem-
poral representation of the emissions drop due to the economic contraction in Eastern Europe after 1988.
While retaining the seasonal and spatial information from MACCcity, we apply annual scaling factors to the
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total anthropogenic SO2 emissions
across all sectors from every country
so that they match the annual
national totals from Smith et al.
[2011]. After 2005, the last year in
the Smith et al. [2011] inventory, we
scale the MACCcity emissions by the
mean 2000–2005 ratio of these two
inventories for each country.

Emissions estimates of anthropo-
genic BC vary by a factor of 2 in the
present day [Bond et al., 2007; Cohen
and Wang, 2014], and emissions
uncertainties are even larger in pre-
vious decades owing to scant infor-
mation on fuel use and technologies
used. We update the MACCcity BC
emissions following Cohen and
Wang [2014]. Again, we retain the
seasonal and spatial information
from MACCcity but scale the annual
emissions in the nine regions speci-
fied in Cohen and Wang [2014].
Scale factors are calculated as the
mean 2002–2006 ratio of annual
emissions in the two inventories, the
period analyzed by Cohen and Wang
[2014], and we assume that these fac-
tors do not change over time. OC is
often coemitted with BC; however,
no scaling is applied to anthropo-

genic OC emissions since our study focuses only on aerosol species with long-term observational records
in the Arctic (BC and sulfate). To our knowledge there are no long-term observations of OC in the Arctic that
would provide a constraint for an estimate of the multidecadal forcing from OC.

Recent work has shown that gas flaring is an important source of BC in the high Arctic [Stohl et al., 2013;
Eckhardt et al., 2015], but given the large uncertainties in this source, we do not include it in our analysis.
BC emissions in our study are 126 Gg north of 60°N and 15 Gg north of 66 oN, less than those in Stohl et al.
[2013], who estimated emissions of 156 Gg and 39 Gg, respectively, with gas flaring emissions included.
Our study thus may underestimate BC emissions by 20% north of 60°N and by a factor of 2.6 north of
66°N. The gas flaring source of BC in Russia, however, shows strong temporal variability. Huang and Fu
[2016] diagnosed a 50% increase in this BC source between 1997 and 2005, followed by a subsequent decline
of 40% between 2005 and 2012. BC emissions in Russia in 2010 in our study are 890 Gg, over a factor of 3
higher than the 224 Gg estimated in Huang et al. [2015]. The large difference in BC emission estimates
between Huang et al. [2015] and Cohen and Wang [2014] is due to different methodologies (bottom-up ver-
sus inverse modeling) and reflects the uncertainties from sparse observations and scant information on the
technological emission factors for different BC source estimates.

Figure 1 shows the 1980–2010 time series of SO2 and BC anthropogenic emissions used in this work, aggre-
gated over key regions. We collectively refer to the former Soviet states (excluding Russia) and eastern bloc
countries (excluding East Germany) as FSS + EBLOC. Total global emissions of anthropogenic SO2 decrease by
35 Tg SO2 (�20%) between 1980 and 2010. The largest decreases in SO2 emissions during this time take place
in Europe (80%) and North America (70%). In FSS + EBLOC and Russia, emissions are almost constant between
1980 and 1988, and subsequently decrease by 50% between 1988 and 2010. Over China, anthropogenic SO2

emissions increase by a factor of 3 between 1980 and 2006, followed by a decline.

Figure 1. Time series of total anthropogenic emissions of (top) SO2 and
(bottom) black carbon (BC), classified by region or country. The plot appor-
tions emissions from the former Soviet Union and the Eastern Bloc countries
into two categories: (1) Russia and (2) all other former Soviet states (FSS)
and eastern bloc countries (excluding East Germany), which we collectively
refer to as FSS + EBLOC.
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Global anthropogenic BC emissions in our study increase linearly from 14 Tg C in 1980 to a peak of 17.5 Tg C
in 2005 before leveling off. Regionally, BC emissions showmuch smaller temporal trends than SO2 emissions.
BC emissions over Europe and North America decrease by 20% between 1980 and 2010. The smaller decrease
in BC emissions relative to sulfate is in part due to increasing numbers of diesel cars and trucks which have
higher particulate emissions than gasoline engines [Bond et al., 2007]. BC emissions in Russia and FSS + EBLOC
decrease by 60% between 1980 and 2010, while BC emissions in China increase by a factor of 2. Historical
emissions of SO2 and BC are uncertain in Russia and FSS + EBLOC due to large uncertainties in technology
emission factors and few long-term measurements to constrain emissions. In FSS + EBLOC and Russia, the
decline in SO2 emissions is reflected by long-term observations of particulate sulfate in these regions.
Sharma et al. [2004] analyzed Alert BC and back-trajectory data and found that most of the observed decrease
in BC at Alert between 1989 and 2002 can be explained by decreases in emissions in the former USSR.

SO2 emissions from erupting and nonerupting volcanoes are from the AeroCom inventory [Diehl, 2009].
Oceanic emissions of dimethylsulfide (DMS) are calculated using the DMS seawater climatology from Lana
et al. [2011] and the sea air gas transfer parameterization from Liss and Merlivat [1986].

Constructing a continuous biomass burning inventory for 1980–2010 is challenging. We use biomass burning
emissions from Duncan et al. [2003] for 1980–1996 and the Global Fire Emissions Database version 3 (GFED3)
inventory for 1997–2010 [van der Werf et al., 2006]. In most regions, the seasonality of the Duncan et al. [2003]
inventory is based on area burned data or on retrievals of Aerosol Index from the Total Ozone Mapping
Spectrometer. Elsewhere, we apply the 1997–2010 average seasonality from GFED3 to the Duncan et al.
[2003] inventory. To speciate biomass burning emissions prior to 1997, we use emission factors from
Andreae and Merlet [2001]. GFED3 misses most small fires [Randerson et al., 2012], so we scale these emissions
with the mean seasonality measured by the Global Fire Assimilation System [Kaiser et al., 2012]. Average
1997–2010 global fire BC emissions in our inventory are 13% higher than during 1980–1996. A previous
inventory also estimated higher fire emissions in the 1990s compared to previous decades [Schultz et al.,
2008]. It is unclear whether this increase reflects the uncertainty inherent in our inventory or whether it arises
from an actual increase in recent fire activity at northern latitudes [Westerling et al., 2006].

