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Abstract Source attribution of Arctic sulfate and its radiative forcing due to aerosol-radiation interactions
(RFari) for 2010–2014 are quantified in this study using the Community Earth SystemModel equipped with an
explicit sulfur source-tagging technique. The model roughly reproduces the seasonal pattern of sulfate
but has biases in simulating the magnitude of near-surface concentrations and vertical distribution. Regions
that have high emissions and/or are near/within the Arctic present relatively large contributions to Arctic
sulfate burden, with the largest contribution from sources in East Asia (27%). Seasonal variations of the
contribution to Arctic sulfate burden from remote sources are strongly influenced by meteorology. The mean
RFari of anthropogenic sulfate offsets one third of the positive top of the atmosphere (TOA) RFari from
black carbon. A 20% global reduction in anthropogenic SO2 emissions leads to a net Arctic TOA forcing
increase of +0.019 Wm�2. These results indicate that a joint reduction in BC and SO2 emissions could prevent
at least some of the Arctic warming from any future SO2 emission reductions. Sulfate RFari efficiency
calculations suggest that source regions with short transport pathways and meteorology favoring longer
lifetimes are more efficient in influencing the Arctic sulfate RFari. Based on Arctic climate sensitivity factors,
about �0.19 K of the Arctic surface temperature cooling is attributed to anthropogenic sulfate, with �0.05 K
of that from sources in East Asia, relative to preindustrial conditions.

1. Introduction

Long-range transport of aerosols fromNorthern Hemispheremidlatitudes can increase Arctic aerosol concen-
trations (Breider et al., 2014; Fisher et al., 2011; Hegg et al., 2010; Shindell et al., 2008; Wang et al., 2013, 2014).
Stable stratification in the Arctic prevents constituents emitted locally from reaching the free troposphere,
leading to a more important role of local sources for near-surface aerosol concentrations. Due to extremely
low temperatures at the surface and therefore frequent and persistent occurrences of surface temperature
inversions, the Arctic lower troposphere is isolated from lower latitudes by a transport barrier called the
“Arctic front,” which shifts seasonally. For polluted air reaching the Arctic lower troposphere on timescales
shorter than a few weeks, the source regions have to be located north of the Arctic front. In summer, due
to the northerly location of the Arctic front, it is difficult for aerosols emitted into the relatively warm air
masses in the south to move into the Arctic lower troposphere. They can reach the Arctic only by isentropic
transport into the upper troposphere (Stohl, 2006).

Sulfate is the dominant aerosol component over the Arctic (Breider et al., 2014; Quinn et al., 2007). Shindell
et al. (2008) examined the sensitivity of modeled Arctic aerosol concentrations to perturbations of year
2001 emissions in four major source regions and concluded that European emissions dominated Arctic
sulfate concentrations near the surface and at 500 hPa, with contributions of 73% and 51%, respectively,
while East Asia was the largest contributor (36%) at 250 hPa. Focusing on more source regions/sectors,
Fisher et al. (2011) examined the source attribution of Arctic sulfate using a chemical transport model and
year 2005 emissions. They found that West Asia (southwest Russia and Kazakhstan) emissions were a major
contributor (30–45%) to wintertime Arctic sulfate with contributions mainly within 2 km above the surface,
while Europe and East Asia had similar strong contributions to the springtime sulfate at all altitudes. Using
the same model and emissions, Breider et al. (2014) found that anthropogenic sources accounted for 83%
of the Arctic surface sulfate in winter and spring. Large uncertainties exist in the source attributions of
Arctic sulfate that are associated with emissions and models. For instance, Shindell et al. (2008) reported a
three times higher contribution from Europe to the Arctic surface sulfate concentration than East Asia, while
Fisher et al. (2011) found a similar contribution between these two source regions with a different model and
emission dataset.
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The Arctic has warmed dramatically in recent decades, with temperature increasing at a rate of about twice
as fast as the global mean value (Intergovernmental Panel on Climate Change 2013). As one of the impor-
tant short-lived forcers of Arctic climate (Quinn et al., 2008), aerosols perturb the Arctic radiative balance by
reflecting or absorbing radiation and modifying clouds. Absorbing aerosols (e.g., black carbon (BC)) in snow
and ice can reduce surface albedo and increase snow/ice melt (Flanner et al., 2007; Jacobson, 2010; Qian
et al., 2015), causing a positive forcing. Including aerosol climatic effects in climate models better repro-
duces Arctic warming (Law & Stohl, 2007; Quinn et al., 2008).

Arctic net aerosol forcing depends on the amount of absorbing versus scattering species and the net
radiative effects of each. Modeling results reported by Quinn et al. (2008) show that anthropogenic sulfate
exerted a negative radiative forcing due to aerosol-radiation interactions (RFari; i.e., aerosol direct effects)
with a seasonal maximum of �0.54 W m�2 at the top of the atmosphere (TOA) and �0.50 W m�2 at
the surface in summer, while BC exerted a maximum RFari of 1.2 W m�2 at the TOA and �0.39 W m�2

at the surface in spring. Modeling results of Flanner (2013) suggest a surface warming due to BC in
the Arctic lower troposphere, in large part due to BC albedo effects on snow and ice, and a cooling due
to BC in the Arctic upper troposphere. The meridional gradient of aerosols can also influence the
Arctic by changing poleward heat transport. Without considering the effects of BC deposition on snow
and ice, Shindell and Faluvegi (2009) found that increasing BC at low and midlatitudes leads to surface
warming in the Arctic while increasing Arctic local BC resulted in surface cooling. Based on climate model
simulations, Sand et al. (2013) pointed out that the Arctic surface warming induced by increased
concentrations of BC in the midlatitudes was due to increased transport of heat into the Arctic. Arctic
surface cooling induced by increased BC throughout the Arctic atmosphere was caused by a combination
of weakened atmospheric northward heat transport, as well as changes in surface fluxes, and local
feedbacks. Using an Earth system model, Acosta Navarro et al. (2016) reported that the reduction in
Europe SO2 emission over 1980–2005 has caused warming in the Arctic as a result of the enhanced pole-
ward heat transport.

A better understanding of the sensitivity of Arctic radiation budgets to changes in anthropogenic SO2

emissions from various source regions is, therefore, important for understanding Arctic climate.
Anthropogenic emissions of SO2 (i.e., the precursor of sulfate particles) have decreased drastically in devel-
oped countries in the past few decades (US Environmental Protection Agency, 2010; Vestreng et al., 2007).
Air quality regulations have also become more effective in some developing countries, which has started to
decrease SO2 emissions in China in particular (van der A et al., 2017). Yang et al. (2014) reported a 1.8 K
surface warming over the European Arctic in 2005, compared to 1975. Acosta Navarro et al. (2016) attrib-
uted 0.5 K warming to an additional 0.3 W m�2 reaching the Arctic surface from European reductions in
SO2 emissions since 1980. Breider et al. (2017) used a global chemical transport model to construct
Arctic aerosols from 1980 to 2010 and found that aerosol-radiation interactions over the Arctic and midla-
titudes roughly explained one quarter of the observed Arctic surface warming over this period. Fyfe et al.
(2013) concluded that reproducing the observed multidecadal variation in Arctic surface temperature
required accurate simulations of transport, deposition, and retention of anthropogenic sulfate.

