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Figure 1.1. Arctic sea-ice extent for September 2010. The magenta 
line shows the 1979 to 2000 median extent for that month. The 
black cross indicates the geographic North Pole. Source: National 
Snow and Ice Data Center.

1. Introduction
The Arctic Monitoring and Assessment Programme 
(AMAP) established an Expert Group on Short-
Lived Climate Forcers (SLCFs) in 2009 with the 
goal of reviewing the state of science surrounding 
SLCFs in the Arctic and recommending the science 
tasks that AMAP should conduct or promote to 
improve the state of knowledge and its application 
to policy-making. In addition, the Expert Group was 
charged with providing scientific advice regarding 
the assessment of Arctic climate benefits of the 
mitigation strategies investigated by the Task Force 
on SLCFs established by the Arctic Council. This 
document is a result of the work completed by 
the AMAP Expert Group on SLCFs. It focuses on 
black carbon (BC) but also considers the impact of 
co-emitted organic carbon (OC). The analyses are 
focused on Arctic impacts with the Arctic defined as 
all regions north of 60° N. This limited perspective is 
not meant to downplay the importance of the other 
SLCFs, including methane (CH4) and ozone (O3), but 
reflects the limited time line provided by AMAP and 
the expertise of the membership of the Expert Group. 
Future efforts that detail impacts of CH4 and O3 on 
Arctic climate are recommended.

Arctic temperatures have increased at almost 
twice the global average rate over the past 100 years 
(IPCC, 2007; AMAP, 2011). From 1954 to 2003, annual 
average surface air temperatures increased from 2 to 
3 °C in Alaska and Siberia. The increase during the 
winter months has been up to 4 °C (ACIA, 2004). 
In the period since the completion of the Arctic 
Climate Impact Assessment in 2004 (ACIA, 2004), 
the Arctic has experienced its highest surface air 
temperatures of the instrumental record (AMAP, 
2011). Warming in the Arctic has been accompanied 
by an earlier onset of spring melt, a lengthening of 
the melt season, and changes in the mass balance of 
the Greenland Ice Sheet (Zwally et al., 2002; Stroeve 
et al., 2006, AMAP, 2011). In addition, Arctic sea-ice 
extent decreased in every month between 1979 and 
2006 (Serreze et al., 2007a). During the 2007 melt 
season, Arctic sea-ice extent fell to the lowest levels 
observed since satellite measurements began in 1979, 
resulting in the first recorded complete opening of 
the Northwest Passage (NSIDC, 2007). Arctic sea-ice 
extent for September 2010 was the third lowest in the 
satellite record for the month behind 2007 (lowest) 
and 2008 (second lowest) (NSIDC, 2010) (Figure 
1.1). Both the Northwest Passage and the Northern 
Sea Route were open for a period during September 
2010. The Norwegian trimaran Northern Passage and 
the Russian yacht Peter I each successfully navigated 

both passages and circumnavigated the Arctic in a 
single season.

Overall, the 2001–2010 average September 
monthly sea-ice extent is 5.56 million km2; 21.0% 
below the 1979–2000 average of 7.04 million km2. 
The trend over the ten-year period is -201 000 km2 
per year (-28.5% per decade relative to the 1979–2000 
average) (AMAP, 2011).

Impacts of ice loss include reduction in the Earth’s 
albedo; a positive feedback that leads to further 
warming. As the sun rises in the spring, temperatures 
increase, and snow on the surface begins to melt 
leading to the exposure of bare sea ice, melting ponds 
and, with continued melting, ocean water. Exposing 
the underlying dark surfaces leads to a decrease in 
albedo, an increase in the absorption of solar energy, 
and further warming. The result, a snow-albedo 
feedback, is one of the reasons that the Arctic is highly 
sensitive to changes in temperature. The earlier onset 
of spring melt observed in recent years is of particular 
concern as this is the season of maximum snow-
albedo feedback (e.g., Hall and Qu, 2006).

Timescales for a collapse of the Greenland 
Ice Sheet and a transition to a seasonally ice-free 
Arctic are highly uncertain, as are the regional and 
global impacts. However, clear ecological signals 
of significant and rapid response to these changes 
within the Arctic are already present. For example, 
paleolimnological data from across the Arctic 
have recorded striking changes in diatoms and 
other bioindicators corresponding to conditions of 

Sea Ice Extent-September 2010

Total extent = 4.9 million sq km median ice edge
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decreased ice cover and warming (Smol et al., 2005). 
Circumpolar vegetation is also showing signs of rapid 
change, including an expansion of shrub and tree 
coverage (Chapin et al., 2005). An earlier snowmelt on 
land in Arctic and alpine tundra will have direct and 
substantial impacts on plant primary production. A 
two-week prolongation of the growing season in May 
(when global radiation influx is at maximum) will 
potentially result in a 15–25% increase in productivity 
(whereas a similar prolongation in September/
October has no effect as light quality is inferior for 
photosynthesis) (Björk and Molau, 2007). However, 
the major proportion of that increase in tundra plant 
biomass will be accounted for by invasive boreal 
species (e.g., birch, willow, blueberry, certain grasses), 
outcompeting the resident Arctic specialist species 
(Sundqvist et al., 2008). This shift in plant biodiversity 
will have immediate negative impacts on animal 
biodiversity, which, in turn, implies large shifts in the 
lifestyle of indigenous peoples and for activities such 
as tourism and reindeer husbandry. This ongoing 
‘shrubbification’ has already been documented to 
occur in the Arctic and subarctic parts of Alaska and 
Scandinavia (Walker et al., 2006). Reduction in sea 
ice is also likely to be devastating for polar bears, 
ice-dependent seals, and people who depend on 
these animals for food (ACIA, 2004). Warming of the 
Arctic will also impact the planet as a whole (ACIA, 
2004) as melting of Arctic glaciers is one of the factors 
contributing to sea-level rise around the world and 
weakening of the thermohaline circulation. Recent 
research has suggested that loss of Arctic sea ice can 
also impact atmospheric circulation patterns over 
much of the Northern Hemisphere (Overland and 
Wang, 2010).

Arctic warming is a manifestation of global 
warming, such that reducing global-average 
warming will reduce Arctic warming and the rate of 
melting (IPCC, 2007). Reductions in the atmospheric 
burden of carbon dioxide (CO2) are the backbone of 
any meaningful effort to mitigate climate forcing. 
But even if swift and deep reductions were made, 
given the long lifetime of CO2 in the atmosphere, 
the reductions may not be achieved in time to delay 
a rapid thawing of the Arctic. Hence, the goal of 
constraining the length of the melt season and, in 
particular, delaying the onset of spring melt, may 
best be achieved by also targeting shorter-lived 
climate forcing agents; especially those that impose 
a surface forcing that may trigger regional scale 
climate feedbacks pertaining to the melting of sea ice.

CH4, O3, and BC-containing aerosols are the species 
commonly identified as being short-lived climate 
forcers. With a lifetime of about nine years (Prinn et 
al., 1995), CH4 is much shorter lived than CO2 but is 

still globally well-mixed. On a per molecule basis, 
CH4 is a more effective greenhouse gas (GHG) than 
CO2 (IPCC, 2001). Radiative forcing by CH4 results 
directly from the absorption of longwave radiation 
and indirectly through chemical reactions that lead 
to the formation of other radiatively important gases 
(Wuebbles and Hayhoe, 2002). Tropospheric O3 is 
also a GHG and can affect Arctic climate by altering 
local radiation fluxes and modulating the transport 
of heat to the polar region (Shindell, 2007).

BC is the most efficient atmospheric particulate 
species at absorbing visible light. As a result, it exerts 
a warming effect that contrasts with the cooling effect 
of purely scattering aerosol components. Pure BC 
particles rarely occur in the atmosphere, however. 
Soon after emission, BC becomes mixed with other 
aerosol chemical components such as sulfate and 
organics. BC-containing aerosols can have either 
a warming effect or a cooling effect on climate 
depending on the albedo of the underlying surface 
relative to the albedo of the BC haze itself. The albedo 
of the haze depends on what other chemical species 
are present, their relative amounts, and whether 
they primarily scatter or absorb light. As a result, 
when determining the climate impact of BC and the 
effectiveness of a given mitigation strategy, species 
co-emitted with BC (e.g., OC and SO2) must be taken 
into account.

BC-containing aerosols in the Arctic can perturb 
the radiation balance in a number of ways (see Figure 
1.2). Direct aerosol forcing (rightmost column in 
Figure 1.2) occurs through absorption or scattering 
of solar (shortwave) radiation by aerosols. An 
absorbing aerosol, such as one containing BC, over 
a highly reflective surface will result in a warming 
at altitudes above and within the haze layer (Shaw 
and Stamnes, 1980). The added atmospheric heating 
will subsequently increase the downward longwave 
radiation to the surface, warming the surface. With 
the highly reflective surfaces typical of the Arctic 
springtime, even a moderately absorbing aerosol can 
lead to a heating of the surface-atmosphere-aerosol 
column.

Radiative forcing by BC can also result from 
aerosol-cloud interactions. The aerosol first indirect 
effect in the shortwave (middle right column in Figure 
1.2) occurs when pollution particles lead to an increase 
in cloud droplet number concentration, a decrease in 
the size of the droplets, a corresponding increase in 
shortwave cloud albedo, and a cooling at the surface 
(Twomey, 1977). Measurements made at Barrow, 
Alaska over a four-year period indicate that pollution 
transported to the Arctic produces high cloud drop 
number concentrations and small cloud drop effective 
radii in low-level cloud microstructures (Garrett 
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Figure 1.2. Forcing mechanisms in the Arctic due to short-lived pollutants. ∆Ts indicates the surface temperature response.

et al., 2004). Measurements and global modeling 
studies indicate that carbonaceous aerosols have 
a significantly larger impact on cloud albedo than 
sulfate aerosols (Lohmann et al., 2000; Chuang et al., 
2002; Leaitch et al., 2010). Aerosol-cloud interactions 
can also lead to a significant longwave forcing and 
warming at the surface (leftmost column in Figure 
1.2). When the cloud drop number concentration of 
thin Arctic liquid-phase clouds is increased through 
interaction with anthropogenic aerosols, the clouds 
become more efficient at trapping and re-emitting 
longwave radiation (Garrett and Zhao, 2006).

BC-containing aerosol has an additional forcing 
mechanism when it is deposited to snow and ice 
surfaces (Clarke and Noone, 1985). Such deposition 
enhances absorption of solar radiation at the 
surface which can warm the lower atmosphere and 
induce snow and ice melting (middle left column 
in Figure 1.2). The BC snow/ice forcing mechanism 
is in addition to the stronger snow-albedo feedback 
process. Snow-albedo feedback is driven by the 
melting of snow and loss of sea ice exposing darker 
surfaces and enhancing absorption of radiation and 
surface warming. Surface temperature responses 
are strongly linked to surface radiative forcings 
in the Arctic because the stable atmosphere of the 
region prevents rapid heat exchange with the upper 
troposphere (Hansen and Nazarenko, 2004).

In light of the many atmospheric processes 
altering the properties and lifetime of BC, the 

potential for transport of BC to the Arctic and 
deposition to reflective surfaces, and the multiple 
forcing mechanisms, it is necessary to consider the 
entire source-climate response spectrum in order 
to establish the impact of changing emissions and 
the effectiveness of mitigation action. Figure 1.3 
illustrates the opportunities and challenges in 
characterizing BC impacts on Arctic climate. The 
figure makes clear the need to quantify how changes 
in emissions affect atmospheric concentrations and 
surface albedo, and how these changes relate to the 
specific climate response (changing temperature, 
snow/ice cover and precipitation) using models. 
There is no single BC indicator that directly relates 
to the climate response.

The remaining parts of this report include a 
review of the most recent literature as well as results 
of model calculations undertaken for this assessment. 
Section 2 reviews the chemical, physical, and optical 
properties of BC that make it a short-lived climate 
forcer. The methods used for measuring BC and 
modeling its transport to the Arctic and radiative 
forcing are reviewed in Section 3. Emissions of BC as 
a function of energy sector and geographical region 
are addressed in Section 4. Transport of BC to the 
Arctic is reviewed in Section 5 and seasonality and 
trends of Arctic BC concentrations are reviewed in 
Section 6. Estimates of the radiative forcing due to 
specific sources (by energy sector and geographical 
region) are presented in the latter half of the report 
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Figure 1.3. Conceptual model of the links between BC emissions and Arctic climate response. The sections in the text that describe 
each part of the figure are indicated.