3. Observed and Modeled Trends of Arctic Aerosols

We focus our study on changes in sulfate and BC aerosol because long-term observational records are avail-
able for these species and both are considered to be important drivers of Arctic climate forcing [Quinn et al.,

Table 1. Global and Arctic Budgets of Total and Anthropogenic Aerosols in GEOS-Chema

Species
Load

(mgm�2)
Atmospheric
Lifetime (days)

Total Wet and Dry
Deposition (Tg species yr�1)

Fraction Wet
Deposition (%)

Fraction Dry
Deposition (%)

Global Total
BC 0.37 0.47 4.47 4.47 15.5 20.1 74 77 26 23
OC 1.02 1.09 4.36 4.36 43.8 48.5 80 82 20 18
Sulfate 2.99 2.53 4.15 3.66 134 129 84 85 16 15

Global Anthropogenic
BC 0.33 0.40 4.42 4.29 14.0 17.5 76 74 24 26
OC 0.26 0.29 4.32 4.23 11.1 12.8 75 76 25 24
Sulfate 1.71 1.49 2.84 2.62 112 106 87 88 13 12

Arctic Total
BC 0.45 0.34 7.48 7.55 0.75 0.56 78 84 22 16
OC 0.72 1.20 5.45 5.00 1.65 3.00 81 87 19 13
Sulfate 5.26 3.04 6.85 7.18 9.60 5.28 87 88 13 12

Arctic Anthropogenic
BC 0.43 0.28 7.67 8.31 0.70 0.43 78 83 22 17
OC 0.34 0.24 8.21 8.54 0.52 0.36 77 80 23 20
Sulfate 3.57 2.06 5.15 5.55 8.66 4.65 88 90 12 10

aShown are the 1980 (bold) and 2006 annual mean aerosol burdens, atmospheric lifetimes, deposition rates, and frac-
tions of deposition by wet and dry processes, integrated over the troposphere between the surface and 200 hPa. BC and
OC values are given in grams carbon. Arctic values are provided for latitudes greater than 60°N.
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2008]. We use arithmetic means
throughout our analysis and define
the Arctic as the region north of
60°N. To quantify long-term trends
in the data, we use the Mann-
Kendall Sens Slope estimator of
the arithmetic seasonal mass mean
concentrations as in Hirdman et al.
[2010] and Gong et al. [2010].
We report only those trends
significant at the 95% confidence
level. The annual percentage trend
is calculated as the overall trend
divided by the average of the first
five data points in the time series.

3.1. Global and Arctic
Aerosol Budgets

Table 1 summarizes the global
and Arctic aerosol budgets in our
simulations for 1980 and 2006. In
2006, the annual mean global load-
ing of anthropogenic sulfate is
1.49mgm�2, down 13% from 1980.
The annual mean anthropogenic BC
global load is 0.40mgm�2 in 2006, a
factor of 3 higher than the average
in the Aerosol Comparison between
Observations and Models (AeroCom)
project phase II simulations [Myhre
et al., 2013]. The higher anthropo-
genic BC load in our study is due to
our use of the Cohen and Wang
[2014] inventory, with BC emissions
more than twice those in AeroCom.
Using the updated scavenging
scheme in convective updrafts

[Wang et al., 2014b], we find a global lifetime of atmospheric BC of 4.4 days. Our estimate is at the lower
end of AeroCom phase II models, which report a global BC lifetime of 3.9–11.9 days [Jiao et al., 2014]. The
short lifetime of BC in our study is explained by relatively more efficient wet scavenging processes and is
discussed inWang et al. [2011, 2014b]. Over the Arctic (i.e., north of 60°N), the total sulfate load in our simula-
tions decreases by 42% from 1980 to 2006, even as global SO2 emissions decrease just 3%. The large decrease
in the annual mean Arctic sulfate load can be traced to the shift of pollution sources from the high northern
latitudes to lower latitudes, from which transport to the Arctic is much less efficient [Stohl, 2006]. The
modeled annual mean Arctic BC load also decreases by 24% from 1980 to 2010, consistent with declining
anthropogenic emissions in the northern midlatitudes.

Figure 2 shows the seasonality of the simulated Arctic load of total BC and sulfate, averaged over the period
between 2001 and 2010. The modeled aerosol load is enhanced in spring compared to summer by a factor of
2 for sulfate and by 50% for BC. The figure also presents the simulated annual mean Arctic load of anthropo-
genic sulfate and BC at three different altitudes, averaged over two time periods, 1980–1989 and 2001–2010.
By the 2000s, the annual mean anthropogenic sulfate load decreases by 50% at the surface, 39% in the mid-
dle troposphere (700–500 hPa), and 20% in the upper troposphere (500–200 hPa), with the largest changes in
spring. The anthropogenic annual mean BC load decreases by 50% at the surface but changes little aloft. The

Figure 2. (top) Seasonal cycle in the simulated load of sulfate (black) and BC
(brown) in the Arctic (>60°N), averaged over the period 2001–2010 in units
of mgm�2. Vertical bars show 1 standard deviation of the interannual mean.
The other two panels compare the simulated mean Arctic loads of (middle)
anthropogenic sulfate and (bottom) BC for 1980–1989 versus 2001–2010.
Loads are binned by altitude, and the black horizontal bars show 1 standard
deviation of the interannual mean in each bin.
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largest changes in the Arctic BC load occur in winter. This change in the Arctic surface BC load is consistent
with the 50% decrease in emissions north of 60°N; however, it is not clear which specific emission sectors are
driving the decrease in BC emissions.

3.2. Trends in Sulfate Over Source Regions

We next assess the model capability to reproduce observed trends in sulfate over two key source regions,
North America and Europe (Figure 3). Over North America we focus our analysis on the eastern part of
the U.S. (<90°W), as that region is most relevant for transport of pollution to sites in southern Greenland.
Over Europe, the observed 1980–2010 trends in sulfate in surface air (�2.8% yr�1) and in precipitation
(�3% yr�1) are consistent with Tørseth et al. [2012]. Over Canada non-sea salt (nss) sulfate deposition shows
a decreasing trend of�2% yr�1 from 1984 to 2010, while sites in the eastern United States show decreases in
sulfate in surface air of�2.9% yr�1 from 1992 to 2010. The observed decreases in sulfate in Europe and North

Figure 3. Trends in annual mean sulfate concentrations in surface air and in precipitation at sites in Europe and North America. Observations in all panels are shown
as black circles, with black bars denoting the standard deviation of the annual means. Stacked contours represent the anthropogenic (blue) and natural (green)
contributions to the modeled values. (top left) Trend in total sulfate in surface air, averaged over the 14 EMEP sites with at least 25 years of data between 1980 and
2010. (top right) Trend in total sulfate at the 10 IMPROVE stations on the U.S. East Coast (<90°W) with at least 14 years of data between 1992 and 2010. (bottom
left) Trend in nss sulfate in precipitation at the 19 EMEP stations with at least 24 years of data between 1980 and 2010. (bottom right) Trend in nss sulfate in
precipitation at the 14 CAPMON stations in Canada with at least 20 years of data between 1984 and 2010.