SO2 emissions are expected to continue decreasing in both developed and developing countries in the
future (Rao et al. 2017). Wobus et al. (2016) used equilibrium temperature response factors to examine
future temperature responses to aerosol emissions and pointed out that greenhouse gases mitigation
could generate a short-term Arctic warming due to energy sector reductions in SO2 emissions. Using an
Earth system model, Gagné et al. (2015) reported that projected declines in aerosol emissions over the
21st century could result in a decrease in Arctic sea ice extent of 1 × 106 km2. Stjern et al. (2016) also
showed that aerosol emission reductions in Europe had strong impacts on RFari in the Arctic.

To our knowledge, few studies have focused on the attribution of Arctic sulfate forcing to individual source
regions/sectors. Sand et al. (2016) used multimodel simulations of aerosol forcing to estimate the equili-
brium response of Arctic surface air temperature to changes in year 2010 aerosol emissions. They found
that, among the seven source regions (United States, Canada, Russia, the Nordic countries, rest of
Europe, East and South Asia, and the rest of the world), sulfate originating from East and South Asia had
the largest contribution to cooling in the Arctic, whereas the Arctic surface temperature is most sensitive
(per unit emission) to emissions within or near the Arctic.
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Here we use the Community Earth SystemModel (CESM) with an explicit sulfur tagging technique to quantify
source-receptor relationships of Arctic sulfate. We examine a larger number of source regions than in pre-
vious work (e.g., Sand et al., 2016) including separation of East Asia and South Asia, both of which have strong
contributions to global RFari of sulfate (Yang, Wang, Smith, Easter, et al., 2017). We also separate contributions
from natural sources. Given that many models have shown difficulties in capturing sulfate over the Arctic
(Koch et al., 2009; Shindell et al., 2008), quantifying sulfate source-receptor relationships over the Arctic
can also help to attribute model bias.

Building on Yang, Wang, Smith, Easter, et al. (2017), we quantify source contributions from 16 different
regions/sectors (covering the whole globe) to Arctic sulfate surface concentration, column burden, and
RFari and identify the relative importance of emissions andmeteorology in determining source contributions.
The CESM model and numerical experiments are described in section 2. Section 3 compares the simulated
Arctic sulfate mass concentrations with observations. Section 4 provides modeled source attributions of mass
concentrations and column burden of Arctic sulfate to the tagged source regions/sectors. Section 5 examines
source attribution of Arctic RFari of sulfate and RFari efficiency for individual source regions/sectors, the
responses of sulfate RFari to a 20% uniform reduction in anthropogenic SO2 emissions globally, and projected
Arctic temperature responses to sulfate RFari. Section 6 summarizes the results of this study.

2. Methodology

Sulfate mass concentrations and RFari are simulated with the Community Atmosphere Model version 5
(CAM5), the atmospheric component of CESM. Mass and number concentrations of sulfate particles are pre-
dicted with the three lognormal modes (i.e., Aitken, accumulation, and coarse mode) of the modal aerosol
module (Liu et al., 2012) in CAM5. Within each mode, sulfate is internally mixed with primary/secondary
organic matter, BC, mineral dust, and/or sea salt. Optical properties of the aerosol mixture are parameterized
according to Ghan and Zaveri (2007). In addition to the standard treatments of aerosol and aerosol-cloud
interactions described by Neale et al. (2012), also included in our version of themodel is a set of modifications
that improves the simulation of aerosol wet scavenging and convective transport (Wang et al., 2013). In our
model simulations, radiative transfer is calculated multiple times in order to diagnose the radiative impact of
one or more aerosol components or certain species being tagged. The RFari is defined as the difference of all-
sky net shortwave radiative fluxes between two diagnostic calculations, with and without the aerosols con-
sidered (Ghan, 2013). The model uses prognostic size distribution of aerosols based on a two-moment
scheme. The size distribution of the remaining aerosol species with sulfate excluded from the mixture is cal-
culated again in the diagnostic radiative calculation. Radiative forcing due to aerosol-cloud interactions is not
analyzed in this study due to the large uncertainties in the treatment of the Arctic cloud and aerosol-cloud
interactions in climate models (McFarquhar et al., 2011). The effects of light-absorbing particles (BC and dust)
on snow and ice are included in the model (Flanner et al., 2007; Yang, Wang, Smith, Ma, et al., 2017).

To quantify source attributions of Arctic sulfate, we use the same sulfur source-tagging technique implemen-
ted in CAM5 by Yang, Wang, Smith, Easter, et al. (2017), in which sulfate and its precursor gases from inde-
pendent source regions and sectors can be explicitly tracked. While Yang, Wang, Smith, Easter, et al. (2017)
quantified global source-receptor relationships, source attribution over the Arctic was not considered in that
work. Following Yang, Wang, Smith, Easter, et al. (2017), sulfur emissions from 14 anthropogenic geographi-
cal source regions are tagged: East Asia (EAS), Europe (EUR), North America (NAM), Russia/Belarus/Ukraine
(RBU), South Asia (SAS), the Middle East (MDE), Pacific/Australia/New Zealand (PAN), North Africa (NAF),
Central America (CAM), Central Asia (CAS), Southern Africa (SAF), South America (SAM), Southeast Asia
(SEA), and the rest of the world (ROW, including oceans and polar continents). We also tagged two natural
source sectors, oceanic dimethyl sulfide (DMS) and volcanic SO2. The Arctic (180°W–180°E, 66.5°N–90°N) is
the receptor region we focus on here. Note that Arctic local emissions are included in the ROW emission in
this study. In a separate diagnostic simulation separating out Arctic local emissions from ROW (not shown),
the Arctic local emissions contribute 97% of near-surface concentrations and 80% of the column burden
for Arctic sulfate from ROW (including the Arctic) emission. The ROW region is, therefore, a reasonable proxy
for Arctic emissions in the context of this study.

CAM5 simulations are conducted for years 2009–2014 with 1.9° (latitude) by 2.5° (longitude) horizontal grids
and 30 vertical layers in the nudging mode (Ma et al., 2013; Zhang et al., 2014), in which wind fields are
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nudged to the MERRA (Modern-Era Retrospective Analysis for Research and Applications) reanalysis
(Rienecker et al., 2011) at a timescale of 6 h. The results of the last 5 years are analyzed hereafter. Both anthro-
pogenic (version 20160726) and open fire (version 20161213) emissions used in our simulations are from the
data sets released for the CoupledModel Intercomparison Project Phase 6 (Hoesly et al., 2018; vanMarle et al.,
2017). Climatologically averaged monthly volcanic SO2 and DMS emissions were obtained from AeroCom
(Diehl, 2009). It should be noted that the use of constant natural emissions may lead to inaccurate interannual
variations of sulfate concentrations, RFari, and source contributions from natural emissions. In CAM5, SO2

from energy and industry sectors is evenly distributed in the 100–300 m layer above the surface, while other
anthropogenic sectors are emitted from the surface. Upon emission, 2.5% of sulfur is immediately trans-
formed to sulfate particles in CAM5. Because open biomass burning SO2 only accounts for less than 2% of
the total (anthropogenic + open biomass burning) SO2 globally, the total SO2/sulfate are referred to as
anthropogenic SO2/sulfate hereafter. We performed a base simulation with full emissions and a sensitivity
simulation with a uniform 20% reduction in anthropogenic SO2 emissions globally. The latter is mainly used
to quantify the impact of the emission reduction on Arctic source-receptor relationships.