(Sections 7 and 8). This analysis takes into account 
BC and co-emitted OC with the goal of identifying 
the sources that have the largest potential impact 

on Arctic climate. The report concludes with 
two sections addressing knowledge gaps and 
recommendations for future research.

2. Formation and properties  
   of black carbon

Black carbon is uniquely identifiable among all 
particulate phase species due to its morphology, 
strong absorption of solar radiation, refractory nature 
(stability at high temperatures), and insolubility 
in water. BC is a product of the combustion of 
hydrocarbon-based fuels when there is not enough 
oxygen to yield a complete conversion of the fuel 
into CO2 and water. Through the combustion 
process, small graphitic particles of the order of tens 
of nanometers in size are formed (Slowik et al., 2004). 
These particles change rapidly after emission as they 
collapse into densely packed clusters (Martins et al., 
1998) and take up water and other gas phase species 
also emitted during combustion.

Size distributions of BC-containing aerosol are a 
function of the production mechanism of the aerosol 
and atmospheric processing that has occurred since 
emission. Newly emitted BC particles resulting 
from combustion are found primarily in the 
submicrometer size range. Measurements of aircraft 
exhaust immediately after emission reveal a primary 
BC mode with a diameter around 30 nm and a larger 

mode of BC particles with a diameter of ~150 nm 
(Petzold et al., 1999). Schwarz et al. (2008) reported 
measurements of BC cores in fresh urban and 
biomass burning plumes using a single particle soot 
photometer or SP2. As described in Section 3, the SP2 
is able to measure the size of BC cores in the 90 to 600 
nm size range as well as the fraction of the number of 
BC particles with associated coatings. Shiraiwa et al. 
(2008) made similar measurements in aged plumes 
in Asian outflow. BC cores in urban plumes were 
found to have mass geometric diameters of 170 nm 
while BC cores in aged Asian plumes were larger in 
size at 200 to 220 nm. The larger size in aged plumes 
suggests growth via coagulation during transport 
away from the source region. BC cores in biomass 
burning plumes were similar to those in aged urban 
plumes with a size of 210 nm.

Coal piles, such as have been reported to exist 
in Svalbard (Myhr, 2003) may also provide a local 
source of BC-containing particles to the Arctic. 
The wind-driven production of coal dust results 
in considerably larger particles than combustion 
(Ghose and Majee, 2007). Sedimentation rates 
increase with particle size so that particles larger 
than about 10 µm in diameter have much shorter 
lifetimes than submicrometer particles (hours versus 
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days). In addition, the absorption coefficient per 
unit mass decreases with particle size for diameters 
larger than about 200 nm (Bergstrom, 1973). From a 
climate perspective, these large coal dust particles are 
expected to have a localized effect on climate through 
the BC-snow albedo forcing mechanism. Their short 
lifetime limits their impact through atmospheric 
forcing. Hence, the following discussion focuses on 
BC particles derived from combustion.

After emission, combustion particles coagulate 
with each other and react with particles and gases 
in the surrounding atmosphere. Measurements 
indicate that the uptake of gas phase species, 
coagulation, and atmospheric reactions occur of 
the order of hours after emission. For example, 
measurements made downwind of Japan showed 
that BC particles became internally mixed with 
other aerosol components (e.g., sulfate and OC) on 
a time scale of 10 hours in an urban plume (Moteki 
et al., 2007). As a result, pure BC particles are rarely 
observed in the atmosphere. The impact of the rapid 
processing of BC after emission on the composition 
of the resulting BC-containing particles, their optical 
and cloud nucleating properties, and their lifetime 
are described below.

The composition of combustion particles 
depends, in part, on the fuel burned. Fossil fuel 
combustion results in emissions of BC and OC with a 
relatively high ratio of BC to OC mass concentration. 
Sulfate is also emitted. Combustion of biomass 
(wood, solid waste, forest, grass) also results in the 
emission of BC and OC but with a lower ratio of BC 
to OC mass concentration. Other particulate species 
such as potassium and ammonium are also emitted. 
Combustion of fossil fuel and biomass also results 
in the emission of gas phase species including SO2, 
NOx, CO, and volatile organic carbon species. The 
composition of the co-emitted species as well as 
the air masses the combustion particles encounter 
during transport affect the way in which the BC 
ages, including its degree of hygroscopicity (i.e., 
ability to take up water), its ability to nucleate cloud 
droplets, and its absorption and scattering of solar 
radiation. The properties acquired during the aging 
process determine the atmospheric lifetime of the 
BC-containing aerosol.

BC is hydrophobic upon emission but becomes 
increasingly hydrophilic, or hygroscopic, as it 
takes up gases, coagulates with nearby particles, 
and undergoes atmospheric reactions with species 
in the surrounding atmosphere (e.g., Abel et al., 
2003). A recent review of observations of aerosol 
hygroscopicity from remote and urban regions 

showed that hydrophobic particles are found only 
near emission sources (Swietlicki et al., 2008). These 
results confirm that the lifetime of hydrophobic 
particles (which are indicative of BC) is of the 
order of hours. As BC-containing aerosol becomes 
more hydrophilic, its chances of removal from 
the atmosphere through in-cloud scavenging and 
precipitation increase (Stier et al., 2006). Hence, 
the conversion of BC-containing particles from 
hydrophobic to more hydrophilic changes the 
lifetime of BC. At the same time, the BC-containing 
particles may alter cloud properties.

The ability of an aerosol particle to take up 
water to the point that it activates and forms a 
cloud droplet depends on its size and composition 
(or hygroscopicity) and the supersaturation within 
the cloud. At high supersaturations, most particles 
will activate droplet formation regardless of size or 
composition. For the relatively low supersaturations 
of Arctic stratiform clouds, small hydrophobic 
particles will not form cloud droplets (Shaw, 1986). 
Hence, freshly emitted BC particles, which are 
both small and hydrophobic, will make very poor 
nucleation sites for cloud droplets. In contrast, aged 
BC particles, which have grown in size and become 
more soluble since emission, will have an increased 
ability to nucleate cloud droplets. Measurements of 
BC particles in Tokyo showed that the number of BC 
particles able to nucleate cloud droplets increased as 
the amount of soluble material condensed upon the 
BC increased (Kuwata et al., 2007). Hence, the aging 
of BC during transport to the Arctic (Figure 2.1) is 
expected to affect its ability to form cloud droplets 
and influence cloud properties and aerosol indirect 
forcing.

As will be discussed in more detail in Section 5, 
the time for transport of BC from extra-Arctic source 
regions to the Arctic is typically of the order of 
several days to weeks (e.g., Heidam et al., 2004). This 
timeframe can be appreciably longer than the time 
for ‘aging’ or conversion to a hydrophilic particle. 
Whether BC emitted in lower latitudes is transported 
to and deposited within the Arctic depends, in part, 
on atmospheric processing en route and whether it 
is removed from the atmosphere before it reaches 
the Arctic, as well as cloud conditions in the Arctic 
itself. Accurately modeling the transport of BC to the 
Arctic is difficult as there is considerable uncertainty 
associated with the timescales of atmospheric 
processes that transform freshly emitted, near 
hydrophobic particles into less hydrophobic and 
eventually more hygroscopic aerosol particles 
(Swietlicki et al., 2008). The prescribed time for 
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conversion of BC particles from hydrophobic to 
hydrophilic varies between models but is typically 
a day or less (e.g., Park et al., 2005). This timescale 
agrees with recent measurements but a uniform 
value or even values that are allowed to vary within a 
model based on coincident concentrations of soluble 
species cannot account for all processes affecting 
hygroscopicity.

The transformations undergone by BC after 
emission also have implications for the magnitude 
of light absorption by the resulting internally mixed 
aerosol. It has been shown theoretically that light 
absorption by an absorbing core is enhanced when 
coated with scattering material (Fuller et al., 1999). 
The scattering shell serves to amplify the amount 
of solar radiation hitting the BC core. Calculations 
indicate that the core-shell configuration enhances 
light absorption by the particles by up to 50–100% 
(e.g., Bond et al., 2006; Shiraiwa et al., 2008). 
Absorption enhancements due to coating of BC 
cores have also been observed experimentally (e.g., 
Schnaiter et al., 2005; Zhang et al., 2008).

Methods for measuring mass concentrations of 
BC and OC and the light absorption due to BC are 
described in Section 3. The section also includes a 
description of methods for modeling the transport 
of BC to the Arctic and the resulting distributions of 
BC in the Arctic environment.

Figure 2.1. Conceptual overview of the evolution of BC particles 
during transport to the Arctic.

3. Measurement and   
  modeling of black carbon 
   concentrations

3.1. Overview of BC measurements
Measurements of BC in the Arctic and in its source 
regions are needed to characterize BC as it is 
transformed from a hydrophobic, single component 
aerosol to an internally mixed, hydrophilic aerosol. 
In addition, observations of BC are required to 
develop, assess, and improve emission inventories, 
transport models, and mitigation strategies designed 
to reduce the warming of the Arctic. The systematic 
observation of aerosols, including BC, is expanding 
globally through a host of national and international 
sampling networks. Parts of the mid-latitude source 

regions for the Arctic are well monitored, particularly 
in regions where there are public health concerns. It 
is anticipated that monitoring in these regions will 
continue to expand as mitigation policies for both air 
quality and climate focus on BC. In contrast, there 
are only a few long-term observations of BC in the 
Arctic. These are confined to the North American 
and European sectors of the Arctic and, as a result, 
do not give a full picture of BC atmospheric burdens 
in the Arctic or long-term trends.

Long-term monitoring observations and short-
term intensive field campaigns have both provided 
information on the sources, transport, and properties 
of Arctic BC. A small number of atmospheric 
monitoring sites have provided the majority of long-
term information on BC and other aerosol chemical 
components in the Arctic atmosphere. These include 
Alert (82.46° N) in the Canadian Arctic, Barrow in 
Alaska (71.3° N), Station Nord in Greenland (81.4° N), 

1 2

Transport
During transport, on a timescale of tens of 
hours, aggregates form external mixtures 
(1), which are hydrophilic. These eventually, 
after chemical mixing, form a mixture of 
coated and internally mixed particles (2). 
The radiative impact of these particles is 
highly dependent on mixing state.

Emissions
During combustion 
hundreds of 
particles form 
aggregates or chain 
like structures.

Soot particle
An individual soot 
particle of organized 
graphitic layers has a 
typical diameter of 
~100 nm and is 
hydrophobic.

Evolution of BC particles in the Arctic
Black carbon particles undergo transformation as they are 
transported to the Arctic. Initially emitted as hydrophobic, they 
are resistant to removal from the atmosphere through wet 
deposition so that they are able to enter the free troposphere. 
During transport, they grow through coagulation with other 
particles and condensation of gas phase species.
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both Ny Alesund and Zeppelin (79° N) on the 
island of Svalbard, and recently Summit, Greenland 
(78° N). Table 3.1 gives a complete listing of aerosol 
monitoring sites and measurements in the Arctic. 
Historically, there has been a lack of published, 
long-term observations of BC in the eastern Arctic. 
Intensive field campaigns that have provided 
snapshot, detailed pictures of BC transported to the 
Arctic include the AGASP (Arctic Gas and Aerosol 
Sampling Programs) series (e.g., Schnell, 1984) 
conducted in the western Arctic in the 1980s and the 
many international experiments conducted under the 
umbrella of POLARCAT (Polar Study using Aircraft, 
Remote Sensing, Surface Measurements and Models 

of Climate, Chemistry, Aerosols, and Transport) (e.g., 
Spackman et al., 2010) during the International Polar 
Year (IPY) in 2008. Over this same span of years, a few 
studies have also been conducted on BC deposited to 
Arctic snow and ice. In the early 1980s, Clarke and 
Noone (1985) focused on BC deposited to the western 
Arctic. Recently, Doherty et al. (2010) reported 
measurements that updated and expanded the 
initial survey of Clarke and Noone. This more recent 
study was conducted from 2005 to 2009 with snow 
collection in Alaska, Canada, Greenland, Svalbard, 
Norway, Russia, and the Arctic Ocean (Figure 3.1). 
However, while visually the spatial coverage of these 
data appears broad, the number of samples is quite 

Table 3.1. Long-term systematic observations in the Arctic, north of 60° N.

a A direct carbon measurement would be the use of integrated filter measurements for BC and OC (e.g., thermal evolution techniques) or optical 
methods (e.g., SP2 or ACMS).