Table 2. Observed Trends in Sulfate in Surface Air and in Precipitation in Source Regionsa

Sulfate
Europe surface

(EMEPb) 1980–2010
Eastern US surface

(IMPROVEc) 1992–2010
Canada Precip.

(CAPMONd) 1985–2010
Europe Precip.

(EMEPb) 1980–2010

Annual �131.8 (�2.8%) �213.8 (�3.0%) �155.3 (�3.1%) �169.8 (�3.4%) �284 (�2.0%) �296 (�2.4%) �821 (�3.0%) �469 (�3.1%)

aValues are absolute trends with units of ng m�3 yr�1 for surface sulfate. Deposition trends in precipitation g ha�1 yr�1 for sulfate. Percentage trends are
shown in parentheses (% change yr�1). Observed values are shown in bold.

bEuropean Monitoring and Evaluation Programme.
cInteragency Monitoring of Protected Visual Environments.
dCanadian Air and Precipitation Network.
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America reflect the influence of air
quality regulations. Table 2 sum-
marizes the observed and modeled
annual trends in sulfate in surface air
and in precipitation in Europe and
North America. The simulated per-
centage trends in sulfate and BC are
roughly consistent with the observed
trends. In Europe, the overestimate in
surface sulfate and the underesti-
mate in nss sulfate in precipitation
indicate that the aerosol scavenging
is too weak in the region.

3.3. Trends in Arctic Aerosol
Optical Depth

Long-term measurements of AOD
help to constrain trends in light
extinction by aerosols through the
atmosphere column. At Resolute

Bay, Canada, observed AOD (λ =700 nm) from the 1970s to the present day decreased about �25 to
�30% averaged over April, May, and June (AMJ), yielding a 1975–2010 linear decrease of �0.8% yr�1 during
these months (Figure 4). Present-day (1997–2010) AOD observations averaged over the eight Arctic sites in
the Aerosol Robotic Network (AERONET) reveal the expected springtime maximum, consistent with
enhanced transport to the region at this time of year (Figure 5). The annual cycle in Arctic AOD is mainly
driven by seasonal changes in the transport and chemical formation of sulfate aerosol. Anthropogenic sulfate

contributes over 80% of the total
anthropogenic AOD in April and
May [Breider et al., 2014]. The large
OC component in summer is due to
emissions from boreal fires that peak
in July and August. Sampled at these
eight sites, the model successfully
captures the spring peak and
September minimum but underesti-
mates AOD by 18% in summer. The
summertime bias is largely due to
the failure of the model to capture
higher Arctic AOD values over
Canada at that time of year.

3.4. Observed and Modeled
Trends in Sulfate and BC at Remote
Arctic Surface Stations

Table 3 summarizes the observed
seasonal and annual trends in sulfate
and BC for the Arctic surface sites
and ice cores analyzed in our study.
The sites included in our study with
long-term observations are Alert
(62.5°W, 82.5°N), Barrow (156.6°W,
71.3°N), Ny-Alesund (11.9°E, 78.9°N),
Kevo (27.0°E, 69.5°N), and Villum
Research Station, Station Nord (VRS)
(16.4°W, 81.4°N).

Figure 4. Mean seasonality of AOD at 700 nm at Resolute Bay, Canada (75°N,
95°W) for 1970–1979 (black) and 2004–2014 (red). Vertical bars show 1 stan-
dard deviation of the mean. Only those monthly averages with at least three
data points are shown. Observations for 1970–1979 are from McGuffie and
Cogley [1985]. Observations for 2004 to 2014 are fromAERONET Version 2 data.

Figure 5. Seasonal variation of AOD, averaged over 1997–2010 at eight
AERONET stations in the Arctic. The stations used in the figure 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], 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]. Black circles
denote observed monthly mean AOD, and vertical bars show 1 standard
deviation of the means. To remove the influence of large volcanic eruptions
in September 2008 and 2009, we exclude these months in the September
mean. Monthlymeans in the plot also do not include outliers, here defined as
those months when AOD is greater than 2.7σ from the mean. This filtering
removes 14% of the 234 available observations. Stacked contours represent
the contributions from different aerosol types to modeled AOD at 500 nm.
White dashed line shows the modeled AOD contribution from natural
sources. The 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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Sulfate measurements were made analyzing filter samples using ion-chromatography. The nss sulfate was
determined from Na+ concentrations and the mass ratio of sulfate to sodium in seawater of 0.252. Long-term
observations of BC have large uncertainties due to changes in instruments over time and interference from
other absorbing species such as dust and organic carbon. In this work we use observations of equivalent BC,
determined from filter-based absorption measurements using a particle soot absorption photometer or an
aethalometer. Absorption measurements are converted to BC mass using an assumed mass absorption
coefficient (MAC). MAC values, while well known for freshly emitted BC, are less understood for aged BC
and can vary temporally and spatially, thus adding uncertainty [Sharma et al., 2004; Eleftheriadis et al.,
2009]. In our study, we use instrument-specific MAC values as discussed in Stone et al., [2014]. Given the
large temporal variability in the MAC, estimated BC mass concentrations may have an uncertainty of up
to a factor of 2. As a result, the estimated trends in BC mass at Barrow, Alert, and Ny-Alesund are
highly uncertain.

Figure 6 shows the observed mean spring (March–May) and summer (June–August) mass concentrations of
sulfate aerosol during 1980–2010 at five Arctic sites [Quinn et al., 2007; Gong et al., 2010; Laing et al., 2013;
Nguyen et al., 2013]. All stations show higher sulfate concentrations in spring than summer due to more effi-
cient meridional transport, increased surface stratification, and lower rates of removal by precipitation at that
time of year [Stohl, 2006]. The highest nss sulfate concentrations occur in spring at Kevo in the 1980s, with
values about double the concentrations at other Arctic sites, reflecting its closer proximity to pollution
sources in western Eurasia than other sites. Between 1980 and 2010, observed sulfate mass in spring
decreases by 2–3% yr�1 at all sites with the exception of VRS, where observations began only in 1991.
Taken together, these trends are consistent with observed trends in sulfate over source regions (Figure 3),

Table 3. Observed Trends in Sulfate and Black Carbon at Arctic Sites (North of 60°N), and in Greenland Ice Coresa