Figure 1b shows the spatial distribution of anthropogenic SO2 emissions averaged over 2010–2014, with
the 14 tagged anthropogenic source regions marked in Figure 1a. The global total anthropogenic SO2

emission rate is 57.7 Tg S yr�1. The spatial variability is large. North America, Europe, and RBU, regions close
to the Arctic, emit similar amounts of SO2 over this period, with annual means of 3.1, 3.3, and 3.0 Tg S yr�1,
respectively. Among the major source regions in the midlatitude of the Northern Hemisphere, East Asia
contributes 17.8 Tg S yr�1 of anthropogenic SO2 emission, about one third of the global total value,
followed by 6.4 Tg S yr�1 from South Asia, 3.4 Tg S yr�1 from the Middle East, and 1.1 Tg S yr�1 from
Central Asia. Emissions from ROW contribute 11.2 Tg S yr�1 of SO2, with 0.8 Tg S yr�1 contributed by
the Arctic local emissions (mostly from the industry sector). Volcanic SO2 and oceanic DMS from natural
sources also contribute 12.6 and 18.2 Tg S yr�1 (Figures 1c and 1d). Although the remaining tagged source
regions (CAM, SAM, NAF, SAF, SEA, and PAN) can have significant emissions, ranging from 0.6 to
2.7 Tg S yr�1, these regions are too far away to exert a significant influence on Arctic aerosols (e.g.,
Wang et al., 2014). The seasonality of emissions from the tagged source regions/sectors has been described
by Yang, Wang, Smith, Easter, et al. (2017).

3. Model Evaluation

To evaluate the model’s ability in simulating Arctic sulfate, Figure 2 compares the simulated seasonal cycle of
near-surface sulfate concentrations with observations at Barrow (note that the city of Barrow Alaska is now
called Utqiaġvik; 71°N, 156°W), Zeppelin (78°N, 11°E), Alert (82°N, 62°W), and Trapper Creek (62°N, 150°W)
sites in the Arctic. Site locations are shown in Figure 1a. Note that model results are averaged between
2010 and 2014, while observations represent the mean of certain years within 1997–2009, which may lead
to discrepancies between model and observations.

The observed sulfate concentrations over the Arctic generally reach their peak in boreal winter and spring and
trough in summer and autumn. The model roughly reproduces the seasonal pattern at the Barrow site but
simulates a shifted seasonal peak to late spring and early summer at the Zeppelin and Trapper Creek
sites and strongly underestimates the seasonal peak in spring at the Alert site. Sulfate at the Alert site is under-
estimated by a large amount in winter and spring compared to the observations, which was also reported by
other modeling studies (Breider et al., 2014; Eckhardt et al., 2015; Fisher et al., 2011). Arctic aerosol concentra-
tions have large spread among models. Previous multimodel intercomparison studies (Koch et al., 2009;
Shindell et al., 2008) reported large differences between simulated and observed Arctic aerosol concentra-
tions (e.g., sulfate and BC), including incorrect seasonality and orders-of-magnitude biases. With sulfate source
tagging technique, we can improve analysis of these biases as discussed in sections 4 and 6 below.

Figure S1 in the supporting information compares the vertical profiles of sulfate during the ARCTAS campaign
in April and July 2008 near the North American Arctic (Jacob et al., 2010). The modeled 2010–2014 average
profiles reproduce the larger concentrations in July than in April. The model and observations agree
around 5 km. However, the model overestimates near-surface sulfate concentrations in April but underesti-
mates in July, perhaps due to uncertainties in local SO2 emissions, natural DMS emissions, or model
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parameterizations. At 8 km, the model overestimates sulfate concentrations in both April and July indicating
that sulfate transported from distant sources to the Arctic is probably overestimated in this simulation. Based
on the source-receptor relationships discussed below, both the Arctic and North American Arctic (not shown)
sulfate concentrations around 8 km are mainly attributed to emissions from East Asia. This indicates a possi-
ble overestimation of SO2/sulfate transported from East Asia at high altitudes over the Arctic. Given that we
did not simulate the year 2008, we note that meteorological conditions specific to that year might also
contribute to differences.

Figure 3 compares June-July-August (JJA) mean column burden of SO2 derived from the Ozone Monitoring
Instrument (OMI; Li et al., 2013) and the model simulation. Uncertainties in satellite data include cloud con-
tamination, reduced satellite sensitivity to SO2 in the presence of aerosols, priori assumptions in the retrieval
algorithm for the vertical distribution of SO2, and spatial sampling bias in the satellite data. One specific issue
with the model simulation is less efficient oxidation of SO2 in the model, which may have resulted in an over-
estimate of SO2 concentrations in China in particular (Yang, Wang, Smith, Easter, et al., 2017). However, the
model captures well the spatial distribution of SO2 burden in the Arctic with large values near RBU Arctic.
We cannot make reliable quantitative comparisons over the Arctic, however, because almost none of the
Arctic OMI data pixels exceed the ~0.5 Dobson unit retrieval noise level (Li et al., 2013).

4. Source Attribution of Arctic Sulfate

Figure 4 shows the annual mean sulfate column burden contribution from each tagged source region/sector.
Relative contributions are presented in Figure 5. Source regions with strong emissions or near/within the

Figure 1. (a) Tagged source regions (EAS: East Asia, EUR: Europe, NAM: North America, RBU: Russia/Belarus/Ukraine, SAS:
South Asia, MDE: the Middle East, PAN: Pacific/Australia/New Zealand, NAF: North Africa, CAM: Central America, CAS:
Central Asia, SAF: Southern Africa, SAM: South America, SEA: Southeast Asia, and ROW: rest of the world). Spatial distribu-
tion of annual mean emissions of (b) anthropogenic SO2, (c) volcanic SO2, and (c) oceanic DMS (g S m�2 yr�1) averaged
over 2010–2014. The thick black line marks the Arctic cycle at 66.5°N. Dots in (a) are observational sites over Barrow (“B,”
71°N, 156°W), Zeppelin (“Z,” 78°N, 11°E), Alert (“A,” 82°N, 62°W), and Trapper Creek (“T,” 62°N, 150°W).
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Arctic have large contributions to the Arctic sulfate burden. The simulated annual mean sulfate column
burden over the Arctic is 2.19 mg m�2, with the largest contribution of 0.59 mg m�2 (27%) from East Asia
emissions. Sources from South Asia, ROW (largely local Arctic sources; section 2 above), and RBU each contri-
bute 11–13% of the Arctic sulfate column burden. North America, Europe, the Middle East, and Central Asia
each contribute 3–7%. Natural sources from volcanic activities (7%) and oceanic DMS (6%) together account
for 13% of the sulfate over the Arctic. The remaining source regions do not have a substantial influence (total
contribution less than 3%) on Arctic sulfate burdens due to their weak emissions and/or long transport path-
ways. Although anthropogenic sources (including fire emissions) dominate the Arctic sulfate burden, natural
sources are not negligible.