Physical properties Optical properties Chemical inorganic speciation

Country/site Location MSL    Integrated  
filter 

Continuous Direct 
carbona

United States

Barrow 71.32°N, 156.6°W 11     Fine  Coarse

Summit, 
Greenland

78.36°N, 38.5°W 3802  DRUM       
Sampling

Canada

Alert 82.45°N, 62.52°W 210    Elements SO4
2-; 

NO3
-; NH4

+
Weekly 
EC/OC

Denmark

Thule 76.52°N, 68.77°W 200 

Kangerlussusaq 67.00°N, 50.98°W 150 

St. Nord 81°36’ N, 16°39’ W 25    Elements SO4
2-; 

NO3
-; NH4

+;
GEM; O3; NOx; 
CO, CO2; H2

Weekly 
EC/OC

Norway

Kårvatn / 
Kaarvatn

62.78°N, 8.88°E 210 SO4
2-

Zeppelin Mt. 
(Ny Ålesund)

78.91°N, 11.88°E 474     SO4
2-

Tustervatn 65.83°N, 13.92°E 439 SO4
2-

Sweden

Bredkälen 63.84°N, 15.32°E 410 SO4
2-

Finland

Pallas 67.97°N, 24.12°E 560    

Matorova 68.00°N, 24.24°E 340 

Virolahti 60.53°N, 27.68°E 4  

Oulanka 66.32°N, 29.40°E 310 SO4
2-

Russia

Terski

Janiskoski 68.93°N, 28.85°E 118 SO4
2-

Pinega 64.70°N, 43.40°E 28 SO4
2-

No. 

con
cen

tra
tio

n

No. 
siz

e   
     

 

dist
rib

utio
n

Light   
   

ab
sor

ptio
n

Light   
 

sca
tteri

ng
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low. Furthermore, as the sampling is not synoptic, 
the samples do not represent a ‘pan-Arctic’ snapshot. 
Owing to these factors, it is a challenge to generalize 
findings from these campaigns.

With a few exceptions, concentrations of BC 
reported in Arctic aerosol and snow are not based on 
direct measurement of BC. Methods that have been 
used rely on the measurement of an aerosol property 
assumed to be relatable to BC (e.g., light absorption 
or lack of volatility at a given temperature). BC 
concentrations derived from the different methods 
can disagree by a factor of two or more. The 
different methods and their associated uncertainties 
are discussed in Sections 3.2 and 3.3. Methods for 
modeling the transport of BC to the Arctic and its 
spatial and temporal distribution are described in 
Section 3.4.

3.2. Atmospheric measurement of BC

3.2.1. Measurement of absorption

3.2.1.1. Filter-based absorption photometer
Owing to ease of remote operation, filter-based 
absorption has been the most commonly used 

technique in the Arctic for deriving atmospheric BC 
concentrations. In this method, aerosol is collected 
on a filter and light absorption is calculated from 
the change in transmission through the filter over 
time. Filter-based absorption instruments include 
the Particle Soot Absorption Photometer (PSAP) 
(Bond et al., 1999; Virkkula et al., 2005), currently in 
use at Barrow, and the Aethalometer (Hansen et al., 
1982) which is currently in use at Alert and Summit 
and has been used at Barrow. At Zeppelin, both a 
PSAP and an aethalometer are currently in use. This 
method yields an aerosol light absorption coefficient 
that is converted to a BC mass concentration through 
the use of a mass absorption cross section (MAC). 
The mass absorption cross section of BC is defined as 
the amount of light absorption per unit mass of BC 
and has units of m2/g. The resulting BC concentration 
is often termed an ‘equivalent BC concentration’ as it 
is not based on a direct measurement of BC.

The MAC for BC can be derived from simultaneous 
measurements of light absorption (such as from the 
PSAP or aethalometer) and elemental carbon (EC) 
mass concentrations (from methods that are described 
in Section 3.2.2). The MAC for newly emitted BC has 
been found to have a fairly narrow range of 7.5 ± 1.2 
m2/g (Clarke et al., 2004; Bond and Bergstrom, 2006). 

Figure 3.1. Location of BC snow sampling campaigns across the Arctic. Source: Doherty et al. (2010).
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The MAC for BC measured downwind of sources is 
generally larger and has a much wider range of values 
(Quinn and Bates, 2005) due to the enhancement 
in absorption for internally mixed aerosol and 
measurement of non-BC light absorbing species (e.g., 
OC and dust). If the absorption due to other species is 
significant compared to that for BC, the MAC value 
will be overestimated and the resulting concentration 
of BC will be underestimated. Sharma et al. (2004) 
derived winter/spring and summer BC MAC values 
for Alert based on three years of measurements of 
light absorption with an aethalometer and EC mass 
concentration using a thermal-optical method (see 
Section 3.2.2.1). The resulting values, 19 m2/g for 
winter/spring and 29 m2/g for summer, were used to 
calculate BC mass concentrations at Alert and Barrow 
(Sharma et al., 2004, 2006). Since long-term uncertainty 
in the seasonally adjusted MAC values could not be 
assessed, it was assumed they were valid for a trend 
analysis of BC concentrations that covered a span of 
13 years. This assumption will not be valid if aerosol 
sources and composition that impact light absorption 
during the 13-year period were not well represented 
by the three years of simultaneous measurements 
of light absorption and EC mass concentrations that 
were used to derive the MAC.

Filter-based absorption methods can suffer from 
interferences that result in artificially high absorption 
values. If the light transmission is reduced by 
scattering aerosol that has been collected on the filter, 
the absorption coefficient will be overestimated 
(Bond et al., 1999). The empirical schemes that are 
available to correct for the influence from scattering 
yield accuracies of the PSAP between 20% and 30% 
(Bond et al., 1999; Virkkula et al., 2005). However, 
these correction schemes are based on laboratory-
generated aerosols which may limit their application 
and accuracy for the measurement of atmospheric 
aerosols. In addition, PSAP absorption coefficients 
can be biased high (50–80%) when the ratio of organic 
aerosol to light absorbing carbon (LAC) is high (15–
20%). Lack et al. (2008) postulated that this high bias 
was due to the redistribution of liquid-like OC which 
affected either light scattering or absorption. Other 
filter based techniques including the aethalometer 
may suffer from the same bias.

3.2.1.2. Photoacoustic spectrometer
The photoacoustic spectrometer (PAS) is a non-filter 
based method for measuring aerosol light absorption 
that was recently used in the Arctic during several 
of the intensive field campaigns associated with 
POLARCAT. In the PAS (e.g., Arnott et al., 1997; Lack 
et al., 2006), particles are drawn into a cavity and 

irradiated by laser light. The heat that is produced 
when the particles absorb the light is transferred to 
the surrounding gas creating an increase in pressure. 
Sensitive microphones are used to detect the standing 
acoustic wave that results from the pressure change. 
The detected signal and instrument parameters are 
used to calculate the absorption coefficient. The 
overall uncertainty of the PAS with respect to aerosol 
absorption has been reported at about 5% (Lack et 
al., 2006). The uncertainty of the PAS is low, in part, 
because it is not subjected to the sampling artifacts 
associated with collecting aerosol on a filter. At 
present, the PAS is too expensive to routinely deploy 
at multiple monitoring sites.

3.2.2. Measurement of BC mass

3.2.2.1. Filter-based thermal-optical carbon  
             analyzer
In many monitoring networks, BC concentrations 
are determined by collecting aerosol on a filter and 
then heating the filter to discriminate between 
organic (volatile) and elemental (non-volatile) carbon. 
Elemental carbon (EC) is defined as the non-volatile or 
refractory portion of the total carbon (TC = OC + EC) 
measured. Frequently, the sample filter is first heated 
in inert gas to volatilize OC, cooled, and then heated 
again with oxygen to combust the EC (e.g., Chow 
et al., 1993; Birch and Cary, 1996). A complication is 
‘charring’ of OC at high temperatures, which reduces 
its volatility and causes it to become an artifact in 
the EC/OC determination. Variations of this method 
include different temperature ramping schemes, and 
correcting for the charring of OC during pyrolysis 
by monitoring the optical reflectance (Huntzicker et 
al., 1982) or light transmission (Turpin et al., 1990). 
Comparisons between different thermal evolution 
protocols reveal that EC concentrations can differ by 
more than an order of magnitude (Schmid et al., 2001), 
and that much of this difference is caused by the lack 
of correction for charring, which leads to considerable 
overestimates of EC. In addition, there are significant 
differences in EC concentrations depending on the 
method used to correct for charring (Chow et al., 
2004). Methods are comparable if the filter contains 
a shallow surface deposit of EC or if OC is uniformly 
distributed through the filter. If EC and OC both exist 
at the surface and are distributed throughout the filter, 
the different corrections yield different concentrations 
of EC. Hence, the level of agreement depends, in part, 
on the OC/EC ratio in the sample. As a result, the 
different correction schemes yield similar results for 
diesel exhaust, which is dominated by EC, but can 
differ widely for complex atmospheric mixtures.
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3.2.2.2. Single particle soot photometer
The Single Particle Soot Photometer (SP2) is a newly 
developed instrument that is used to quantify 
refractory BC mass (the mass remaining after heating 
to ~3500 K) and optical size of individual BC cores 
in the 90 to 600 nm diameter size range (Schwarz et 
al., 2006, 2008). In addition, the instrument is able to 
detect coatings on the BC aerosol and the thickness 
of those coatings. The SP2 was used on several of 
the platforms involved in the recent POLARCAT 
campaigns. In the instrument, particles are heated by 
a laser and raised to their vaporization temperature 
thereby emitting thermal radiation. Refractory BC is 
identified by its unique temperature signal and the 
intensity of the thermal radiation is linearly related 
to the mass of the BC core. Internal mixtures with BC 
cores are identified by the laser light that is scattered 
as the particle is heated. The uncertainty associated 
with BC mass loadings has been reported at 25% 
(Schwarz et al., 2006). Like the PAS, the instrument 
is relatively new, expensive, and not suited for long-
term remote operation.

3.3. Measurement of BC in snow
BC-snow/ice forcing peaks during the spring when 
solar energy is increasing, there is maximum snow/
ice cover, and rapid meridional transport of BC-
containing aerosol from the northern hemisphere 
mid-latitudes is frequent. In addition, the snowpack is 
at its deepest and melting has not yet occurred. Snow 
can be collected at the surface to characterize recent 
deposition events and in layers below the surface 
to sample deposition that occurred throughout the 
winter and spring. Collected snow is melted and, 
depending on the analysis method, either analyzed 
directly or filtered with the analysis performed on the 
BC collected on the filter. When filtering, care must be 
taken so as not to lose BC to the walls of the filtering 
apparatus or to lose a fraction of the BC through the 
filter (Doherty et al., 2010). Analysis methods used for 
the measurement of atmospheric BC absorption and 
mass concentration have been or could potentially be 
used for quantification of snow BC.

3.3.1. Measurement of BC mass in snow
Snowmelt that has been filtered through a quartz 
fiber filter can be analyzed with the thermal-optical 
techniques described in Section 3.2.2.1. It has been 
shown that a significant fraction of snowmelt BC 
will pass through a quartz fiber filter upon filtration, 
however (Hadley et al., 2010). If this method is to 
be used, the collection efficiency of the filters used 
should first be tested and quantified. Alternatively, 

an SP2 (described in Section 3.2.2.2) can be used 
to directly measure the BC mass concentration in 
snowmelt (McConnell et al., 2007).

3.3.2. Measurement of absorption due to   
         BC in snow
As with the quantification of BC in the atmosphere, 
the absorption due to BC in snow can be determined 
and converted to a mass concentration. This method 
was used in the pan-Arctic survey of snow BC 
concentrations reported by Doherty et al. (2010). 
After filtering snowmelt through a Nuclepore filter, 
Doherty et al. (2010) used an Integrating-Sandwich/
Integrating Sphere (ISSW) to quantify light-absorbing 
aerosol collected on the filter. Spectrally resolved 
absorption is measured (300 to 750 nm) and used to 
discriminate between BC and other light-absorbing 
species (e.g., dust and organics). An assumed 
MAC is then used to derive an equivalent BC mass 
concentration from the measured absorption.

3.4. Methods for modeling BC in the 
      Arctic
Several types of models, which vary in their level of 
complexity, are used for modeling the transport of 
BC to the Arctic and its distribution in the atmosphere 
and on the underlying surface. The simplest are 
trajectory models (Stohl, 1998), which are often used 
to infer source regions for BC measured in the Arctic 
(e.g., Polissar et al., 1999, 2001; Sharma et al., 2004, 
2006; Eleftheriadis et al., 2009; Huang et al., 2010a). 
Trajectory models are limited, however, because they 
have no emission information and do not account for 
atmospheric turbulence and convection, processes 
relevant for aerosol transformation and removal. 
Lagrangian particle dispersion models are similar 
to trajectory models but account for turbulence and 
convection. They can also incorporate emission 
information explicitly (Stohl, 2006) and have been 
used for statistical analyses of measured data to 
quantify source contributions throughout the Arctic 
(Hirdman et al., 2010a,b). However, Lagrangian 
models do not account for aerosol processing and, 
thus, assumptions on lifetimes need to be made, 
which may not necessarily be correct.