Sulfate
Barrow, Alaska
1998–2007

Alert, Canada
1981–2010

Kevo, Finland
1980–2010

Ny-Alesund, Svalbard
1990–2009

Winter ns ns �38.2 (�3.0%) �28.3 (�2.4%) �46.8 (�2.5%) �46.3 (�2.0%) �22.7 (�2.7%) �34.5 (�2.5%)
Spring ns �17.7 (�1.5%) �48.3 (�3.1%) �34.8 (�2.7%) �84.0 (�2.6%) �91.0 (�3.0%) ns �32.1 (�2.2%)
Summer +26.8 (+27.9%) ns ns �1.0 (�1.1%) �29.5 (�2.1%) �40.2 (�3.8%) ns �9.5 (�3.1%)
Fall ns �12.1 (�2.8%) �9.5 (�2.9%) �10.5 (�2.3%) �33.9 (�2.5%) �44.9 (�3.0%) �8.2 (�2.4%) �16.8 (�2.7%)
Annual ns �10.2 (�1.6%) �24.2 (�2.9%) �17.0 (�2.3%) �45.0 (�2.2%) �57.0 (�2.9%) �10.7 (�1.7%) �24.2 (�2.6%)

ICb Greenland
Southc 1980–2010

ICb Greenland
Centrald 1980–2003

ICb Greenland
Northe 1980–2010

ICb Ackademii Nauk,
Russia 1980–1998

Annual �9.5 (�2.2%) �15.0 (�1.5%) �11.2 (�2.8%) �7.8 (�1.3%) �5.3 (�2.0%) �9.2 (�2.4%) ns ns

Black carbon
Barrow, Alaska
1989–2010

Alert, Canada
1989–2010

Kevo, Finland
1980–2010

Winter n/a �4.7 (�3.1%) �4.7 (�2.9%) �6.7 (�3.3%) �8.0 (�2.9%) �8.3 (�1.8%)
Spring �1.3 (�2.1%) �1.5 (�1.9%) �2.5 (�2.1%) �2.0 (�2.2%) �5.3 (�2.1%) �7.1 (�2.6%)
Summer ns ns ns �0.1 (�2.8%) �2.1 (�2.0%) �0.5 (�1.4%)
Fall ns �0.8 (�2.7%) ns ns �4.2 (�2.5%) �2.6 (�1.7%)
Annual �0.9 (�1.9%) �1.4 (�2.0%) �1.6 (�2.1%) �2.4 (�2.9%) �4.5 (�2.2%) �4.7 (�2.1%)

ICb Greenland
Southc 1980–2010

ICb Greenland
Centrald 1980–2003

ICb Greenland
Northe 1980–2010

ICb Ackademii Nauk,
Russia 1980–1998

Annual �0.29 (�2.7%) ns ns +0.43 (+2.6%) �0.07 (�1.6%) ns ns ns

aValues are absolute trends with units of ng m�3 yr�1 for surface sulfate and ng C m�3 yr�1 for surface BC. Deposition trends in ice cores (IC) are given as g
ha�1 yr�1 for sulfate and g C ha�1 yr�1 for BC. Percentage trends are shown in brackets (% change yr�1). Observed values are shown in bold. Trends that are not
significant (p = 0.05) are shown as ns.

bIce core observations.
cGreenland South includes the ice core stations at Act2 (66.0°N, 45.2°W) and ACT11d (66.5°N, 46.3°W).
dGreenland Central includes the ice core station D4 (71.4°N, 43.9°W).
eGreenland North includes the ice core stations at Humboldt (78.5°N, 56.8°W), NEEM20m (77.5°N, 51.1°W), Tunu2013 (78.0°N, 34.0°W), and Summit2010

(72.6°N, 38.3°W).
fShown are the 1980 (bold) and 2006 annual mean aerosol burdens, atmospheric lifetimes, deposition rates, and fractions of deposition by wet and dry

processes, integrated over the troposphere between the surface and 200 hPa. BC and OC values are given in grams carbon. Arctic values are provided for latitudes
greater than 60°N.
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indicating the influence of more stringent restrictions on air quality. In summer, the more remote Arctic sites
(Alert, VRS, and Barrow) show no significant trend in observed surface sulfate mass, which suggests that these
sites are not influenced by anthropogenic sources at this time of year.

Observed mean sulfate mass concentrations at Arctic surface sites are overestimated in GEOS-Chem by 4% in
spring, while summer mean sulfate is underestimated by 26%. At Barrow the observations are filtered to
remove pollution from local sources. We do not remove local pollution sources in our comparison, and this

Figure 6. Observed nss sulfate surface concentrations at five Arctic sites in spring (March–May) and summer (June–
August). Seasonal means are denoted by solid black circles, medians as short horizontal bars, and the 25th to 75th
percentile ranges as vertical bars. The observations shown by the solid black circles are provided by the following sources;
Alert (Canadian National Atmospheric Chemistry (NAtChem) Database and Analysis System); Villum Research Station,
Station Nord, and Ny-Alesund-Zeppelin (European Monitoring and Evaluation Programme (EMEP)); Barrow (NOAA PMEL);
and Kevo [Laing et al., 2013]). Black triangles early in the record at Barrow are from Rahn and McCaffrey [1980] and Li
and Winchester [1989]. Black triangles at Ny-Ålesund for the period 1979–1981 showmean observations from Heintzenberg
and Larssen [1983]. Black diamond at Ny-Alesund in summer shows median nss sulfate concentration fromMaenhaut et al.
[1989]. Open circles in the spring panel for Ny-Ålesund are mean March–April values [Sirois and Barrie, 1999]. Stacked
contours represent the anthropogenic (blue) and natural (green) contributions to the modeled concentrations. Note that
the y axis range differs among panels.
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may explain the model overestimate of annual mean sulfate and sulfate trends at that site. The
underestimate at Ny-Alesund may be due to an underestimate in DMS emissions in the North Atlantic.
GEOS-Chem reproduces the observed annual mean trends in nss sulfate to within 30% at Kevo and Alert.
The large increasing trend in sulfate in summer at Barrow has been reported by Quinn et al. [2009]. A
similar trend in MSA (not shown) suggests that the observed trend in sulfate has a biogenic source origin
and may be in response to climate changes in the Arctic, including sea ice melt and increasing sea surface
temperatures. The failure of GEOS-Chem to capture the observed trend may be due to local influences
from anthropogenic sources in Barrow, the use of a fixed DMS seawater climatology, or inadequate
representation of local sea ice coverage.

At all sites except Kevo, natural sources of sulfate from oceanic emissions of dimethylsulfide (DMS) and vol-
canoes contribute 28% of the total nss sulfate mass in spring and over 60% in summer during 2001–2010. The
natural source contribution at Kevo is smaller, 18% in spring and 40% in summer. Observations of SO2, the
major precursor to sulfate aerosol are reproduced to within 35% at VRS in all seasons except the fall, when
the simulation overestimates the observations by 77%.