Figure S2 shows the source contributions to the annual mean near-surface sulfate concentrations, and the
relative contributions are presented in Figure S3. Compared to the sulfate column burden, contributions to
the Arctic near-surface sulfate concentration decrease dramatically from the remote source regions of
South Asia and East Asia and increase from 13% to 52% from the source region RBU. This indicates that

Figure 2. Seasonal variation of observed near-surface sulfate concentrations (μg m�3) at Arctic sites of Barrow for
1997–2008, Zeppelin for 1999–2008, Alert for 1998–2008, and Trapper Creek for 2001–2009, along with model values at
each site for 2010–2014. Observed concentrations are from the NOAA Pacific Marine Environmental Laboratory (http://
saga.pmel.noaa.gov/data/) for Barrow site, EMEP (http://ebas.nilu.no) for Zeppelin site, Environment Canada (Gong et al.,
2010) for Alert site, and IMPROVE (http://vista.cira.colostate.edu/improve/) for Trapper Creek site.

Figure 3. Spatial distribution of June-July-August (JJA) mean column burden of SO2 (units: Dobson unit) derived from
Ozone Monitoring Instrument (OMI) measurements (left panel) and model (right panel) over years of 2010–2014.
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the length of the transport pathway plays an important role in the source contributions to Arctic sulfate at
different heights.

Table 1 summarizes seasonal relative contributions from the tagged source regions/sectors to the Arctic sul-
fate. The strong seasonal variability in the contributions from particular source regions is determined by varia-
bility in both seasonal emission rates and meteorology (Eckhardt et al., 2015; Garrett et al., 2011; Shaw, 1995;
Shindell et al., 2008; Stohl, 2006; Wang et al., 2013). The relative contribution to the Arctic sulfate column bur-
den from South Asia emissions shows a seasonal peak in December-January-February (DJF) and September-
October-November (SON), with a value of 20%, compared to 8% in March-April-May (MAM) and JJA, even
though the source emissions from South Asia present very small seasonal variability (1%). Table S1 presents
the sulfate column burden efficiency, which is defined as the seasonal mean contribution to the Arctic sulfate
column burden divided by the corresponding SO2 emissions. The column burden efficiency for South Asia in
DJF/SON is about twice that in MAM/JJA, suggesting that each unit SO2 emission from South Asia in DJF/SON
leads to a doubled contribution to the Arctic sulfate column burden as compared to a unit emission in
MAM/JJA. This seasonality is likely due to strong removal during transport to the Arctic in MAM/JJA, rather
than local wet removal or regional chemistry in the source region, because the sulfate burden averaged over
South Asia in MAM/JJA (17–24 mg m�2) is similar to or even higher than that in DJF/SON (15–19 mg m�2).

Another example is RBU emissions, whose contribution to the Arctic sulfate burden is the largest in JJA
(17%), twice as much as in DJF and SON, while the emission rate has a seasonal trough in JJA. The column
burden efficiency for RBU shows a maximum in JJA and a minimum in DJF and SON, confirming the domi-
nant role of meteorology in influencing the seasonality of column burden contributions from RBU.
Considering that the sulfate burden averaged over RBU in JJA (4.7 mg m�2) is also larger than that in DJF
and SON (2.1–3.0 mg m�2), the higher JJA contribution is likely due to higher temperatures that increase
gas-phase reaction rates and oxidant concentrations in JJA, leading to the higher local sulfate concentra-
tions (Dawson et al., 2007). In contrast, the Arctic near-surface concentration efficiency (Table S1) from

Figure 4. Spatial distribution of contributions to annual mean column burden of sulfate (mg m�2) from the tagged source
regions/sectors. Mean contributions to the Arctic sulfate from individual source regions/sectors are shown at the bottom
right of each panel. Sources with relative contributions less than 1% are combined and shown as OTH (other).
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RBU is similar in JJA and MAM, which is due to offsetting effects of different seasonal near-surface transport
conditions, such as the location of the polar front. Sources in North America account for 9% of the Arctic
sulfate column burden in JJA and 3–4% in other seasons, which largely reflects the higher JJA column bur-
den efficiency for North America.

The contribution from East Asia emissions to the Arctic sulfate burden is four times larger than that from
Europe in MAM in this study. This is different from Fisher et al. (2011) who found that Europe and East Asia
have similar contributions in spring based on a chemical transport model simulation with year 2005 emis-
sions. The difference is due to the different domain of source regions defined and time periods. Their
Europe region (including parts of Russia) is larger than that in this study, leading to higher SO2 emissions
(6.9 Tg S yr�1 for 2008 from EMEP inventory) than in this study (4.2 Tg S yr�1 for 2008 and 3.3 Tg S yr�1 aver-
aged during 2010–2014 for our smaller Europe region). Also, their East Asia domain includes our source
regions East Asia, South Asia, and Southeast Asia, leading to a higher SO2 emission (23 Tg S yr�1 for 2008 from
the INTEX-B inventory) than the smaller East Asia source region in this study (17.8 Tg S yr�1 for 2008 and
17.6 Tg S yr�1 averaged during 2010–2014 from the Coupled Model Intercomparison Project Phase 6 emis-
sion inventory). Another reason could be that all SO2 was emitted from the surface (bottom layer) in the
model used by Fisher et al. (2011), while in our CAM5 simulation, SO2 from energy and industry sectors is
evenly distributed in the 100–300 m layer above the surface, favoring further lifting to the free troposphere
and long-range transport. Therefore, it is important to know the source region domain and the treatment of
emissions when comparing source attributions between different studies.

We now consider surface concentrations. Relative contributions to Arctic near-surface sulfate concentrations
are also shown in Table 1. Emissions from ROW, which includes the Arctic local emissions, have the largest
contribution among the tagged source regions/sectors, accounting for about 50% of the near-surface con-
centration of Arctic sulfate. Sources from RBU contribute 31% in DJF, likely associated with the strong north-
ward transport in winter (Sharma et al., 2006). Oceanic DMS contributes 18% in JJA, largely due to the boreal

Figure 5. Spatial distribution of relative contributions (%) to annual mean sulfate column burden from each of the tagged
source regions/sectors. Relative contributions to the Arctic mean burden from individual source regions/sectors are shown
at the bottom right of each panel. Sources with relative contributions less than 1% are combined and shown as OTH (other).
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summer maximumDMS emissions in Northern Hemisphere high latitudes. Anthropogenic sources combined
account for more than 80% of the annual Arctic near-surface sulfate concentration and 88% in MAM, similar
to the value of 83% in spring reported by Breider et al. (2014).

To examine the possible reasons for biases in simulated Arctic near-surface sulfate concentrations compared
to the observations, Table S2 presents the relative contributions to the sulfate concentrations over the four
sites compared in this study (Figure 2). In JJA, DMS contributes more than half of the surface sulfate at the
Zeppelin site. The simulated high value in JJA could, therefore, be due to an overestimation of DMS emissions.

At the Trapper Creek, Alaska site, North America is the largest contributor to the surface sulfate in JJA and the
dominant anthropogenic source. The large overestimate of surface sulfate at this site is, therefore, likely due
to an overestimation of the North America contribution. The major SO2 sources in North America are directly
measured and have a relatively low uncertainty (Smith et al., 2011). The differences at this site, therefore, are
likely due to either regional to local sources not well resolved in the global inventory or biases in parameter-
izations, transport, and/or sulfate production rates impacting emissions from North America in particular. The
topography near this site is complex with nearby large mountain peaks. The relatively low model resolution
used in this study might not be able to accurately represent this particular site. While the summer Trapper
Creek overestimate is consistent with the differences with ARCTAS (Figure S2), Trapper Creek does not show
the same April surface underestimate seen in the ARCTAS comparison. Note also that the model agrees much
better with surface observations at the more northern Barrow site (on the Arctic Ocean), where there is no
dominant source region (Table S2) and the local topography is less complex.