In order to explicitly simulate aerosol transport 
into the Arctic, Eulerian chemistry models are 
needed. These models use detailed emission 
information and explicitly treat chemical processes 
such as changes of BC hygroscopicity, its state of 
mixture (external vs. internal) with other aerosol 
components, and removal from the atmosphere. 
The level of detail in the treatment of these various 
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processes can be very different between models 
and can lead to large differences in atmospheric 
BC loadings, particularly in the Arctic (Huang et 
al., 2010b; Liu et al., 2011; Vignati et al., 2010). Two 
different types of Eulerian models are available: 
Chemistry Transport Models (CTMs) and Chemistry 
Climate Models (CCMs). CTMs are driven with 
derived meteorological fields (e.g., from re-analysis 
data), while CCMs generate their own climate. Both 
model types have advantages and disadvantages. 
CTMs can be used to simulate ‘real’ events if they are 
run on analyzed meteorological data, which can be 
compared directly to observations. If coupled with 
a radiative transfer model, they can also determine 
radiative forcing values. However, CTMs cannot be 
used to evaluate feedback processes in the climate 
system, such as the albedo feedback triggered by 
radiative forcing of BC. In contrast, CCMs simulate 
these feedback processes but cannot reproduce 
observed events as they generate their own ‘model 
climate’. They can be ‘nudged’ toward observed 
meteorological data and, thus, be used in a manner 
similar to CTMs but in that case lose their ability to 
simulate feedback processes.

One important constraint on CTM and CCM 
simulations is computation time, which increases 
with the number of processes treated and the level 
of detail incorporated into the various process sub-
modules. In practice, this limits the vertical and 
horizontal resolution of these model simulations, 

especially for CCMs. This is a critical problem 
especially in the Arctic where the high static stability 
produces fine-scale atmospheric structure, which is 
lost in the model simulations. Regional models can 
typically be run at higher resolution than global 
models and can be attractive tools for the Arctic. 
Another challenge models face in the Arctic is that 
available parameterizations of aerosol processes may 
not have been designed for the Arctic in particular. 
For example, dry deposition of aerosols over sea 
ice may not be adequately treated by the model’s 
deposition schemes. In addition, aerosol processing 
and removal in Arctic mixed-phase clouds is 
inherently difficult to simulate because observations 
of these processes are lacking.

In this report, both a CCM and a CTM are 
used to calculate radiative forcing values due to 
the atmospheric direct effect and the BC-snow/
ice effect. The CCM used is the National Center for 
Atmospheric Research (NCAR) Community Earth 
System Model, Version 1 (Gent et al., in press, http://
www.cesm.ucar.edu/models/cesm1.0/), in a CCM 
configuration with bulk aerosol transport (Rasch et 
al., 2000). Although model-generated atmospheric 
fields introduce greater uncertainty in BC transport 
to the Arctic, ‘active’ atmosphere, land, and sea-ice 
modules are needed to treat particle processing, and 
hence radiative forcing, in each of these components. 
The CTM used is the OsloCTM2. Both models are 
described in more detail in Section 8.

4. Emissions of black carbon     
   and organic carbon in the   
   Arctic context

4.1. Overview
Black carbon and OC are formed and co-emitted 
from combustion processes. The ratio of OC to BC 
emitted per mass of particulate matter is a function 
of combustion conditions that depend on several 
factors (e.g., the combustion device and the way 
it is operated as well as the fuel that is burned). 
Diesel engines emit more BC than OC and, as a 
result, their emissions have high BC to OC ratios. 
Open biomass burning typically emits more OC 
than BC such that biomass burning emissions have 
relatively low BC to OC ratios. While combustion is 
the primary source of BC, OC can also be produced 
from gaseous precursors that undergo processing in 
the atmosphere to form secondary organic aerosol 

(SOA). BC has a lifetime of days to weeks and, as a 
result, is not globally well mixed. The main source 
sectors and regions of BC emissions and subsequent 
transport to the Arctic need to be identified and their 
climate impacts studied before developing effective 
reduction strategies (Law and Stohl, 2007; Quinn et 
al., 2008). Determining emissions from the source 
sectors and geographical regions that have an impact 
on Arctic climate is a major motivation for this 
assessment.

As discussed in detail in Section 5, recent 
research indicates that emissions from parts of 
Europe, East and Northern Asia, and North America 
contribute to Arctic surface and mid-troposphere 
BC concentrations to varying degrees (e.g., Stohl, 
2006; Shindell et al., 2008; Hirdman et al., 2010b). 
There is further evidence that some of this emitted 
BC is deposited to snow- and ice-covered regions 
(Doherty et al., 2010) and, thus, has the potential to 
influence the radiative balance of the region through 
the BC-snow/ice forcing mechanism. In addition, 
Arctic BC concentrations are extremely sensitive 
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to emissions within the Arctic itself (Hirdman et 
al., 2010b). Changes in local activities that result in 
increased emission of BC in the Arctic may thus play 
an important role.

The relative contribution of individual emission 
sources to BC in the Arctic depends not only on their 
relative emission strength, but also on the relative 
efficiency of transport from source to receptor. Since 
the transport efficiency depends on season (see 
Section 5), seasonal differences in emissions also 
need to be considered. For instance, transport from 
Eurasia to the Arctic is more efficient in winter than 
in summer and, thus, emissions occurring in Eurasia 
in winter will have a greater impact on Arctic BC 
loadings than those occurring in summer.

Emissions of BC and OC are usually calculated 
by combining information on fuel use with emission 
characteristics of various combustion technologies 
and emission controls (Bond et al., 2004; Kupiainen 
and Klimont, 2007; Klimont et al., 2009). The 
databases consist of numerous fuel sector-technology 
combinations and emissions are usually presented as 
aggregated sectors or fuels. Combustion technology-
specific emission factors are developed based on 
source measurements, using the same measurement 
techniques described in Section 3.2. The most used 
methods in source characterization have been the 
thermal optical techniques, which, as described 
in Section 3.2, quantify EC based on its thermal 
involatility. It is well known that the different 
measurement techniques can yield significantly 
different concentrations of BC (see discussion in 
Section 3.2 and Bond et al., 2004). However, not 
enough is known about the uncertainties of the 
measurements used to develop the inventories to 
account for them (Bond et al., 2004). As a result, 
they add to the uncertainties of the emission data. In 
addition to the measurement techniques, differences 
in fuel properties, combustion devices, and their 
operational practices are a major source of variability 
in the emission data.

Emission model results can be accessed from peer-
reviewed scientific journals and through the internet. 
For example, emission information of carbonaceous 
aerosols is included in the following web resources: 

• Greenhouse Gas and Air Pollution Interactions 
and Synergies model (GAINS) of the Interna-
tional Institute for Applied Systems Analysis 
(IIASA) can be operated at http://gains.iiasa.ac.at 
and results from the 

• Special Pollutant Emission Wizard (SPEW) 
model of the University of Illinois can be ac-
cessed at www.hiwater.org/.

There are also web resources that give access 
to globally gridded (usually in regular latitude/
longitude grids) emission data. Examples of these 
sources are: 

• Representative Concentration Pathways (RCP) 
(www.iiasa.ac.at/web-apps/tnt/RcpDb/dsd?A
ction=htmlpage&page=about#). The RCPs are 
meant to serve as input for climate and atmo-
spheric chemistry modeling, i.e., for the IPCC’s 
Fifth Assessment Report.

• Global Emissions Inventory Activity (GEIA), 
www.geiacenter.org.

• Emission Database for Global Atmospheric Re-
search (EDGAR) (http://edgar.jrc.ec.europa.eu/
index.php).

4.1.1. Emissions of BC and OC
In this assessment, BC and OC emissions were taken 
from the RCP database (Lamarque et al., 2010) to 
determine the source sectors and regions which 
cause the largest radiative forcing in the Arctic. 
Emission data are represented separately for the 
Arctic Council nations, that is, Canada, Nordic 
countries (Denmark, Finland, Iceland, Norway and 
Sweden), Russia, United States, and the rest of the 
world (ROW). Emissions are aggregated into six 
source sectors:

1. Domestic combustion: Use of wood or coal, in 
heating stoves and boilers of different kinds. 
The size of installation spans from small room 
heaters to boilers providing heat for larger 
buildings such as malls and hospitals.

2. Land transport: On-road and off-road diesel 
and gasoline vehicles and machinery, with sub-
categories reflecting the different engine and ve-
hicle types as well as levels of emission control. 

3. Shipping: Different vessel types operating in 
Arctic waters. For more information see Corbett 
et al. (2010).

4. Energy and industrial production and waste 
treatment: Use of fossil and biofuels for power 
generation and process emissions from indus-
trial production and combustion of wastes. This 
sector may include emissions from machinery 
operating within industrial facilities. 

5. Field burning: Anthropogenic burning of agri-
cultural wastes (crop residues).

6. Forest and grass fires: Biomass burning can be 
natural or anthropogenic. In northern latitudes 
these fires are generally considered ‘natural’, 
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Figure 4.1. Emissions of BC and OC in 2000 by latitude. Source: 
Lamarque et al. (2010).

yet there is evidence that anthropogenic activi-
ties are increasing their frequency.

In addition to these sectors, emissions from oil 
and gas flaring are discussed based on estimates 
from the IIASA GAINS model. These aggregated 
source sectors do not include aviation. Global BC 
and OC emissions from aircraft are small, about 0.1% 
of total emissions. However, the topic should receive 
more attention in future work as some of the major 
aviation routes go north of 60° N (Lee et al., 2009) 
and may have a significant contribution to the BC 
burden at high altitudes (Koch and Hansen, 2005). 
The aggregated emissions are discussed here for 
illustration and because they were used as input to 
the modeling runs to support this assessment. More 
detailed discussion of individual emission sources 
and mitigation potentials for Arctic BC and OC can 
be found in the Arctic Council Task Force on Short-
Lived Climate Forcers report (ACTFSLCF, 2011).

Some countries have also developed their own 
emission estimates that are independent of the global 
datasets. However, a discussion of these national 
inventories is not included here because they are not 
available from all Arctic Council nations. Available 
datasets can be found from the Task Force report 
(ACTFSLCF, 2011). The emissions of some co-emitted 
species, specifically SO2 and some of the O3 precursors, 
are presented later in this section (see Section 4.4).

4.1.2. Anthropogenic emissions of BC and  
         OC in 2000
Anthropogenic emissions in this assessment refer to 
the first five aggregated sectors and exclude forest 
and grassland fires, which are discussed separately 
in Section 4.1.6. Global anthropogenic BC emissions 
(Lamarque et al., 2010) by latitude for 2000 are shown 
in Figure 4.1. Most anthropogenic BC emissions 
take place in the northern mid-latitudes, with peak 
emissions around 35° N. In the context of the Arctic, 
40° N is often considered a reasonable approximation 
for the southernmost boundary of the Arctic front 
during winter and early spring. By this definition, 
emissions north of 40° N are assumed to significantly 
affect the Arctic atmosphere. The extent to which this 
assumption is true depends on transport pathways 
and receptor location. The Arctic is defined in this 
assessment as the region between latitudes 60° N and 
90° N, and therefore emissions within this area are 
also discussed separately. 

BC emissions north of 40° N comprise 24% of the 
global anthropogenic total while emissions north of 
50° N comprise 9% and those north of 60° N comprise 
less than 1%. Major sectors north of 40° N are 

domestic combustion and transport which together 
comprise about 70% of the anthropogenic total.

BC emissions in the high Arctic (north of 70° N) 
are negligible compared with the global total, and 
mostly originate from shipping. Flaring in the oil 
and gas industry is another potential source of BC, 
which may have significant emissions in the far 
north. Flaring is a way of discharging and disposing 
of gaseous and liquid hydrocarbons through 
combustion at offshore and onshore petroleum 
prospecting sites, production installations, and 
refineries. Currently there is no quantitative spatial 
estimate of flaring emissions available, but based on 
satellite image assessment by NOAA on the location 
of flares1 it is possible to observe that there are flares 
in Prudhoe Bay, Alaska located around 70° N; that 
the majority of Russian flares are between 60° and 
68° N in western Siberia; and that there is a significant 
number of flares along the coast of Norway between 
60° and 66° N. Based on the NOAA data these coastal 
flares are mostly Norwegian but also include some 
from the United Kingdom.