Figure 7. Same as Figure 6, but for surface BC at four Arctic sites. The data sources are as follows: Sharma et al. [2004, 2006,
2013] at Alert, Eleftheriadis et al. [2009] at Ny-Alesund-Zeppelin, NOAA Earth System Research Lab at Barrow, and Dutkiewicz
et al. [2014] at Kevo.
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Tustervatn (65.5°N, 13.5°E) also has long-term (1980–2010) records of both surface sulfate and sulfate in
precipitation. As at Kevo, GEOS-Chem captures trends in annual surface sulfate concentrations and sulfate
in precipitation at Tustervatn within 30–35%. In Europe, the overestimate in surface sulfate and the

Figure 8. Trends in annual mean sulfate and BC concentrations in surface air and in precipitation, as well as in annual mean
and April–May–June (AMJ) AOD. Circles indicate observed trends at a range of sites over different time periods: small
white circles denote trends at sites with greater than 25 years of observations; large white circles show average long-term
trends across multiple sites in Europe and North America; yellow circle, 1976–2002; and red circles 1990–2009. At Ifaross,
Iceland, we remove the influence of volcanic sulfate as described in Figure 5. Observed AOD at Resolute Bay, Canada,
indicates the mean April–May–June value. GEOS-Chem results are shown as background contours. White indicates regions
where the 1980–2010 trend is statistically insignificant or is less than 0.5% yr�1.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025321

BREIDER ET AL. THE 1980–2010 TRENDS IN ARCTIC AEROSOL RF 3584



underestimate in nss sulfate in precipitation indicate that the aerosol scavenging is too weak in the region
and imply excessive transport of sulfate to the Arctic.

Figure 7 shows the observed mean spring and summer mass concentrations of BC during 1980–2010 at four
Arctic sites [Sharma et al., 2004, 2013; Eleftheriadis et al., 2009; Dutkiewicz et al., 2014]. As with sulfate, BC con-
centrations are higher in spring than summer, when anthropogenic BC from northern midlatitudes is effi-
ciently transported to the Arctic. The observed BC concentrations during spring at the three sites with
long-term records (>20 years) show a decreasing trend of between �1.9% yr�1 and �2.2% yr�1, consistent
with the estimated decline in anthropogenic BC emissions in Russia and FSS + EBLOC (�2.1% yr�1). In sum-
mer, observed trends in BC are weaker or not significant. BC concentrations at Kevo are a factor of 2 higher in
spring and a factor of 5 higher in summer relative to other Arctic sites, reflecting the close proximity of this
site to pollution sources in western Eurasia. The large drop in BC after 1988 at Kevo has been attributed to
the economic contraction in FSS + EBLOC countries at that time [Dutkiewicz et al., 2014]. At Kevo, observed
trends are underestimated in all seasons except spring, while at Alert, simulated absolute trends are overes-
timated by 42% in winter (Table 3). Simulated summertime BC at Barrow shows large interannual variability
due to the effect of fire activity, an effect not seen in the observations. This mismatch may be explained by
the filtering of observations at Barrow, which removes data points when the hourly average wind direction is
between 131 and 359°, or due to inaccurate representation of boreal fire emissions between the boundary
layer and free troposphere. The updates to the BC emissions and the Arctic summer scavenging processes
reduce the disparities between the model and observations. The normalized mean bias improves from�45%
to +13% and the R2 value from 0.37 to 0.57.

Ice core records in the Arctic provide a valuable constraint on historical trends in sulfate and BC deposition
[Goto-Azuma and Koerner, 2001;McConnell et al., 2007]. In Figure 8 we compile the observed long-term trends
in sulfate and BC in Greenland ice cores and compare these with the observed trends at Arctic surface sites
and monitoring stations in Europe and North America. Long-term observations show decreases in annual
mean sulfate at all sites of between 2 and 3% yr�1. The largest observed surface air trends are found over
Europe (�3.0% yr�1), and these are consistent with trends in the remote Arctic at Alert (�2.9% yr�1).
Trends in ice core sulfate in southern Greenland are similar to those observed in surface air in Acadia
National Park, USA, and in Ifaross, Iceland, ~2% yr�1. Arctic BC observations show decreasing trends of
1.7–2.8% yr�1 at all locations, with the exception of the ice core at D4 in central Greenland, where there is
no significant trend.

Consistent with these observations, GEOS-Chem shows 1980–2010 decreases of 2–3% yr�1 in both surface
concentrations and deposition fluxes of sulfate and BC over much of the high northern latitudes and the
Arctic (Figure 8). The strongest trends occur over Europe, FSS + EBLOC, and Russia. Simulated concentrations
of both sulfate and BC increase by ~1% yr�1 over the Pacific due to increasing anthropogenic emissions in
East Asia. Simulated AOD also decreases over much of the Arctic, especially in spring, but at much slower
rates than the observations, which decrease at about 1% yr�1. GEOS-Chem shows a decrease in AMJ AOD
at Resolute Bay of �0.6% yr�1 for 1980–2010, slightly less than the observed trend of �0.8% yr�1

(Figure 5). The model yields no significant trend in BC concentrations over Canada or Alaska, where increas-
ing emissions from boreal fire activity appear to cancel out the effect of decreasing anthropogenic emis-
sions. The lack of a trend in modeled BC over boreal North America stands in contrast to observations of
BC in the wider Arctic, which shows decreases over the last three decades. Insufficient knowledge of trends
in boreal wildfires in North America may explain the lack of significant trend in the simulated BC deposition
in the south of Greenland, where observations show that BC deposition decreased at a rate of 2.7% yr�1

between 1980 and 2010. At the high altitudes on top of the Greenland ice sheet, additional uncertainty
may arise due to the larger influence of more distant sources at lower latitudes than is typically observed
at the Arctic surface stations. Given the many uncertainties in deposition fluxes and the challenge inherent
in comparing point measurements with model grid cell averages, our view is that the match between our
model and measurements is reasonable.

3.5. Observed Aircraft Observations

Aircraft observations have provided sporadic measurements of trace species in the Arctic since the early
1980s. Figure 9 compiles observations of sulfate aerosol over Arctic Canada and Alaska from the Arctic

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025321

BREIDER ET AL. THE 1980–2010 TRENDS IN ARCTIC AEROSOL RF 3585



Boundary Layer Expedition [Talbot
et al., 1992], the Arctic Haze cam-
paign (1995), the Tropospheric
Ozone Production about the Spring
Equinox experiment [Scheuer et al.,
2003] and the Arctic Research of the
Composition of the Troposphere
from Aircraft and Satellites campaign
[Jacob et al., 2010]. We compare
GEOS-Chem with ARCTAS observa-
tions by sampling the model along
the aircraft flight track. Comparison
with earlier campaigns is not possible
since some campaigns collected just
one or two filter samples per flight.