Table 1
Relative Contributions (%) From the Tagged Source Regions/Sectors to Mean Column Burden and Near-Surface Concentration
of Sulfate Over the Arctic in December-January-February (DJF), March-April-May (MAM), June-July-August (JJA), and
September-October-November (SON) and Annual Mean (ANN)

Contributions to sulfate column burden

NAM CAM SAM EUR NAF SAF MDE SEA
DJF 2.7 0.8 0.2 6.8 0.6 0.3 4.5 1.0
MAM 3.3 0.6 0.2 7.2 0.8 0.3 7.4 0.7
JJA 9.2 0.7 0.2 7.5 0.4 0.3 2.3 0.8
SON 4.4 0.9 0.1 5.5 0.4 0.2 3.2 0.8
ANN 4.8 0.7 0.2 6.8 0.6 0.3 4.6 0.8

CAS SAS EAS RBU PAN ROW VOL DMS
DJF 3.2 18.0 25.2 8.6 0.0 14.1 7.9 6.0
MAM 4.0 8.3 28.5 11.2 0.0 12.4 8.7 6.4
JJA 3.3 8.0 23.5 16.6 0.0 15.5 5.6 6.0
SON 3.2 21.9 30.4 8.2 0.0 11.4 4.6 4.8
ANN 3.5 13.4 27.1 11.2 0.0 13.2 6.9 5.9

Contributions to near-surface sulfate concentration

NAM CAM SAM EUR NAF SAF MDE SEA
DJF 2.0 0.0 0.0 5.4 0.1 0.0 0.9 0.0
MAM 2.2 0.1 0.0 3.7 0.1 0.0 1.0 0.0
JJA 5.1 0.1 0.0 3.9 0.1 0.0 0.6 0.0
SON 2.4 0.1 0.0 6.5 0.1 0.0 0.6 0.0
ANN 2.9 0.1 0.0 4.7 0.1 0.0 0.8 0.0

CAS SAS EAS RBU PAN ROW VOL DMS
DJF 7.1 0.4 3.5 30.7 0.0 46.2 1.1 2.5
MAM 2.9 0.4 5.7 17.5 0.0 54.4 1.9 10.1
JJA 1.3 0.2 3.4 14.4 0.0 50.9 1.6 18.3
SON 2.9 0.2 3.1 19.3 0.0 56.8 1.5 6.5
ANN 3.6 0.3 4.1 20.4 0.0 51.8 1.6 9.7

Note. CAM = Central America; CAS = Central Asia; DMS = oceanic dimethyl sulfide; EAS = East Asia; EUR = Europe;
MDE = the Middle East; NAF = North Africa; NAM = North America; PAN = Pacific/Australia/New Zealand;
RBU = Russia/Belarus/Ukraine; SAF = Southern Africa; SAM = South America; SAS = South Asia; SEA = Southeast Asia;
ROW = rest of the world; VOL = volcanic SO2
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At the Alert site, the model catches the minimum in JJA, but strongly underestimates the concentrations in
other seasons. EAS, RBU, and ROW together account for 65% of surface concentrations in MAM at this site.
Either emissions or transport from these regions likely account for this difference. We return to these
comparisons in the discussion.

Note that model results are averaged between 2010 and 2014, while observations represent the mean of cer-
tain years within 1997–2009. However, if concentrations are scaled by the ratio of emission over the years of
observation to 2010–2014 emission from each source region, the results are similar, except for the Trapper
Creek site where the discrepancy increases (Figure S4).

Figure 6 shows the vertical distribution of Arctic annual mean sulfate concentrations from the tagged source
regions/sectors, and Table S3 summarizes these values. Different source regions have very distinct vertical
distributions of Arctic sulfate. East Asia and South Asia have their maximum contributions at 9–12 km,
accounting for about one third of the Arctic sulfate concentrations in that height range, similar to the finding
of Shindell et al. (2008), whereas emissions from ROW (dominated by the Arctic in this case) account for half
of the Arctic sulfate at the surface and more than a quarter below 2 km. Another quarter below 2 km is con-
tributed by RBU emissions. European emissions have relatively small contributions at all levels with a peak
around 7 km, contributing 10% of the sulfate at this altitude. Natural volcanic emissions have a large contri-
bution (20%) at about 8 km due to high-altitude emission injection, while oceanic DMS emitted from the
ocean surface has a moderate contribution (8–9%) below 2 km. These local and remote sources lead to the
two peaks of Arctic sulfate concentrations located below 1 km and around 9 km, respectively. The vertical
profile would be expected to change over time as the relative emission levels in source regions vary.
Figure S5 provides the seasonal mean source contributions to the vertical distributions. In DJF, due to the
more southerly location of the Arctic front, it is easier for nearby aerosols (e.g., RBU) to move into the
Arctic lower troposphere compared to other seasons. This leads to a maximum contribution from RBU
located at lower altitudes in DJF, compared to other seasons. Due to stronger production of sulfate in East

Figure 6. Annual mean vertical profile of sulfate concentrations (μgm�3) over the Arctic contributed by the tagged source
regions/sectors (left) and their relative contributions (right). Sources with annual burden contributions less than 5% are
combined and shown as OTH (other).
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Asia in MAM relative to DJF and easier transport to the Arctic in MAM relative to JJA, East Asia has a large con-
tribution around 7 km in MAM. Lower precipitation and easier transport leads to a high South Asia contribu-
tion in DJF and SON around 13 km. These suggest an influence of meteorology on the seasonality of aerosol
transport from nonlocal sources to the Arctic.

Figure 7 presents the spatial distribution of Arctic sulfate burden originating from non-ROW sources in MAM
and JJA separately. The sulfate burden in JJA is higher compared to MAM in many regions outside the Arctic
(e.g., the Middle East, North America, North Atlantic Ocean, and North Africa). However, non-ROW source con-
tributions to the Arctic sulfate burden are lower in JJA (1.9 mg m�2) than in MAM (2.6 mg m�2) due to the
northerly location of the Arctic front in summer, blocking aerosols from outside the Arctic. This illustrates that
the seasonal variation of remote source contributions to the Arctic sulfate burden is primarily driven by the
seasonality of meteorology, such as the location of the Arctic front.

5. Arctic Sulfate RFari and Efficiency

To quantitatively highlight the role of sulfate aerosol in affecting the Arctic radiative balance, Figure 8 com-
pares the annual mean RFari of BC, radiative forcing due to BC in snow (calculated in the same simulation as
that for sulfate) and sulfate RFari at the surface and the TOA. Scattering and absorption of solar radiation by
BC particles produce a negative RFari of �0.08 W m�2 at the surface. BC deposited on snow can also absorb
solar radiation and leads to an Arctic-average positive surface forcing of 0.16 Wm�2. When adding these two
effects, BC exerts a net positive radiative forcing of 0.08 Wm�2 at the Arctic surface. Sulfate produces a nega-
tive RFari of �0.08 W m�2 at the Arctic surface, with �0.07 W m�2 contributed by anthropogenic emissions,
offsetting nearly all of the positive forcing at the surface from BC. At the Arctic TOA, atmospheric BC has a
positive RFari of 0.27 W m�2. Sulfate contributes a negative TOA RFari of �0.09 W m�2, with �0.08 W m�2

contributed by anthropogenic emissions.