OC emissions peak at 26° N (Figure 4.1), which 
is more southerly than the peak for BC. The shares 
of emissions north of 40°, 50°, and 60° N are 21%, 

1See www.ngdc.noaa.gov/dmsp/interest/gas_flares.html  (Elvidge et 
al., 2009). 
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Figure 4.2. Spatial distribution of BC (left) and OC (right) emissions from land transport, domestic combustion and agricultural waste 
burning. Dashed line shows 60° N. Black asterisks depict measurement station locations.

BC
Land transport

OC
Land transport

BC
Domestic combustion

OC
Domestic combustion

BC
Agricultural waste burning

OC
Agricultural waste burning

0.0 4.0E+08 8.0E+08 1.2E+09 1.6E+09 2.0E+09

mol/cm2/s

(data min = 0.0, max = 3.49E+09)

Carolyns layout.indd   14 10/23/2011   8:50:47 PM



AMAP Technical Report No.4 (2011)

15

EU-27
(excluding
the Arctic
Council
member

countries)
37%

Others 
8%

Canada*
3%Nordic

countries*
3%

Ukraine
5%

United States
of America*

13%

China
15%

Russia*
16%

Figure 4.3. Country contributions to anthropogenic BC emission 
fluxes north of 40° N. Arctic Council nations are marked with an 
asterisk.

8% and 1% of the global anthropogenic total, 
respectively. Comparison of BC and OC emissions in 
Figure 4.1 demonstrates the co-emission of BC and 
OC from some major source sectors. Variability in 
the OC to BC ratio between the aggregated sectors 
and the dependence on fuel burned and combustion 
characteristics can also be seen. For example, domestic 
combustion has a higher OC to BC ratio than the 
other major anthropogenic emission sectors and thus 
accounts for a higher share of OC than BC emissions 
(see also Figure 4.2). However, it is important to note 
that these aggregated sectoral OC to BC ratios reflect 
a mix of a vast number of combustion technologies 
and fuels. For example, land transport is dominated 
by diesel engines, which have a low OC to BC ratio, 
but this sector also includes gasoline vehicles with 
higher OC to BC ratios. In the case of OC, domestic 
combustion alone is responsible for about 67% of the 
anthropogenic emissions north of 40° N and 78% 
north of 60° N. For designing targeted mitigation 
strategies, it is necessary to have a finer breakdown 
of emission categories than the aggregated sectors 
discussed here. However, for impact analyses such as 
that within this assessment, this sectoral aggregation 
level is sufficient to provide important new insight 
into the influence of the different sources on the 
atmospheric burden of Arctic BC and OC.

Figure 4.2 shows the spatial distribution of BC 
and OC emission fluxes around the Arctic from 
the major anthropogenic emission sectors of land 
transport, domestic combustion, and agricultural 
burning. Major emission hot spots are Central and 
Eastern Europe, Western Russia, Eastern United 
States and Canada as well as East Asia. A closer look 
at countries contributing to the BC emissions north 

of 40° N (Figure 4.3) shows that the EU-27 countries, 
Russia, China and the United States are responsible 
for over 80% of the total emissions. Within the EU-
27 countries, France, Germany, Poland and United 
Kingdom contribute each about 5–6% of total 
emissions north of 40° N. Emissions from Ukraine 
comprise 5% and those from the Nordic countries 
and Canada both make up 3%. Class ‘Other N40’ 
in Figure 4.3 consists of about 20 countries that 
have areas north of 40° N, each contributing about 
1% or less to the total emission flux within the area, 
altogether totaling 8% (Figure 4.3).

The Nordic countries and Russia are responsible 
for most of the anthropogenic emissions north of 60° N 
(dashed line in Figure 4.2). The RCP database does 
not include emissions from Greenland and these are 
discussed separately in Section 4.1.5. Land transport 
emissions are especially concentrated in population 
centers in Central Europe and North America. This 
feature shows up more clearly in the BC map as 
transport emissions are dominated by emissions from 
diesel vehicles, which have a low OC to BC ratio.

Domestic combustion has a similar distribution in 
North America to land transport but in Eurasia the 
emissions are concentrated more in Eastern Europe, 
Western Russia and East Asia. In the northern 
latitudes, including the Arctic Council nations, most 
of the domestic combustion takes place for heating 
purposes. Small domestic heating stoves that use 
solid fuels like wood and coal and have relatively 
poor combustion conditions are commonly used 
and, as a consequence, are a large source of BC and 
OC emissions (Bond et al., 2004; Cofala et al., 2007; 
Kupiainen and Klimont, 2007). Heating activity 
peaks during the winter months and so the BC and 
OC emissions from domestic combustion have more 
pronounced seasonal variation than other major 
emission sectors such as transport.

The spatial distribution of agricultural burning 
reflects the location of areas with high agricultural 
activity. Earlier studies identified North America, 
including the Canadian provinces of Alberta and 
Saskatchewan and the Great Plains of the United 
States; as well as agricultural areas of Eastern Europe, 
European Russia, Asiatic Russia and north-eastern 
Asia, as regions of significant agricultural fire activity 
(e.g., Korontzi et al., 2006; Roy et al., 2008; van der 
Werf et al., 2010). Emissions from these regions can 
be seen in the maps in Figure 4.2. Agricultural fires 
also have strong seasonal and interannual variability 
which varies across the regions depending on crop 
type and crop calendar (Korontzi et al., 2006; van der 
Werf et al., 2010). Figure 4.4 shows fire variability for 
source regions relevant to the Arctic in the period 
2001 to 2003.
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Figure 4.4. Monthly time series of MODIS TERRA agricultural fire detections in the period 2001 to 2003. Source: Korontzi et al. (2006).

Figure 4.5. Global and Arctic nation BC and OC emissions in 
2000. Source: data from Lamarque et al. (2010).

4.1.3. BC and OC emissions in the Arctic     
         Council nations
Global anthropogenic BC and OC emissions from 
the RCP database (Lamarque et al., 2010), by Arctic 
Council nations and the rest of the world, are shown 
in Figure 4.5. The figure also shows the anthropogenic 
BC and OC emissions split between the Arctic Council 
nations, with the Nordic countries (Denmark, 
Finland, Iceland, Norway, Sweden) aggregated into 
one region. The allocation of emissions to individual 
countries and regions was made based on 1.9° × 2.5° 
gridded global emissions. A finer resolution may 
lead to minor differences (less than 10% per sector) 
on a national basis, mostly due to re-allocation of 
emissions across borders.

The emissions from the Arctic Council 
nations comprise 12% and 7% of the global total 
anthropogenic BC and OC emissions, respectively. 
The United States and Russia are responsible for 
almost 90% of the roughly 600 Gg/y of BC and 850 
Gg/y of OC emitted annually from the Arctic Council 
nations. In case of BC, the United States accounts for 
61% and Russia 28% of emissions and Canada and 
the Nordic countries for the rest with roughly similar 
shares. In the case of OC the shares are 47%, 41%, 8% 

and 4%, respectively for the United States, Russia, 
Canada and the Nordic countries. The United States 
is the only country that has significant land areas 
south of 40° N. About 40% of the BC and OC from 
the United States is emitted north of 40° N.

Figure 4.6 shows the anthropogenic BC and OC 
emissions in the Arctic Council nations in 2000 with 
sectoral distribution. This includes a comparison 
with other available inventories. The data shown are:

• ‘Bond’: BC and OC inventory based on Bond et 
al. (2004, 2007) as presented in the ACTFSLCF 
white paper (Sarofim et al., 2009).

• ‘AMAP emission inputs’: BC and OC emissions 
from the RCP database (www.iiasa.ac.at/web-
apps/tnt/RcpDb/dsd?Action=htmlpage&page
=about#) (Lamarque et al., 2010) as used in the 
model runs described in Section 8.

• ‘GAINS’: Emissions calculated with the IIASA 
GAINS model (http://gains.iiasa.ac.at) and re-
ported to ACTFSLCF (ACTFSLCF, 2011).

The inventories identify the same top-emitting 
sectors, but demonstrate differences in total 
emissions and distribution of the sectors, arising 
from differences in the background data (i.e., 
characterization of combustion technologies and 
potential emission controls, emission factors as well 
as fuel use estimates underlying the inventories).

The emission sectors with the highest 
contributions of BC are the use of diesel fuel in 
transport and domestic combustion of solid fuels. 
Additional potentially important source sectors 
are agricultural burning and flaring in the oil and 
gas industries (the latter are not included in Bond 
and RCP databases). The class ‘other’ in the figures 
includes minor sources such as barbeques and 
cigarette smoking that could not be classified into 
the aggregated sectors included here.

The RCP database has higher emissions from 
the industry and power sector than the other two 
inventories. The probable reason is in the allocation 
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Figure 4.6. Emissions of BC (left) and OC (right) from Arctic Council nations in 2000.
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of the diesel used in the industrial off-road transport 
and machinery. The RCP emission dataset is based on 
global energy statistics from the International Energy 
Agency, where diesel fuel consumed in machinery 
and tractors is allocated to non-transport sectors such 
as industry, consequently leading to higher emissions 
from the sector. The GAINS and Bond inventories, 
however, use national information, which often has 
a more detailed split of energy statistics, including 
finer allocation of transport sector activities (Bond 
et al., 2004, 2007; Amann et al., 2008a,b). In other 
words, part of the RCP emissions in the industry 
and power sector is included in the transport sector 
of the other two inventories. The differences in the 
transport sector emissions are further explained 
by the differences in accounting for high emitting 
vehicles and exhaust emission controls, for example.

Flaring is a way of discharging and disposing of 
gaseous and liquid hydrocarbons through combustion 
in offshore and onshore petroleum prospecting sites, 
production installations, and refineries. The GAINS 
model is currently the only global inventory available 
that includes an estimate of emissions from oil and 
gas flaring. It relies on country-specific gas flaring 
volumes from the NOAA National Geophysical Data 
Center and emission factors based on measurements 
by Johnson et al. (2011). The data sources behind 
the estimate are scarce and so should be considered 
preliminary. However, the estimate indicates the 
potential importance of the sector showing that the 
emissions of BC from flaring might contribute up 
to 12% of the BC emissions from the Arctic Council 
nations in 2000, originating primarily from Russia 
but with relatively significant contributions in the 
other regions as well. 

4.1.4. Arctic shipping
The Arctic sea-ice extent, thickness and the area 
of multi-year ice have all decreased over the 
past decades (ACIA, 2005; Arctic Council, 2009). 
Providing these trends continue, the Arctic Ocean 
may become more accessible to shipping and to the 
Arctic’s potentially vast resources, including oil, gas, 
minerals, and fish. In addition, interest may increase 
toward the shorter sea routes between Europe, Asia, 
and the Pacific. Distance savings of up to 25% and 
50% are estimated for the Northwest Passage and 
Northern Sea Route, respectively, compared with 
the current sea routes, and they are considered to 
be financially viable (Corbett et al., 2010). On the 
other hand, apart from the uncertainties in the future 
of sea ice, a large number of other challenges may 
limit the development of future shipping operations 
in the Arctic area. These include governance of the 

sea lanes, lack of key infrastructure in the area, and 
harmonized Arctic vessel standards (Arctic Council, 
2009). However, there is potential for increased 
marine activity in the Arctic area with consequent 
increases in emissions of BC and OC.

Following the definitions in the Second IMO 
GHG Study (Buhaug et al., 2009), international 
shipping refers to shipping between ports of different 
countries, as opposed to domestic shipping, which 
refers to shipping between ports of the same country. 
Both international and domestic shipping exclude 
military and fishing vessels. By this definition, the 
same ship may be engaged in international and 
domestic shipping operations. Arctic shipping refers 
to shipping activities taking place within the Arctic 
boundaries. Individual assessments may differ in 
their definition of the Arctic and do not necessarily 
refer to international shipping activities only.

Corbett et al. (2010) published an Arctic shipping 
inventory that includes BC and OC emissions from 
transit (international shipping) and fishing vessels. 
This inventory was used as input for the model 
simulations performed for this assessment. Annual 
emissions from shipping within the Arctic in 2004 
were 1.2 Gg BC and 3.8 Gg OC. About two-thirds 
of emissions came from transit vessels, mostly 
container and general cargo ships, and the rest from 
fishing vessels. Most of the vessel activities were 
concentrated along the Norwegian coast and into the 
Barents Sea off northwest Russia, around Iceland, 
near the Faroe Islands and southwest Greenland 
as well as in the Bering Sea (Arctic Council, 2009). 
Activities peak in the summer and autumn months 
(July to November) and are about 30% higher than in 
winter and spring (Corbett et al., 2010).