Below 2 km across all time periods,
springtime sulfate concentrations
are 20% higher over Alaska than over
Arctic Canada, and GEOS-Chem attri-
butes two thirds of this enhancement
to a larger influence from natural
sources in Alaska. In June–July, air-
craft observations of sulfate in the
lower troposphere show similar
values over Alaska in 1988 and
Arctic Canada in 2008, in agreement
with surface observations at Alert
and VRS.

Model median BC concentrations
during ARCTAS are within a factor of
2–3 of observed values. In spring,
model median BC concentrations
sampled along the aircraft flight
tracks north of 70°N are 97 ngm�3

below 3 km and 75 ngm�3 above
3 km. In summer, model median BC
concentrations during ARCTAS flights
are 21 ngm�3 below 3 km, and
14 ngm�3 above 3 km, within a fac-
tor of 2 of the observed values.

Simulated sulfate concentrations in spring 2008 are captured to within 15% of the observations at all alti-
tudes, while surface sulfate in summer 2008 is overestimated by a factor of 2. Given that column concentra-
tions are more closely associated with RF than surface concentrations, the overestimate in the aircraft BC
observations in spring and summer indicates that the BC RF may be overestimated.

3.6. Reconciling Observed Trends in Surface and Column Aerosol

Observed sulfate concentrations in surface air in spring show decreases of 2–3% yr�1 throughout the Arctic
from 1980 to 2010, while AOD decreases by only about 0.5% yr�1 (Figure 4). To understand the difference in
the observed surface and column trends, we use GEOS-Chem to calculate the contributions of regional
changes in anthropogenic emissions to the total change in AOD as a function of altitude for the
1980–2010 time frame for the Arctic as a whole. For each layer of AOD, we aggregate the changes into
two regional categories: (1) regions where SO2 emissions have decreased since 1980 (West Eurasia, Russia,
and North America) and (2) all other regions including China, where SO2 emissions have increased since 1980.

Figure 9. Aircraft profile observations of sulfate in the Arctic in spring and
summer. Sulfate observations are shown for ARCTAS in 2008 [Fisher et al.,
2011], TOPSE in 2000 [Scheuer et al., 2003], Arctic Haze in 1995 [Jaeschke et al.,
1999], and ABLE-3A in 1988 [Talbot et al., 1992]. ARCTAS-A sampled in April,
and so only TOPSE April flights are used in the comparison. For ARCTAS and
TOPSE, we remove outliers that are more than 1.5 interquartile ranges below
the first quartile or above the third quartile in each altitude bin. The filtering
removes 6% of the 2656 available observations. The box-whisper plots
show the minimum, 25th percentile, median, 75th percentile, and maximum
values for ARCTAS and TOPSE. The Arctic Haze campaign provides data col-
lected during only three flights from Deadhorse, Alaska, in April [Jaeschke
et al., 1999]. For the Arctic Haze and ABLE-3A campaigns, we show only the
mean and ±1 standard deviation.
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We find that the 1980–2010 modeled
decrease in total AOD in the Arctic is
driven by a combination of strongly
decreasing aerosol load at low alti-
tudes and increasing aerosol load at
high altitudes (Figure 10). Over the
30 year period, emissions changes in
West Eurasia, Russia, and North
America yield a ~30% decrease in
AOD specific to these regions in the
lower troposphere, with less pro-
nounced decreases aloft. In contrast,
emissions changes in China and else-
where yield ~20% increases in
region-specific AOD in the upper tro-
posphere, with little effect in the mid-
dle to lower troposphere. The
altitude dependence of these trends
reflect the transport pathways of
aerosol from source regions, with
the dominant influence from the
northern high latitudes at the surface
and from lower latitudes aloft [Stohl,
2006; Fisher et al., 2010]. The net
AOD change in each layer of the tro-
posphere reflects the competition
between these two trends, with
~25% decreases in the lower tropo-
sphere and ~15% increases in the
upper troposphere. The absolute
change in total AOD is strongly
weighted toward changes in the
lower troposphere (Figure 10).

Figure 10. Simulated 1980–2010 changes in annual mean layer AOD as a function of altitude, averaged over the Arctic
(>60°N). The panels show (left) percent change and (right) absolute change in AOD resulting only from trends in
anthropogenic aerosol. The AOD layers correspond to model layers and range in thickness from 125m at the surface to
1000m in the upper troposphere. Dark blue curves indicate AOD changes due to sources in West Eurasia, Russia, and North
America, and red curves denote changes due to sources in China and elsewhere. Light blue curves represent the net
change of AOD in each layer, and the light blue triangle is the simulated percent change in total Arctic AOD.

Figure 11. Seasonal and annual mean top-of-atmosphere radiative forcings
(TOA RFs) due to aerosol, averaged over the Arctic. (top) RFs due to
anthropogenic aerosol calculated by this study for 2005–2010 (black) and
as reported by Quinn et al. [2008] for 2003 (red). (bottom) The sulfate and
BC contributions to the RFs in Figure 11 (top) as calculated by this study
and by Quinn et al. [2008]. Error bars represent ±1 standard deviation of
the mean.
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4. Arctic Aerosol Radiative
Forcing Between 1980
and 2010

Applying GEOS-Chem aerosols to
the Fu-Liou radiative transfer code,
we can estimate for the aerosol RF
from aerosol-radiation interactions
in the Arctic. We do not consider
RF due to BC deposition to snow
and ice or due to aerosol-cloud
interactions. Our results show that
anthropogenic aerosol cools the
Arctic troposphere (net negative
RF from aerosol). Average 2005–
2010 top-of-atmosphere (TOA) RF
is �0.19 ± 0.05Wm�2 (Figure 11),
reflecting the balance between
negative RF from sulfate
(�0.60 ± 0.02Wm�2) and positive
RF from BC (+0.44 ± 0.04Wm�2).
Average TOA forcing from
anthropogenic OC is small,
�0.03 ± 0.003Wm�2 and is consis-
tent with results in Myhre et al.
[2013]. The TOA RF due to OC
reflects the small Arctic anthropo-
genic OC load, which is almost an
order of magnitude less than sul-
fate (Table 1). Surface RF from
atmospheric anthropogenic aero-
sol averaged over the Arctic during

2005–2010 is �1.20 ± 0.05Wm�2, due to roughly equivalent negative RF from sulfate and BC. Our results
stand in contrast to Quinn et al. [2008], who found that the interaction of radiation with present-day, anthro-
pogenic aerosol warms the Arctic by 0.92 ± 0.04Wm�2 in spring. The difference between these two results
can be traced to the smaller sulfate forcing in Quinn et al. [2008], leading to the dominance of BC in total RF.
In the model used by Quinn et al. [2008], the springtime sulfate burden is enhanced by 40% compared to
summer (K. Tsigaridis, personal communication, 2015), while we find a doubling of sulfate at that time of
year (Figure 2). The higher Arctic sulfate burden in spring in our work is explained by the lower aerosol
scavenging efficiency in cold clouds (T< 258 K) in GEOS-Chem as described in Wang et al. [2011]. ARCTAS
aircraft observations in 2008 indicate a factor of 2 enhancement in the Arctic sulfate burden in spring com-
pared to summer. The measurements over Arctic Canada in spring are consistently enhanced by greater
than a factor of 2 compared to summer throughout the 25th, 50th, and 75th percentile ranges.