The TOA RFari of atmospheric BC simulated in this study is on the low end of the forcing range of 0.30 to
0.66 W m�2 reported in previous studies (AMAP, 2015; Breider et al., 2017; Quinn et al., 2008), and the sulfate
TOA RFari is also weaker than those (�0.10 to �0.60 W m�2) reported in previous studies (AMAP, 2015;
Breider et al., 2017; Myhre et al., 2013; Quinn et al., 2008). The weaker RFari of sulfate simulated in this study
is due in part to the different latitude range of the Arctic used here. In this study, the Arctic is defined as
66.5°N–90°N, while most previous studies used 60°N–90°N. Within the 60°N–66.5°N band, aerosol loading
and insolation are usually stronger than the average over 66.5°N–90°N. The TOA RFari of anthropogenic sul-
fate over 60°N–90°N in this study is �0.13 W m�2, while the TOA RFari of atmospheric BC is 0.29 W m�2.
The 2010–2014 BC and sulfate TOA forcing are 7% and 63% larger for the 60°N–90°N region as compared
to the 66.5°N–90°N region. When considering a larger Arctic region, the area-average forcing of sulfate
increases substantially in these results, while that for BC does not change as much. This means that nega-
tive sulfate forcing offsets a larger portion of positive BC forcing at TOA in the lower latitude portions of
the Arctic.

Most of the previous studies used emissions before 2010, while in this study, emissions are for 2010–2014
when substantial reductions occurred in Europe, North America, and Russia. However, if forcing is scaled

Figure 7. Spatial distribution of sulfate burden (mg m�2) contributed by the non-ROW emissions in MAM and JJA.
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by the ratio of 2003–2007 (representing 2005 level) to 2010–2014 emissions from each source region, the
anthropogenic sulfate RFari over the Arctic (66.5°N–90°N) TOA is �0.09 W m�2, only slightly smaller than
the value we obtain for 2010–2014.

Quinn et al. (2008) simulated an annual mean Arctic sulfate RFari of �0.2 W m�2, which is 53% larger than
our value over the 60°N–90°N region but still much lower than �0.6 W m�2 reported by Breider et al.
(2017). Sulfate burden in spring (MAM) was 40% higher than that in summer (JJA) in Quinn et al. (2008),
whereas MAM burden was about 100% higher than JJA in Breider et al. (2017). In our study, Arctic sulfate
burden (66.5°N–90°N) is 2.8 mg m�2 in MAM, which is also only 40% higher than 2.0 mg m�2 in JJA. Our
annual mean sulfate burden of 2.2 mg m�2 is lower than 3.0 mg m�2 in Breider et al. (2017), partly explain-
ing the lower sulfate RFari simulated in our study. Another important factor affecting all-sky sulfate RFari is
the presence of clouds. If the forcing calculation uses clear-sky radiative fluxes in our model results, anthro-
pogenic sulfate RFari changes from �0.08 to �0.20 W m�2 in 66.5°N–90°N and from �0.13 to �0.31 W m�2

in 60°N–90°N. It indicates that model-simulated all-sky aerosol forcing strongly depends on cloud proper-
ties, which can also contribute to differences between modeling studies. Note that sulfate indirect radiative
forcing due to aerosol-cloud interactions, which is not analyzed here, may lead to an additional negative
radiative forcing. These findings indicate that sulfate aerosol may be as important as BC in influencing
the Arctic climate.

Figure 8. Spatial distribution of annual mean (a) black carbon (BC) radiative forcing due to aerosol-radiation interactions
(RFari), (b) radiative forcing (RF) due to BC in snow, (c) BC total RF, and (d) sulfate RFari (W m�2) at the surface, as well as
(e) BC and (f) sulfate RFari at the TOA. Values averaged over the Arctic are shown at the bottom right of each panel.
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Figure 9 shows the source contributions to the annual mean TOA sulfate RFari. Contributions to the Arctic
sulfate RFari are higher for sources with higher burden contributions (Figure 4). Anthropogenic sources from
East Asia, ROW (largely Arctic), and RBU contribute�0.020,�0.016, and�0.014Wm�2, respectively, followed
by North America, Europe, and South Asia, contributing between�0.006 and�0.009 Wm�2. Natural sources
including oceanic DMS emissions and volcanic emissions account for �0.010 W m�2. Interestingly, although
South Asia is the second largest contributor to the annual Arctic sulfate burden, its contribution to the annual
Arctic sulfate RFari is relatively small. This is because the seasonal contributions of South Asia emissions to
Arctic sulfate are out of phase with insolation. In JJA when insolation is the strongest, sulfate burden contrib-
uted from the South Asia source reaches its minimum (Table 1), leading to the weak annual mean RFari.

Figure 10a shows seasonal source contributions to the Arctic sulfate TOA RFari. Almost all source
regions/sectors show largest contributions in JJA when insolation is strong, while smallest in DJF when
almost no solar radiation reaches the Arctic. In JJA, emissions from the distant East Asia, neighboring sources
from RBU, and local Arctic sources (ROW) have similar contributions of�0.035 to�0.045 Wm�2 to Arctic sul-
fate RFari, indicating that both location and emission source strength are important. Sources from North
America, Europe, and South Asia and natural sources each add about �0.015 to �0.020 W m�2 in JJA. In
MAM, all major sources (excluding South Asia) show the second largest contributions to the Arctic sulfate

Figure 9. Spatial distribution of contributions to annual mean RFari of sulfate (W m�2) at the TOA from the tagged source
regions/sectors. Contributions to sulfate RFari (mW m�2) averaged over the Arctic from individual source regions/sectors
are shown at the bottom right of each panel. Sources with magnitude of annual Arctic anthropogenic sulfate RFari less than
�5 mW m�2 are combined and shown as OTH. Natural sources of DMS and VOL are combined and shown as NAT.
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RFari. The Arctic total sulfate RFari at the TOA are �0.20 and �0.08 W m�2 in JJA and MAM, respectively. BC
exerts maximum RFari at the TOA of +0.50 Wm�2 in JJA andMAM. The similar BC RFari in MAM and JJA is due
to a compensation between changes in BC burden and solar radiation. Transport of BC from remote source
regions in JJA is less than in MAM because of the northerly location of the Arctic front and efficient wet
scavenging during transport (e.g., Garrett et al., 2011; Mahmood et al., 2016; Stohl, 2006), while insolation
over the Arctic is stronger in JJA. The different seasonality between BC and sulfate forcing is also due to
the influence of the albedo of underlying surface on light absorption by atmospheric BC. The lower surface
albedo over the Arctic in JJA than MAM leads to a smaller BC RFari in JJA. These again indicate that sulfate
can be important in influencing the Arctic climate, especially in summer.

Figure 10b presents the interannual variation of source contributions to the annual Arctic sulfate RFari at the
TOA during 2010–2014, summarized in Table S4 along with regional sulfur emissions. The total Arctic sulfate
RFari has an interannual variation (relative standard deviation) of 10% among the 5 years. RBU has the largest
SO2 emission in 2012, for example, leading to its largest Arctic sulfate RFari contribution in that year. South
Asia has its largest contribution to the Arctic sulfate RFari in 2013, rather than 2014 when both the annual
and JJA emissions are strongest. These results indicate that for sources within or near the Arctic, emission
variability dominates the interannual variations of source contributions to the Arctic sulfate RFari, while inter-
annual variations of remote source contributions are strongly influenced by changes in meteorology.