The BC and OC emissions from Arctic shipping 
activities (north of 60° N) in 2000 represent 1–2% of 
international shipping emissions. For comparison, 
the corresponding share of international shipping 
emissions north of 40° N is 33%. Arctic shipping 
emissions comprise about 4% (BC) and 1% (OC) of 
the total anthropogenic emissions north of 60° N 
excluding flaring. Currently, Arctic shipping does 
not contribute a significant amount to the region’s 
emissions compared to those from Arctic Council 
nations, but the emissions occur further north and so 
have a stronger regional impact (Quinn et al., 2008). 
Any future decline in emissions from other sectors 
and pollutants may increase the relative importance 
of within-Arctic shipping emissions.

Corbett et al. (2010) gave two future activity 
scenarios for Arctic shipping (Figure 4.7). The 
business-as-usual and high-growth scenarios 
(including both ‘no controls’ and ‘maximum feasible 
reduction’) introduce growth in activity for one or 
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a few vessel types and were designed to be used 
for impact assessment relevant for policy decision-
making regarding the Arctic region. In both scenarios, 
BC and OC emissions are projected to increase by 
2020–2050 with an increase in shipping activity. In 
the high-growth scenario, BC emissions from Arctic 
shipping could increase from about 1 Gg/y to 5 Gg/y 
by 2050. OC emissions would almost double from 
2.7 Gg/y to 5.2 Gg/y. These increases are a concern, 
because the order of magnitude in 2050 is similar to 
emissions projected, for example, for Norway in 2020 
and the emissions occur closer to areas permanently 
covered by ice and snow. Possible future shipping 
fuel quality regulations through the MARPOL Annex 
VI legislation on sulfur content do not necessarily 
reduce emissions of BC (Lack et al., 2009).

Figure 4.7. Illustration of BC emissions from Arctic shipping in 2004; and 2030 projections without emission control and with Maximum 
Feasible Reduction control. Source: Corbett et al. (2010).
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Shipping fuel quality regulations through 
MARPOL Annex VI legislation on sulfur content are 
expected to reduce the total particle emissions from 
shipping via reductions in sulfate and OC (Lack et al., 
2009; Corbett et al., 2010). At the same time, however, 
there is a concern that BC emissions might increase 
without any BC-specific supplementary controls 
(Lack et al., 2009; Corbett et al., 2010). To implement 
some of these supplementary BC measures, lower 
sulfur fuels and changes in lubricating oil properties 
are required (Corbett et al., 2010). In order to assess 
the net radiative forcing the impact of reducing SO2 
emissions must be considered as well, since they 
contribute to climate cooling.
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Figure 4.8. Geographical coverage of the AMAP area. The Arctic Circle is also marked.

4.1.5. Emissions in the AMAP area
Emission estimates for BC and OC for all territories 
within the AMAP area are presented here. The 
‘AMAP area’ is outlined in Figure 4.8 and includes 
the terrestrial and marine areas north of the Arctic 
Circle (66°32’ N), north of 62° N in Asia, and north 
of 60° N in North America, modified to include the 
marine areas north of the Aleutian chain, Hudson 
Bay, and parts of the North Atlantic Ocean including 
the Labrador Sea. Domestic shipping emissions are 
included here, while international shipping was 
discussed in Section 4.1.4.

Emissions included in this section are all 
preliminary, ‘work in progress’ estimates. 
Inventories are presented from the US state of Alaska 

(Marcus Sarofim, Environmental Protection Agency 
Climate Division, pers. comm.); from the Canadian 
provinces of Yukon, Northwest Territories, and 
Nunavut (ACTFSLCF, 2011); Danish emissions 
from Greenland and the Faroe Islands (Winther 
and Nielsen, 2011; ACTFSLCF 2011), together with 
an estimate of emissions from Svalbard (Vestreng 
et al., 2009). Also presented are rough estimates of 
emissions ranges within the AMAP area of Russia, 
Norway (excluding Svalbard), Sweden, and Finland 
based on the RCP gridded dataset (Lamarque et al., 
2010) and inventories available in ACTFSLCF (2011).

The Alaskan, Canadian, and Danish BC and OC 
inventories, have been estimated with methodologies 
similar to those used for other pollutants officially 
reported to national and international bodies. 

AMAP area
Arctic Circle

Boundaries of the Arctic

60° N

70° N

80° N
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Figure 4.9. Anthropogenic emissions of BC and OC per 
source category in 2005 in Alaska. Source: Marcus Sarofim, 
Environmental Protection Agency Climate Division.

Emissions for the other areas are unofficial estimates 
that have been derived by various methodologies.

The Alaskan preliminary emissions of 
anthropogenic BC and OC shown in Figure 4.9 have 
been estimated from the 2005 US PM2.5 inventory 
by the US Environmental Protection Agency. Total 
anthropogenic emissions are 2220 Mg BC and 7060 
Mg OC. Marine vessels are the largest source of both 
BC (61%) and OC (52%) emissions. Open burning 
or prescribed burns, are the second largest source 
with 10% and 15% of the total BC and OC emissions, 
respectively. Electricity and heat generation, 
residential, road and off-road diesel mobile emissions 
each constitute about 5% of total anthropogenic BC 
emissions. In terms of anthropogenic OC emissions, 
the residential sector makes the largest contribution 
at 13%, electricity and heat generation (7%), and 
industry and off-road gasoline sources (5%) follow 
thereafter. The other sources included in the analysis 
constitute 1–2% of the total emissions. Not shown 
in Figure 4.9 are the large emissions from wildfires 
estimated at 47 000 Mg BC and 240 000 Mg OC.

Total preliminary emissions in 2006 of BC 
and OC from the Canadian provinces of Yukon, 
Northwest Territories, and Nunavut are an order 
of magnitude lower than the Alaskan emissions. 
Total anthropogenic emissions include 230 Mg BC 
and 490 Mg OC (Figure 4.10). For comparison, forest 
fires emissions of BC are estimated at 1450 Mg. 
The three largest anthropogenic BC sources, which 
make up 75% of total emissions, are off-road diesel 
vehicles (110 Mg), on-road diesel vehicles (32 Mg), 
and residential wood burning (30 Mg). The largest 
OC sources are residential wood burning (174 Mg), 

followed by anthropogenic open sources (144 Mg), 
domestic shipping emissions (38 Mg), and gasoline/
liquid natural gas (LNG) / compressed natural gas 
(CNG) (20 Mg), comprising about 80% of the total 
OC emissions. 

Emission trends of BC and OC for Greenland 
(60–83° N), a self-governing territory within the 
Kingdom of Denmark, and the Arctic archipelago of 
Svalbard (74–81° N) under Norwegian jurisdiction, 
are presented here. 85% of Greenland and 60% of 
Svalbard are covered by snow and ice all year around. 
The size and population of the two territories are 
very different. Greenland covers a much larger area 
(Greenland: 2166 086 km2, Svalbard: 62 050 km2) and 
the population is higher (Greenland: 56 452 people, 
Svalbard 2573 people).

Emissions of BC in Greenland constitute less than 
0.5% of total emissions in the Kingdom of Denmark, 
while the emissions from Svalbard constitute 
about 1% of Norwegian emissions. Despite the low 
contribution to the national total emissions, releases 
of BC from Greenland and Svalbard may have a 
larger impact on the Arctic due to the high north, 
snow and ice covered location.

The Danish draft national inventory and 
projections for Greenland report total emissions of 
BC and OC in 2010 of 26 and 17 Mg, respectively 
(Winther and Nielsen, 2011). Fishery (mobile) was the 
largest BC and OC emission source in 2010 (60% of 
total). In the case of BC, fishery was followed by road 
transportation (13%), domestic heating (11%) and 
domestic shipping (8%). The next largest OC source 
was domestic shipping (21%). Road transportation 
and domestic heating represent about 5% each of 

Figure 4.10. Anthropogenic emissions of BC and OC per source 
category in 2006 in Northern Canada (Yukon, Northwest 
Territories and Nunavut). Source: ACTFSLCF (2011).
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Figure 4.11. Emissions of BC in Greenland by source category in 
1990, 2000 and 2010. Source: Winther and Nielsen (2011).

Figure 4.12. Trends in marine emissions of BC for 2000 to 2007 related to activities at Svalbard. Source: Vestreng et al. (2009).
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OC emissions (Figure 4.11). Emissions of BC and OC 
have decreased by about 30% between 1990 and 2010, 
mainly due to large reductions in road transport 
emissions (90%). Emissions related to fisheries have 
increased (26%) over the same period.

The Faroe Islands cover 1399 km2 and have a 
population of 48 917. Total 2010 emissions from 
the Faroe Islands of BC and OC are estimated at 42 
Mg and 24 Mg, respectively, which is considerably 
higher than the Greenland emissions, despite the 

lower population number. Fishing vessels are the 
largest source for both BC (61%) and OC (75%).

BC and OC emissions for 2007 related to activities 
at Svalbard were estimated at 61 and 22 Mg of BC 
and OC, respectively (Vestreng et al., 2009). Shipping 
is the largest source of emissions (90%) due to cruise 
traffic and transport of coal (Figure 4.12). Emissions 
from fishing were not included in this study due to 
a lack of data. Road transport is the second largest 
source. Emissions increased by 30% between 2000 
and 2007. The higher emissions from Svalbard 
compared to Greenland, could be due, in part, to the 
difference in scope and nature of the two inventories. 
In the case of Svalbard, emissions from international 
shipping in the Svalbard zone and all marine and air 
traffic between Svalbard and mainland Norway are 
included. In addition, the source distribution in the 
two inventories is different and it is very likely that 
there were differences in the emission factors applied.

BC emissions from Iceland for 2000 range 
between 190 and 670 Mg. Emissions of OC range 
between 130 and 290 Mg (ACTFSLCF, 2011). Off-
road transport dominates the BC and OC emissions 
in both inventories.

The Russian BC and OC emissions are highly 
uncertain. Emissions in the AMAP area are estimated 
to be between 3000 and 4000 Mg of both BC and 
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OC based on the RCP distribution (1–2% within 
the AMAP area) and the total emissions in the 
ACTFSLCF (2011) report.

Adding all anthropogenic present-day emissions 
within the AMAP area yields about 3 to 7 Gg/y BC 
and 4 to 12 Gg/y OC (depending on the inventory). 
Hence, the sum of these high north emissions is 
comparable to individual Nordic country totals. 
In addition, they are several times larger than the 
current emission estimate for within Arctic shipping 
of 1.2 Gg BC and 3.8 Gg OC (see Section 4.1.4). Special 
attention should be given to these emissions because 
of their location in or close to areas covered by 
snow and ice the whole year around. Nevertheless, 
estimates of the uncertainty associated with the high 
north emissions are large. Efforts should be taken to 
refine the emission estimates from the AMAP area.

4.1.6. Forest and grassland fires (natural     
         and semi-natural fires)
An important aspect of forest and grassland fires 
(and to some extent agricultural fires) is that they 
can effectively inject emissions higher up into the 
atmosphere than other ground-based emission 
sources. The heat and latent water release by fires 
can induce convection above the fires, which lifts the 
emitted pollutants. While the energy available from 
small fires may not be sufficient for the plume to 
penetrate the top of the boundary layer, large fires 
can produce deep convective columns (pyro-Cbs), 
which can pollute the upper troposphere (Nedelec 
et al., 2005) and can even penetrate the tropopause 
deep into the stratosphere (Fromm et al., 2000; Jost 
et al., 2004) where the residence time of smoke is 
much longer than in the troposphere. Pyro-Cb events 
have been documented over boreal forest fires in 
North America (Fromm et al., 2000; Jost et al., 2004) 
and Siberia (Nedelec et al., 2005). While it would 
be important to include these events to determine 
the radiative forcing of forest fire smoke (different 
transport patterns; longer residence times), global 
models currently do not consider pyro-convection 
and even observational data are sparse.