To assess the contribution of aerosol trends to recent Arctic climate change, we examine the net 1980–
2010 RF due to anthropogenic aerosol, calculated as the difference between the mean 2005–2010 for-
cings and mean 1980–1985 forcings. At TOA, we calculate a change in annual mean, net positive
Arctic aerosol RF of +0.48 ± 0.06Wm�2 over this time period (Figure 12), reflecting the trend from strong
negative aerosol RF (�0.67 ± 0.06Wm�2) in the 1980s to more moderate negative aerosol RF in the pre-
sent day (�0.19 ± 0.05Wm�2). The 1980–2010 decline in anthropogenic sulfate contributes a net TOA RF of
+0.51 ± 0.05Wm�2, while the net TOA RF due to changes in anthropogenic BC is small (�0.04 ± 0.04Wm�2).
At the surface, the net 1980–2010 Arctic RF from anthropogenic aerosol is even larger, +0.70 ± 0.05Wm�2.
Previous studies have suggested that Arctic climate may respond not just to local forcings but also to
remote TOA forcing [Shindell, 2007]. For the 1980–2010 period over midlatitudes (28–60°N), we estimate a
net TOA forcing +0.31 ± 0.04Wm�2 due to anthropogenic sulfate and, +0.14 ± 0.03Wm�2 due to

Figure 12. Comparison of the seasonal and annual mean TOA RFs due to
anthropogenic aerosol during 1980–1985 and 2005–2010, averaged over
the Arctic. (bottom) The net RFs due to the trends in sulfate and BC
anthropogenic aerosol, calculated as the difference between the mean
2005–2010 and 1980–1985 forcings. Error bars represent ±1 standard
deviation of the mean.
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anthropogenic BC. The net Arctic TOA RF from anthropogenic OC is +0.01 ± 0.003Wm�2 and reflects the
small change in anthropogenic OC over the period 1980–2010 (Table 1).

A rough assessment of the contribution of aerosol trends to the observed Arctic warming since 1980 requires
knowledge of the climate sensitivity (λ) in the Arctic to both local and remote TOA forcings. Climate sensitiv-
ity provides a measure of the response in surface temperatures (°K) to a given change in TOA RF (Wm�2).
Here we follow Shindell and Faluvegi [2009], who used a global model to derive climate sensitivities in the
Arctic due to aerosol-radiation interactions for different aerosol species. For local forcings, Shindell and
Faluvegi [2009] estimated sensitivities of +0.36 K (Wm�2)�1 for sulfate and �0.08 K (Wm�2)�1 for BC. For
midlatitude (28–60°N) forcings, they estimated sensitivities of +0.20 K (Wm�2)�1 for sulfate and +0.15 K
(Wm�2)�1 for BC. These sensitivities include aerosol-cloud interactions.

We apply the Shindell and Faluvegi [2009] sensitivities to the values reported here for Arctic and midlatitude
TOA RF from anthropogenic sulfate and BC. These sensitivities are applied uniformly through the column, and
we do not consider any changes in the climate sensitivity with altitude as suggested by Flanner [2013]. We
estimate that between 1980 and 2010, trends in anthropogenic aerosols contribute +0.27 ± 0.04 K warming
to average Arctic surface temperatures, or approximately 25% of the observed Arctic warming during this
time period. Changes in Arctic RF contribute +0.19 ± 0.03 K of this warming, while changes in midlatitude
RF provide +0.08 ± 0.02 K additional warming. The temperature response due to changes in sulfate is
+0.18 ± 0.02 K for Arctic sulfate and +0.06 ± 0.01 K midlatitude sulfate. For BC, changes in the midlatitudes
provide an Arctic temperature response of +0.02 ± 0.01 K, while changes in BC in the Arctic contribute a
warming of +0.01 K.

4.1. Increased BC RF Efficiency in the Arctic Between 1980 and 2010

Annual BC TOA RF in the Arctic showed no significant change between the early 1980s and late
2000s (�0.04 ± 0.04Wm�2), while the annual Arctic anthropogenic BC load declined by 33%, from
0.42 ± 0.02mgm�2 to 0.28 ± 0.04mgm�2 over the same period. The larger relative decrease in annual BC
load compared to the TOA RF from BC indicates that the BC forcing efficiency increased over this period.
We find that Arctic BC forcing efficiency increased from 1.07 ± 0.05Wm�2 (mgm�2)�1 in the early 1980s
to 1.57 ± 0.09Wm�2 (mgm�2)�1 in the late 2000s.

This increase in Arctic BC forcing efficiency is explained by the shifting influence of regional sources. High-
latitude sources, particularly those within the polar dome, are efficiently transported to the Arctic surface
in winter and early spring, while lower-latitude sources in Asia influence the Arctic free troposphere in middle
to late spring [Stohl, 2006]. Declining BC emissions at high latitudes have contributed to a lower BC load at the
Arctic surface in winter when incident solar radiation is small, while growing BC emissions in East Asia have
contributed to a higher BC load in middle to late spring when there is ample incident solar radiation. This
redistribution of BC in the Arctic from winter to spring and from lower to higher altitudes explains the larger
BC forcing efficiency per unit mass in the present day compared to 1980.

In Arctic spring, we estimate that the redistribution of BC from lower altitudes in the 1980s to higher altitudes
today has increased the BC forcing efficiency by approximately 20%. Our results are consistent with Samset
and Myhre [2015] who showed that Arctic BC RF efficiency increases strongly with altitude. We find no change
in the sulfate Arctic TOA RF efficiency. Formation of sulfate aerosol from high-latitude sources is inefficient in
winter, due to limited availability of oxidants [Gong et al., 2010].

5. Discussion and Conclusions

We have used the chemical transport model GEOS-Chem to construct a 3-D representation of Arctic aerosols
that is consistent with observed distributions and 1980–2010 aerosol trends. Our goal was to quantify the
potential contribution of trends in anthropogenic aerosols to the rapid Arctic warming (>1 K) observed over
this time frame. We focused only on the climate response to aerosol-radiation interactions and used the
Fu-Liou radiative transfer model together with published estimates of the sensitivity of surface temperatures
to regional aerosol radiative forcings [Shindell and Faluvegi, 2009].