Future reductions in anthropogenic SO2 emissions for air quality improvement can influence the Arctic cli-
mate through changing the sulfate RFari. Figure 11 shows the differences in source contributions to TOA sul-
fate RFari between the base simulation and a sensitivity simulation with a 20% reduction in anthropogenic
SO2 emissions globally. The 20% reduction leads to a net +0.019 W m�2 increase of TOA radiative flux. All
the anthropogenic source regions contribute a positive RFari (i.e., a reduced cooling forcing as compared
to the base case) due to the emission reduction, in proportion to their contributions to the total Arctic anthro-
pogenic sulfate RFari (Figure 9). East Asia, especially China, is expected to largely decrease its SO2 emissions in
the near future to mitigate air pollution. The 20% emission reduction can lead to a larger warming effect
contributed by East Asia than other source regions. Considering that the underestimation of China sulfate
concentration by a factor of 2 in CAM5 (Yang, Wang, Smith, Easter, et al., 2017) may lead to an

Figure 10. (a) Seasonal and (b) interannual variations of contributions of Arctic sulfate RFari (mW m�2) from individual
source regions/sectors at the TOA. Sources with magnitude of annual Arctic anthropogenic sulfate RFari less than
�5 mW m�2 are combined and shown as OTH. Natural sources of DMS and VOL are combined and shown as NAT.
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underestimation of sulfate transported from China to the Arctic, the warming effect from China emission
reductions could be even stronger than our current estimates. A joint reduction in BC emissions could reduce
the possible inadvertent Arctic warming from future SO2 emission reductions.

An Arctic forcing efficiency metric, defined as the annual mean TOA RFari contribution divided by the corre-
sponding regional emission, can be used to quantify the sensitivity of Arctic sulfate RFari to specific emission
source regions. Figure 12 shows that RBU sources have the largest Arctic RFari efficiency because of their
neighboring location. The relatively short transport pathways for emissions from North America and
Europe also lead to higher RFari efficiencies for these two source regions. Dry conditions in Central Asia result
in a long sulfate lifetime and thus a high Arctic RFari efficiency. The RFari efficiencies calculated from the sen-
sitivity simulation with 80% of the original anthropogenic SO2 emissions are similar to efficiencies calculated
from the base simulation, suggesting that the efficiencies do not change much with a relatively small
emission perturbation.

To put these results into context, we present an illustrative calculation of the impact of sulfate and BC on
equilibrium Arctic surface temperatures. The Arctic equilibrium temperature response to RFari in different
source regions is estimated using Arctic climate sensitivity factors for different latitudinal bands from Sand
et al. (2016). Note that the Arctic region is defined as 60°N–90°N for this calculation, corresponding to the
definition of the Arctic climate sensitivity factors. This method has been used in many previous studies

Figure 11. Differences in contributions to annual mean Arctic sulfate RFari (W m�2) from individual anthropogenic source
regions at the TOA due to a 20% reduction of anthropogenic SO2 emissions. Arctic mean values (mW m�2) are shown at
the bottom right of each panel. Sources with differences less than 1.0 mW m�2 are combined and shown as OTH.
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(Breider et al., 2017; Collins et al., 2013; Flanner, 2013; Sand et al., 2016; Shindell & Faluvegi, 2009). We
estimate the temperature impact of Arctic local BC RFari using a different method. While the impact of BC
on Arctic surface temperature depends on altitude (Flanner, 2013), vertically resolved forcing was not
calculated in our simulations. Thus, a vertically integrated temperature-forcing relationship from Shindell
and Faluvegi (2009) is used to estimate temperature impact of Arctic BC forcing. Table S5 shows these
factors for BC and sulfate RFari at different latitudinal bands. The estimated equilibrium Arctic surface
temperature response to global anthropogenic sulfate (Table 2) RFari is �0.19 K. Emissions in East Asia con-
tribute �0.05 K to the Arctic surface temperature response, mainly due to its sulfate RFari over 28°N–60°N,
followed by �0.01 to �0.03 K due to sources from ROW (including the Arctic), South Asia, the Middle East,
Europe, and North America. In comparison, BC RFari leads to a +0.33 K Arctic surface temperature response,
which is partly offset by sulfate RFari. BC albedo feedback on snow and ice is not included in this estimate and
would add additional warming.

6. Conclusion and Discussion

Source attributions of Arctic sulfate and RFari for 2010–2014 are quantified using the CESM with a sulfur
source-tagging technique. Following a previous study (Yang, Wang, Smith, Easter, et al., 2017) that examined
the global source-receptor relationship of sulfate, 14 source regions and two natural sectors are tagged. The

Figure 12. Annual mean Arctic sulfate RFari efficiency (mW m�2 (Tg S yr�1)�1) of the tagged source regions/sectors
calculated for the base simulation (blue bars), the sensitivity simulation with a 20% reduction in anthropogenic SO2
emissions (orange bars), and the difference in RFari between the two simulations divided by the corresponding 20%
emissions (gray bars). The sulfate RFari efficiency is defined as the annual mean contribution to Arctic sulfate RFari at the
TOA divided by the corresponding SO2 emissions. Only the top seven RFari efficiencies in the Northern Hemisphere are
shown here.

Table 2
Arctic Surface Temperature Response (K) to Sulfate and Black Carbon Radiative Forcing Due to Aerosol-Radiation Interactions

Forcing location NAM CAM SAM EUR NAF SAF MDE SEA

60°N–90°N �2.8E�03 �9.1E�05 1.1E�04 �3.6E�03 �4.5E�05 6.7E�05 �1.2E�03 �1.0E�04
28°N–60°N �9.4E�03 �1.4E�03 1.3E�04 �9.7E�03 �1.2E�03 3.8E�05 �7.1E�03 �2.7E�04
28°S–28°N �1.4E�03 �2.9E�03 �3.3E�03 �2.1E�03 �1.4E�03 �6.4E�03 �7.5E�03 �2.5E�03
90°S–28°S 3.3E�05 7.3E�06 �4.8E�04 3.3E�05 3.7E�05 �9.5E�04 2.9E�06 �7.6E�05
Total �1.4E�02 �4.5E�03 �3.5E�03 �1.5E�02 �2.5E�03 �7.3E�03 �1.6E�02 �3.0E�03

Forcing location CAS SAS EAS RBU PAN ROW Sulfate BC

60°N–90°N �1.3E�03 �3.4E�03 �8.3E�03 �7.0E�03 1.7E�04 �6.3E�03 �3.4E�02 �2.4E�02
28°N–60°N �3.1E�03 �7.9E�03 �2.9E�02 �7.4E�03 2.0E�04 �1.0E�02 �8.6E�02 1.1E�01
28°S–28°N �7.6E�04 �1.2E�02 �1.1E�02 �6.4E�04 �8.9E�04 �1.3E�02 �6.5E�02 2.4E�01
90°S–28°S 3.6E�05 �1.8E�04 �3.3E�04 3.8E�05 �2.6E�04 �5.6E�04 �2.7E�03 6.3E�03
Total �5.1E�03 �2.4E�02 �4.8E�02 �1.5E�02 �7.8E�04 �3.0E�02 �1.9E�01 3.3E�01