Today’s fire inventories are typically derived by 
combining satellite remote sensing information with a 
biogeochemical model. Burnt area is either derived by 
applying extrapolation rules from active fire counts, 
or, more recently, by using burnt area remote sensing 
products directly (Isaev et al., 2002; Hoelzemann et 
al., 2004; Balzter et al., 2005; van der Werf et al., 2006; 
Turquety et al., 2007). Combining the burnt area 
information with satellite products of vegetation type 
and cover and a biogeochemical model of vegetation 
productivity allows assessment of the amount of 

plant material available for combustion. The various 
gaseous and particulate pyrogenic emissions are then 
derived from emission factors that convert the plant 
material burned to the amount of carbon released 
by the fire. These emission factors are constants 
for a given plant functional or vegetation type. The 
spatial and temporal resolution of inventories thus 
depends on the resolution of the underlying remote 
sensing products. Large uncertainties are involved in 
deriving the inventories including but not limited to, 
likely underestimation of area burnt in many regions, 
an over- or underestimation of combusted biomass, 
and use of emission factors that do not distinguish 
smoldering from free-burning fire. Only recently 
have attempts been made to link emission factors 
more dynamically to burn conditions.

The use of remotely sensed burned area and/or 
vegetation cover restricts fire inventories to the period 
these data are available. In order to assess fire regimes 
under changing climate and changing atmospheric 
conditions, dynamic vegetation models are currently 
being combined with empirical or process-based fire 
models that seek to calculate not only combusted 
biomass, but also to derive burnt area (Kloster et al., 
2010; Lehsten et al., 2010; Pechony and Shindell, 2010; 
Thonicke et al., 2010). Despite substantial differences 
between these various approaches the models have 
in common that they seek to account not only for 
climate change effects on burn conditions, vegetation 
productivity and litter availability, but also separate 
effects of humans and lightning on ignition – and in 
case of humans – also on extinction (Archibald et al., 
2009; Lehsten et al., 2009).

Today’s global estimates of carbon emitted from 
wildfires range between about 2 and 4 PgC/y (van 
der Werf et al., 2006; Thonicke et al., 2010), with an 
interannual variability of 1 PgC. For the boreal region, 
van der Werf et al. (2006) estimated emissions to vary 
between about 80 and 580 TgC/y for the period 1997 
to 2004, and compared these results to the ‘moderate 
severity scenario’ from Kasischke et al. (2005) that 
would suggest lower maximum emissions of up to 
about 380 TgC/y for the same period.

Wildfires in circum-boreal forest ecosystems 
surrounding the Arctic are a substantial contributor 
to BC and OC emissions. Many of the important 
source areas are located within the boundaries of the 
Arctic Council nations. For forest fires, the distinction 
between anthropogenic and natural emission source 
becomes blurred, since ignition sources can either be 
by humans or natural (lightning). In fact, boreal forests 
have co-evolved with fire as a recurring episodic 
event, such that ecosystems in different boreal forest 
regions show specific adaptations to cope with, or 
even rely on, fire disturbance (Johnson, 1992).
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How combined effects of climate change and 
human interference change natural fire regimes is a 
non-trivial question, and an active area of research 
(Archibald et al., 2009; Flannigan et al., 2009b). While 
fire regimes are under notable human influence (e.g., 
human ignition as well as extinction and prevention, 
changes in forestry practices) (Achard et al., 2008), 
they are also under strong direct climate influence, 
for instance in the remote parts of boreal forests, or 
when specific weather patterns lead to uncontrollable 
burning (Bowman et al., 2009). Thus direct policy 
measures to reduce wildfire BC emissions from 
forest ecosystems can only be of limited influence, by 
targeting, for instance, the time of burning. Climate 
change together with enhanced productivity in a 
high CO2 world leads to enhanced availability of 
combustible plant litter and favorable conditions for 
ignition and fire spread, and thus has the potential 
to counteract policy measures that seek to reduce 
anthropogenic BC emissions. Understanding present-
day and future fire regimes (including intensity, 
severity, location and seasonality) must therefore 
consider the following aspects:

• Climate change may lead to hotter and drier 
conditions, enhancing fire risk (Amiro et al., 
2009; Flannigan et al., 2009a) including the risks 
of extreme fire events, while in regions where 
climate change leads to more moist conditions 
fire risk, area burnt and pyrogenic emissions 
may decrease (Macias Fauria and Johnson, 
2008). Changing burn conditions toward either 
a drier or moister environment (smoldering vs. 
open burn) are also important determinants of 
composition of the pyrogenic emissions includ-
ing BC (Janhäll et al., 2010).

• Climate change and increasing atmospheric 
CO2 concentration may yield an initially more 
productive vegetation and thus more biomass 
that serves as fuel for burning (Balshi et al., 
2007; Goetz et al., 2007). However, in areas of in-
creasing drought, effects of soil water deficit can 
counter those of CO2 enhancement on produc-
tivity of vegetation, and hence litter production.

• In some areas, the combined climate and CO2 
changes can also lead to a lengthening of the 
growing season (already observed, see Lucht 
et al., 2002) and shift in vegetation composi-
tion (shrub encroachment into tundra; change 
in tree species composition) which also affects 
fire patterns (Rupp et al., 2002; Westerling et al., 
2006).

• Fire can also provide a feedback on itself, since 
increased burning activity can reduce the over-

all fuel load and/or affect vegetation structural 
properties that affect burn patterns and emis-
sions in turn.

• Human fire prevention and suppression strate-
gies may also significantly affect fire regimes.

Global deforestation fires, replacing forest with 
pastures or crops are estimated to have contributed 
nearly 20% of pre-industrial to present-day radiative 
forcing from CO2 (Bowman et al., 2009). In the 
absence of a change in the fire regime, fires that are 
not associated with land cover or land-use change 
affect the atmospheric CO2 burden relatively little, 
since the carbon lost is taken up again by re-growing 
vegetation. However, understanding the interactions 
between fire, atmospheric composition and climate, 
demands a much broader view since burn patterns 
notably affect the surface energy balance both by 
changes in albedo, as well as by a change in sensible 
and latent heat fluxes in the affected regions over 
the course of vegetation re-growth (Randerson et al., 
2006; Macias Fauria and Johnson, 2008).

The BC and OC emissions estimates for forest and 
grassland fires in the RCP database (Lamarque et 
al., 2010) for 2000 are based on Global Fire Emission 
Database (GFED v2, van der Werf et al., 2006, 2010). 
There is a large interannual variability in emissions 
and according to van der Werf et al. (2010) the global 
carbon emissions in 2000 were 17% lower than the 
1997–2009 average. The differences vary by region 
and in boreal Russia, which accounts for over 80% 
of the carbon emissions in the boreal zone, the 2000 
emissions were estimated to be about 10% higher than 
the average in 1997–2009 (van der Werf et al., 2010).

Figure 4.13 shows the global emissions from forest 
and grassland fires separated into the contribution 
from the Arctic Council nations and rest of the 
world. BC emissions from forest and grassland fires 
in the Arctic Council nations were about 60% lower 
than the anthropogenic emissions, but had an equal 
contribution in the case of OC. A high OC to BC ratio 
is characteristic for forest and grassland fires and 
thus the emissions of OC are an order of magnitude 
higher than BC which is important when considering 
the total radiative forcing associated with biomass 
burning. Emissions within the boundaries of the 
Arctic Council nations account for 9% and 17% of 
the global totals of BC and OC, respectively. The split 
between the Arctic Council nations is similar for both 
BC and OC. Perhaps not surprising considering its 
areal extent, Russia has the largest share, at about 
75% of the totals of both BC and OC, followed by 
Canada at 15% and United States at about 10%. 
Emissions from the Nordic countries are estimated 
to be negligible.
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Figure 4.13. Emissions of BC (left) and OC (right) from forest and grassfires globally and in the Arctic Council nations. Emissions from 
the United States include those south of 40° N. Source: RCP database, van der Werf (2006).

Van der Werf et al. (2010) indicated that their 
recent update of the GFED database (GFEDv3) 
has resulted in some changes to regional estimates 
that have consequences for emissions. Concerning 
the regions of interest for their study and the year 
2000, in boreal North America (Canada and Alaska) 
the burned area and fuel consumption estimates 
have increased. For Europe, the United States and 
Russia the estimates have decreased. As a result of 
these updates van den Werf et al. (2010) estimated 
significant increases in carbon emissions, including 
BC and OC.

Fire activities from forest and grassland fires 
are concentrated spatially and seasonally, which 
reflects (especially in case of fires from managed 
grassland) anthropogenic burn practices, as well as 
the co-occurrence of dry litter and ignition sources. 
Significant interannual variations in occurrence 
and scale of boreal wildfires have been identified 
for many geographic regions (van der Werf et al., 
2010) in response to climate and weather variation. 
For instance Macias Fauria and Johnson (2008) 
have related the occurrence of boreal fires in North 
America with the frequency of mid-tropospheric 
blocking highs during the fire season, which are 
further related to the large-scale climatic patterns 
such as the Arctic Oscillation (AO, closely related 
to the North Atlantic Oscillation NAO) and Pacific 
Decadal Oscillation (PDO, related to the El Niño 
Southern Oscillation ENSO). The blocking highs 
are regions of high atmospheric pressure that block 
the normal westerly flow of air in mid-latitudes for 
several days and in spring and summer result in clear 
weather and high temperatures (Burton et al. 2003). 
Figure 4.14 presents the occurrence of BC emission 
fluxes in the RCP database by latitude and month for 
forest and grassland fires indicating that there is a 

Figure 4.14. Monthly distribution of BC emission fluxes by 
latitude for forest fires (upper figure) and grassland fires (lower 
figure). Source: RCP database, van der Werf (2006).
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Figure 4.15. Uncertainties in BC emissions from fossil-fuel and biomass and biofuel sources by latitude (left) as well as longitudinal 
average emissions over 30° to 60° N (right). Source: Bond et al. (2004).

Boreal forests are a substantial source of organic 
aerosol, and affect secondary organic aerosol (SOA) 
production from vegetation in an indirect manner. 
This assessment focuses on the effect of combustion 
related BC and OC, but a brief discussion of the 
vegetation SOA is given here. Biogenic volatile 
organic carbon (BVOC) emitted mostly from woody 
vegetation is the main SOA precursor. BVOC 
oxidation products have been shown to condense 
on pre-existing nano-particles and contribute to 
their growth and may also be involved in particle 
nucleation (Carslaw et al., 2010). Boreal forest is 
especially relevant in this context because of the 
type of BVOC emitted, which has a large quantity of 
monoterpenes and sesquiterepenes that have been 
shown to have a high aerosol yield (Bonn et al., 2004; 
Tunved et al., 2006; Haapanala et al., 2009; Rinne et 
al., 2009). Many of the aspects regarding changes in 
fire regime in response to climate change will also 
affect emissions of the biogenic SOA precursors, and 
need to be included in assessment of future biogenic 
vs. anthropogenic emissions and their climate effects:

• Warming will enhance emissions on leaf scale 
because of enhanced vapor pressure and en-
hanced enzymatic productivity. 

• Increasing atmospheric CO2 concentration will 
indirectly enhance BVOC emissions, by more 

production of emitting leaf area, but may also 
inhibit (some) BVOC production in leaves in an 
as yet not fully understood process (Arneth et 
al., 2007; Young et al., 2009).

• Changes in vegetation species composition will 
have large effects on BVOC emission spectra, 
since different tree species differ greatly in their 
capacity to emit BVOC, both in terms of quan-
tity and type of BVOC (Niinemets et al., 2010).

4.1.7. BC emission inventory uncertainties
Uncertainties associated with emission inventories 
are one component that contributes to the overall 
uncertainty of estimates of radiative forcing by short-
lived climate forcers. A comprehensive quantitative 
uncertainty estimation of emission inventories of 
carbonaceous aerosol was presented by Bond et 
al. (2004). Their analysis shows that BC emission 
estimates are subject to major uncertainties due to 
knowledge gaps in emissions parameters as well as 
activities in major emitting sectors.

According to Bond et al. (2004), the global emission 
uncertainties expressed as 95% confidence intervals 
were 3.1 to 10 Tg/y (-30% to +120%) for anthropogenic 
BC emissions and 1.6 to 9.8 Tg/y (-40% to +200%) for 
open biomass burning. The respective ranges for OC 
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were 5.1 to 14 Tg/y (-40% to +100%) and 13 to 58 Tg/y 
(-50% to +130%). The top four sources of uncertainty 
in global emissions were identified as emissions from 
Chinese coke making, residential wood combustion, 
industrial coal combustion, and on-road diesel 
emissions. Bond et al. (2004) also made a qualitative 
regional assessment of key sectors contributing to 
uncertainties. Residential wood burning and diesel 
transport emissions (both on- and off-road diesel) 
have been identified as being responsible for most of 
the anthropogenic BC and OC emissions in the Arctic 
Council nations and as illustrated by Bond et al. (2004) 
they also are among the top sectors contributing to 
the emission uncertainties in the studied area.