We find that most Arctic surface and ice core observations show decreases in sulfate and BC concentrations
of 2–3% yr�1, consistent with estimated emissions reductions in Eurasia and North America. Observed
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springtime (April to June) Arctic AOD at Resolute Bay, Canada, decreases over 1975–2010, but the trend is
relatively weak (�0.8% yr�1). The weakness of this trend can be traced to the competing influences of
decreasing aerosol load in the lower troposphere, driven by emissions trends at high northern latitudes,
and increasing aerosol in the middle to upper troposphere, driven by trends in China and other developing
countries at lower latitudes.

Our results show that anthropogenic aerosol yields a negative forcing over the Arctic, with a TOA RF of
�0.19 ± 0.05Wm�2 in the present day (2005–2010) and even greater forcing (�0.67 ± 0.06 Wm�2) in the
early 1980s. We find that the 1980–2010 emission reductions in anthropogenic aerosols in the developed
world may have contributed +0.27 ± 0.04 K warming to present-day Arctic temperatures at the surface or
approximately 25% of the observed Arctic warming. About two thirds of the warming can be attributed
to forcing from anthropogenic aerosols over the Arctic, with the rest from forcing over midlatitudes.

Our results differ from those of Quinn et al. [2008] and the multimodel average in the AMAP [2015] report,
in which both reported a net positive forcing due to aerosol-radiation interactions in the present day. The
Quinn et al. [2008] model, however, yields a relatively small enhancement of sulfate load in spring compared
to summer, in contradiction with the strong seasonality inferred from aircraft and AOD observations. Our
estimate of ARI RF from Arctic BC of +0.44 ± 0.04Wm�2 is within the multimodel range in AMAP [2015] of
0.30–0.66Wm�2. The present-day Arctic ARI RF from sulfate (�0.60 ± 0.02Wm�2) in our study is outside
the range of estimates in AMAP [2015] of �0.10 to �0.50Wm�2 and greater than the multimodel mean in
AEROCOM of less than �0.40Wm�2 [Myhre et al., 2013].

Uncertainties in our estimates of aerosol RF may be traced to model mismatches with observations. For
example, modeled Arctic sulfate RF may be overestimated in the Eurasian Arctic due to excessive transport
of sulfate from Europe, as suggested by Figure 3. In the high Arctic (>70°N), GEOS-Chem overestimates
ARCTAS BC observations by factors of 2–3 (Figure 6), indicating that the positive BC forcing in our study
may actually be weaker than our estimate of +0.44Wm�2 for the present day. On the other hand, comparison
with site data suggests that we underestimate sulfate and BC net RF over Alert in spring and overestimate
these RFs in summer (Table 3). The net RF estimate is also dependent on the capability of the model to repro-
duce the observed trends. Our study suggests that the sign of the observed trends in Arctic BC and sulfate is
consistent with the estimated decreases in emissions in Europe, North America, and Russia. However, we
emphasize that BC trends from Russian gas flaring trends have not been included in our study.

BC emissions in our work are double those used in previous work for the present day [e.g.,Wang et al., 2014a,
2014b]. Scaling down our BC emissions would result in weaker BC TOA RF over the Arctic. A factor of 2
decrease in the BC Arctic RF would result in a stronger negative total aerosol TOA RF, increasing by more than
a factor of 2 in the late 2000s, but by just 30% in the early 1980s. Using lower BC emissions would have a small
effect on our estimate of the net Arctic warming since 1980 because changes in BC contribute less than 10%
of the total net aerosol Arctic warming over this time period.

Our results do not take into consideration RF from aerosol-cloud interactions (indirect effects) or deposition
of BC to snow or ice surfaces. As context for our results, we note that AMAP [2015] estimated RFs from aerosol-
cloud interactions considering both anthropogenic and natural sources of +0.10–0.13Wm�2 for BC and
�0.40–0.75Wm�2 for sulfate over the Arctic. In another multimodel study, Jiao et al. [2014] reported an RF
from BC deposition to Arctic snow and ice of +0.17Wm�2.

By using surface reflectance climatology, we have not considered changes in surface albedo. In the Arctic,
higher surface albedo in the 1980s due to greater sea ice coverage would reduce sulfate RF but increase
BC RF, while lower surface albedo in the late 2000s would have the opposite result, with higher sulfate RF
and lower BC RF. Our neglect of climate feedbacks from aerosol in GEOS-Chem may also lead to an over-
prediction in the estimated total net aerosol warming. Shindell and Faluvegi [2009] and Sand et al. [2013a,
2013b] found a negative Arctic surface temperature response to BC in the atmosphere column due to a
weakening of meridional heat transport. As shown by Flanner [2013] and Sand et al. [2013a], BC in the
lower Arctic atmosphere strongly warms the Arctic surface. Our study shows that most of the change in
Arctic BC load since 1980 has taken place in the lower atmosphere (Figure 2), indicating that changes
in anthropogenic BC since 1980 may have cooled the Arctic surface, thus offsetting some of the warming
due to changes in sulfate.
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In their multimodel study, Shindell and Faluvegi [2009] reconstructed the influence on Arctic climate of the
1976–2007 trends in both local and midlatitude aerosol loads. They found that aerosols may have warmed
the Arctic surface over this time frame by as much as 1.09 ± 0.81 K, or about 3 times what we calculate for
1980–2010. Their study, however, inferred zonally averaged, midlatitude aerosol forcings as large as +1 to
+5 Wm�2 for the 1976–2007 time frame, values that seem inconsistent with observed aerosol trends.
Finally, Yang et al. [2014] found significant warming over the European Arctic in response to recent aerosol
trends, but no significant trend in surface temperatures over the Arctic as a whole. Their study, which focused
on the 1975–2005 period, estimated similar declines in sulfate AOD over the Arctic to our study, and unlike
our study reported slight increases in Arctic BC AOD during this time frame.

Our study provides a comprehensive analysis of observed long-term trends in Arctic BC and sulfate particu-
late pollution. We have shown that GEOS-Chem is capable of reproducing observed Arctic aerosol seasonality
and trends at surface sites to within 30%. We note that modeling observed sulfate and BC concentrations
over broad spatial and temporal scales is challenging. Better representation of observations requires
improved understanding of historical emissions and deposition processes.

Our use of a simple, offline method to estimate the temperature response to TOA forcing yields only a rough
estimate of the influence of aerosol trends on Arctic surface temperatures. Our approach also focuses only on
aerosol-radiation interactions and does not take into account aerosol-cloud interactions, the BC-albedo
effect, or changes in greenhouse gases. Within these limitations, our study suggests that air quality measures
aimed at reducing particulate pollution have inadvertently accelerated warming of the Arctic over the
past 30 years.
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