Note. The Arctic region is defined as 60°N–90°N here. BC = black carbon; CAM = Central America; CAS = Central Asia; EAS = East Asia; EUR = Europe; MDE = the
Middle East; NAF = North Africa; NAM = North America; PAN = Pacific/Australia/New Zealand; RBU = Russia/Belarus/Ukraine; SAF = Southern Africa;
SAM = South America; SAS = South Asia; SEA = Southeast Asia; ROW = rest of the world.
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Arctic was generally defined as 66.5°N–90°N in this work. Results show that regions with high emissions
and/or near/within the Arctic have large contributions to the Arctic sulfate burden. Sources from East Asia
have the largest contribution to the Arctic sulfate column burden, with an annual mean contribution of
27%, followed by 11–13% each from South Asia, ROW (including the Arctic), and RBU sources. Natural sources
contribute 13% of the Arctic sulfate burden. Unlike the column burden, 50% of the near-surface concentra-
tions are from Arctic local emissions (part of the ROW region), followed by RBU and DMS sources.

Different source regions contribute distinct vertical distributions. Distant source regions have larger Arctic
sulfate contributions at higher altitudes. East Asia and South Asia have their maximum of contributions at
9–12 km, whereas sources from ROW (dominated by Arctic sources) and RBU account largely for the Arctic
sulfate below 2 km.

Meteorology has a strong impact on the seasonality of contributions from emission sources outside the
Arctic, with meteorological effects largely determining the seasonal contribution pattern from remote
regions. The location of the Arctic front has a large influence on nearby emissions, for example, the RBU
region, as also found for BC by Stohl et al. (2013).

Anthropogenic sulfate gives a negative RFari of�0.07 Wm�2 at the Arctic surface, largely offsetting the posi-
tive forcing from BC-in-snow heating. Sulfate RFari is �0.08 W m�2 at the TOA, offsetting one third of the
positive TOA RFari from atmospheric BC, indicating that sulfate aerosol is an important direct influence on
Arctic climate. We find that the absolute magnitude of sulfate forcing increases relative to that of BC when
a larger Arctic region is considered (60°N–90°N). This means that a larger portion of BC positive forcing is
being offset by sulfate cooling at lower Arctic latitudes.

Sources from East Asia, ROW (dominated by local Arctic sources), and RBU contribute �0.020, �0.016, and
�0.014 W m�2, respectively, to the total Arctic sulfate RFari at the TOA, followed by between �0.006 and
�0.009 W m�2 from North America, Europe, and South Asia. Natural sources including oceanic DMS emis-
sions and volcanic emissions account for �0.010 W m�2.

Almost all source regions/sectors show a seasonal sulfate TOA RFari contribution peaks in JJA when insolation
is the strongest. In JJA, emissions from distant East Asia, neighboring sources in RBU, and local Arctic sources
(in ROW) have similar contributions of �0.035 to �0.045 W m�2 to the Arctic sulfate RFari, indicating that
both location and emission strength of source regions are important to the Arctic sulfate RFari. In the 5 years
(2010–2014) simulated in this study, total Arctic sulfate RFari has an interannual variation of 10%. For sources
within or near the Arctic, emission variability dominates the interannual variations in source contributions to
the Arctic sulfate RFari, while interannual variations of remote source contributions are more influenced by
meteorological changes.

A 20% reduction in anthropogenic SO2 emissions leads to a net +0.019 Wm�2 increase of radiative flux at the
Arctic TOA, with the largest contribution from East Asia source, which is expected to largely decrease in near
future to mitigate aerosol pollution problems. Overall, reductions in BC emissions might be able to prevent
inadvertent Arctic warming from future reductions in SO2 emissions.

Results suggest that source emissions near the Arctic together with meteorology favoring a longer lifetime is
more efficient in influencing Arctic sulfate RFari. Arctic sulfate RFari efficiency, defined as the Arctic TOA RFari
induced per unit source emission, is largest for RBU sources because of their neighboring location. Shorter
transport pathways and/or less efficient wet removal also lead to relatively high RFari efficiencies for North
America, Europe, and Central Asia.

Using equilibrium Arctic climate sensitivity factors from previous studies, anthropogenic sulfate results in
0.19 K of Arctic (here 60°N–90°N) cooling, with the largest response from sulfate RFari over midlatitudes of
the Northern Hemisphere (e.g., East Asia). Arctic local forcing from atmospheric BC produces a cooling; how-
ever, warming from remote BC results in a net positive +0.33 K Arctic surface temperature response (not
including snow/ice feedbacks), which is partly offset by sulfate cooling.

It is challenging for global models to accurately capture both the seasonality and magnitude of Arctic sulfate
concentrations (Shindell et al., 2008). Compared to surface sulfate observations in the Arctic, our CAM5 simu-
lation roughly reproduces the seasonal pattern. The simulation overestimates concentrations at two of four
sites (Zeppelin and Trapper Creek) in late spring and early summer. In JJA, DMS contributes more than 50% to
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surface sulfate at the Zeppelin site, pointing to a potential overestimation of the exogenous DMS emission
fields used in our simulations. In line with the results from Breider et al. (2017), we conclude that accurate
DMS emissions are important in simulating sulfate concentrations at this site.

At the Trapper Creek site in Alaska, sulfate concentrations are overestimated by the model, as also found by
Breider et al. (2014). At the Alert site, our model catches the minimum in JJA but strongly underestimates the
concentrations in other seasons, which has also been reported bymany other modeling studies (Breider et al.,
2014, 2017; Eckhardt et al., 2015; Fisher et al., 2011). However, it is challenging to pinpoint the source of this
difference because no source region shows a dominant contribution at this site.

Overall, the results of these comparisons are mixed, with both overestimates and underestimates. Over
summer, which dominates sulfate forcing over the Arctic, the model seems to do well for the anthropogenic
component of emissions except for the Trapper Creek site, where the global model likely cannot capture the
influence of the complex topography there. Spatial downscaling of the model results would be useful to
improve model/site-data comparisons.

Note that differences in emission data sets, SO2 injection height, model physics, and meteorology can all
cause a disagreement in the source attribution of sulfate between models. In areas with complex topography
or large gradients in emissions, comparing point measurements can also be problematic. Eckhardt et al. (2015)
evaluated the aerosol simulation in the Arctic by multiple models and concluded that no class of models per-
formed substantially better than the others, and differences in model performance were largely attributed to
the treatment of aerosol removal in the models. Table S6 compares the column burden and deposition of sul-
fate over the whole globe and the Arctic in this study with those from Breider et al. (2017). The annual sulfate
deposition shows large differences between the two studies, due to differences in emissions, model physics,
and the Arctic latitude range. The difference in wet deposition leads to different burdens.

Forcing due to aerosol-cloud interactions may also influence the Arctic, but it is not specifically analyzed in
this study due to large uncertainties in the treatment of Arctic clouds and cloud-aerosol interactions in cli-
mate models (McFarquhar et al., 2011). Aerosols can also influence poleward heat transport, which may also
have a substantial influence on the Arctic energy balance (Sand et al., 2013) but is not considered in this
source attribution study.
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