Figure 4.15 shows uncertainties in BC emissions by 
latitude for fossil-fuel as well as biofuel and biomass 
burning sources. On the left-hand side the emissions 
are presented by latitude. The right-hand side figure 
shows the longitudinal average BC emissions within 
30° and 60° N, which captures most of the emissions 
affecting the Arctic area. Largest uncertainty (low-
high lines) is estimated for Asian emissions, and 
the upper confidence limit is about twice the central 
estimate in most regions (Bond et al., 2004).

Textor et al. (2007) studied the effect of 
harmonized emissions on inter-model diversity (12 
models) of global aerosol burdens and observed that 
unifying the emission input to the models did not 
considerably decrease the overall model diversity. 
They concluded that the fate of aerosol is model 
dependent and to a large extent controlled by other 
processes than emission diversity and recommended 
using an ensemble of model simulations to assess 
the impact of emission changes. Koch et al. (2009a) 
drew the same conclusion when comparing model 
outputs with three different BC emission inventories 
against measurements of surface concentrations, 
atmospheric burdens and optical depths. The match 
between model outputs and measurements did 
not improve much with different emission inputs. 
However, the uncertainties in emission estimates are 
large and efforts to lower them are encouraged.

4.2. Future emissions scenarios
BC and OC contribute to emissions of particulate 
matter that are already regulated. Hence, a reduction 
in BC and OC emissions from several sectors is 
expected in the near future provided that the 
regulations are enforced in a timely manner, the 
expected reductions are achieved by the emission 
control measures, and that the development is not 
counteracted by unforeseen ‘events’ (e.g., abrupt 
changes in international economic activity). This 
section presents a brief summary of estimated future 

emission pathways; a more detailed discussion is 
included in the Arctic Council Task Force on Short-
Lived Climate Forcers report (ACTFSLCF, 2011).

Figure 4.16 shows the sectoral distribution of BC 
and OC emissions in the Arctic Council nations in 
2000 and 2005 as well as emission projections for 2020 
and 2030 according to two GAINS scenarios:

• The ‘CLE GAINS’ scenario relies on the 2009 
reference scenario of the International Energy 
Agency and includes current air pollution  
legislation.

• The ‘Low GAINS’ scenario uses the same activ-
ity scenario as CLE GAINS but assumes the 
implementation of a mix of ambitious technical 
and non-technical measures specifically target-
ing BC and minimizing the net-radiative forcing 
effect of co-emitted species. The ‘low’ scenario 
explores reductions in key sectors via measures 
that could be realized within the given time 
horizon provided strong additional incentives 

Figure 4.16. Sectoral distribution of BC and OC emissions in 
the Arctic Council nations in 2000 and 2005 as well as emission 
projections for 2020 and 2030.
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Figure 4.17. BC and OC emissions outside the Arctic Council 
nations.

are introduced, either as legislation or economic 
incentives accelerating certain process; this 
includes widespread replacement of all stoves 
and small-scale biomass boilers by pellet instal-
lations, use of coal briquettes instead of raw coal 
in the domestic sector, assuring full penetration 
of EURO-VI equivalent standard for road and 
off-road diesels, and the development of pro-
grams to eliminate high-emitters as well as open 
burning of agricultural waste.

BC and OC emissions are expected to decline by 
37% and 23%, respectively, by 2020 due to current 
air pollution legislation alone (CLE GAINS). Further 
reductions of only a few percent are estimated for 
2020 to 2030. The most effective policy measures are 
the tightening of emission standards in the transport 
sector but some OC reductions are expected in the 
domestic sector with the slow switch to more modern 
and less emitting combustion devices.

The Low GAINS scenario introduces measures 
to key sectors that are not affected by current 
legislation, for example the residential sector; or 
where the enforcement of existing legislation has not 
been effective, for example the ban on agricultural 
burning (Korontzi et al., 2007). It also accelerates the 
introduction of effective technologies in the transport 
sector. If these measures could be implemented by 
2030, they would result in additional reductions of 
51% and 56% for BC and OC, respectively, compared 
to the current legislation scenario.

There are also potential sectors and measures 
that were not included in the Low GAINS scenario. 
These include shifting the timing or finding 
alternatives for agricultural burning of crop residues 
so that emissions do not reach the Arctic atmosphere 
as effectively (Pettus, 2009). These measures would 
be particularly beneficial in Eastern Europe, Russia 
and northern Asia. Further reductions in BC in the 
transport sector could, for example, be achieved by 
introducing diesel retrofits (especially for off-road 
diesel machinery and stationary engines). Within- 
and near-Arctic sources, such as shipping and 
flaring in oil and gas production facilities, could also 
be targeted. 

4.3. BC and OC emissions scenarios   
      outside the Arctic Council nations
Figure 4.17 shows BC and OC emissions outside 
the Arctic Council nations in 2000 for RCP and 
GAINS and in 2030 with the CLE GAINS and Low 
GAINs scenarios. Both estimations show similar 
emission totals for BC but RCP is slightly lower 
for OC. In contrast to the emission projections for 
the Arctic Council nations, outside the Arctic the 

current legislation scenario is projected to result in 
BC emissions that increase by 2030 compared with 
2000, and OC emissions are projected to remain at a 
similar level. However, introduction of the measures 
in the Low GAINS scenario is projected to bring 
significant reductions for both BC and OC, especially 
for emissions in the key sectors of transport and 
domestic combustion. On a regional level the 
emission changes vary. For example, emissions in the 
rest of Europe and the OECD countries are expected 
to closely follow the development presented for the 
Arctic Council nations. However, since a significant 
proportion of emissions that reach the Arctic 
come from outside the Arctic Council nations, the 
emissions presented here emphasize the need to seek 
international cooperation in reducing emissions of 
BC and OC and their impacts in the Arctic.

4.4. Emissions of co-emitted species
Species co-emitted with BC, including SO2 and OC, 
are also affected by the measures included in the 
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Figure 4.18. Emissions of methane (CH4), carbon monoxide (CO), 
nitrogen oxides (NOX), sulfur dioxide (SO2) and BC and OC in the 
Arctic Council nations in 2005 and 2030 under the CLE GAINS 
and Low GAINS emissions scenarios.

control scenarios. The climate impact of reducing 
emissions from a given source is dependent on the 
net-effect of all emitted species, which can be either 
warming or cooling. The impact of the co-emission 
of OC is included in this assessment. Other species 
including CH4, CO, NOX, and SO2 have not yet been 
considered. However, emission inventories of these 
co-emitted species have been compiled for the Arctic 
Council nations for future work. Figure 4.18 shows 
the emissions of these additional species, together 
with BC and OC for the Arctic Council nations in 
2005 and 2030.

Emissions of NOX and CO are expected to decline 
in line with BC and OC by 2030 in the Arctic Council 
nations following current legislation, especially the 
implementation of further abatement technologies 
in the transport sector. In contrast, current legislation 
will lead to a slight increase in emissions of CH4, 
mostly due to increased emissions from oil and gas 
production and distribution. Furthermore, emissions 
of SO2 will decrease sharply following end-of-pipe 
measures and reductions in the sulfur content of 
fuel. Further work is needed to assess the net Arctic 
climate effects of the short-lived climate forcers 
induced by different emission abatement policies.
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Compared with current legislation, the Low 
GAINS scenario would bring further emission 
reductions in 2030 for all pollutants other than SO2. 
SO2 emissions would develop as in the current 
legislation case. Consequently, its cooling effect is 
also similar.

5. Transport of black carbon  
   to the Arctic

5.1. Conceptual overview
In order to develop appropriate BC abatement 
strategies for the Arctic, the sources contributing to 
Arctic BC must be known quantitatively. There are 
currently few BC sources in the Arctic itself such 
that most of the Arctic BC is a result of long-range 
transport from source regions on the fringes of or 
outside the Arctic (Law and Stohl, 2007). Source 
attribution thus relies on correct identification of 
the major transport pathways and the capability 
of models to accurately simulate the long-range 
transport of BC along these pathways and the BC 
loss processes occurring en route.

Surfaces of constant potential temperature form 
shells over the Arctic, with minimum values in the 
Arctic boundary layer, thus building the so-called 
polar dome (Klonecki et al., 2003; Stohl, 2006), 
schematically depicted in Figure 5.1. Strong surface 
inversions lead to extremely high static stability of the 
Arctic air mass inside the dome, with associated low 
turbulence intensities (Strunin et al., 1997), which limits 
both vertical exchange between the boundary layer 

and the free troposphere and deposition of BC to the 
ground. Toward more southerly latitudes, the Arctic 
lower troposphere is also isolated from the rest of the 
atmosphere by a transport barrier, the so-called ‘Arctic 
front’ (Barrie, 1986). Because potential temperature 
is approximately conserved over short time scales, 
pollution emitted into the relatively warm air masses 
south of the polar dome can only be transported into 
the Arctic along the isentropes leading into the Arctic 
middle or upper troposphere above the polar dome, 
i.e., pathways 1 and 2 in Figure 5.1 (Carlson, 1981; 
Iversen, 1984; Barrie, 1986). Latent heat release by 
condensation of water vapor will further enhance the 
ascent. As a result, the lifting is typically associated 
with cloud formation and precipitation by which BC 
can be scavenged from the atmosphere and deposited 
at the surface with the precipitation. Stohl (2006) 
found that this is almost the only pathway by which 
BC emitted in the densely populated areas of eastern 
North America and southeastern Asia can reach the 
Arctic. Often, however, the lifting will occur over the 
North Atlantic or North Pacific storm tracks and the 
BC from these source regions will be deposited south 
of the Arctic (pathway 2). Only for source regions 
further north (Europe, Eastern Asia), will the lifting 
occur at the Arctic front, where BC is more likely to 
be deposited over snow and ice surfaces (pathway 1). 
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Indeed, BC concentrations in snow samples taken in 
different parts of Arctic Eurasia are on average a factor 
of three to four times higher than concentrations in 
snow in Arctic Canada (Doherty et al., 2010).

For BC to reach the lower troposphere in the Arctic 
on time scales shorter than a few weeks, its source 
regions must be sufficiently cold. This is generally 
only the case in winter and early spring over northern 
Eurasia where the Arctic front can be located as far 
south as 40° N on average in January (see figure 1 of 
Barrie, 1986). Strong diabatic cooling of the air at the 
snow-covered surfaces in Eurasia not only helps to 
establish the polar dome itself but also allows polluted 
air from northern Eurasia to penetrate the entire Arctic 
at low altitudes on time scales of 10 to 15 days (Stohl, 
2006), depicted as pathway 3 in Figure 5.1.

BC can also penetrate the polar dome by slow 
descent from above (pathway 4) and by slow 
incorporation of extra-Arctic air via mixing into the 
polar dome (pathway 5). Both pathways require 
radiative cooling, which is a slow process (about 
1 K/d) and the associated descent from the upper 
troposphere will take several weeks. Since the Arctic 
middle and upper troposphere are connected to the 
middle latitudes on synoptic time scales of a few 
days, there is no upper tropospheric Arctic air mass 
with unique properties. Instead, air participating in 
this descent will involve a mixture of relatively clean 
background air (pathway 6) as well as anthropogenic 
and biomass burning pollution plumes from various 
mid-latitude source regions (Warneke et al., 2009, 
2010; Brock et al., 2011). All of the air involved in 

this process must have been lifted to the middle/
upper troposphere, so some or most of the BC will 
have been scavenged by precipitation (e.g., along 
pathway 2). Nevertheless, in pollution plumes the 
free tropospheric BC concentrations can be higher 
than those near the surface (Spackman et al., 2010). 
Eventually, the BC that has not been scavenged can 
be entrained into the boundary layer in the polar 
dome and reach the surface by dry deposition. Loss 
of BC at the surface is balanced by inflow from above 
(Spackman et al., 2010).

At high latitudes in the Arctic, most cloud particles 
are ice. The settling of ice crystals can redistribute 
BC from higher to lower altitudes. In addition, the 
settling wake can lead to the downward transport 
of additional particles. At more southerly latitudes 
in the Arctic, thin liquid water clouds occur. In these 
cases, BC scavenging and wet deposition can be 
enhanced by riming whereby ice crystals collide with 
supercooled droplets which freeze on contact.

Biomass burning plumes follow transport 
pathways to the Arctic that depend on the injection 
height of the plume. Fire-driven convection can inject 
aerosols into the free troposphere (pathway 7), thus 
reducing the efficiency of dry and wet deposition. 
The result is distinct aerosol layers in the high-
latitude free troposphere, which may subsequently 
be incorporated into the polar dome. Convection over 
boreal fires can be sufficiently strong to penetrate the 
tropopause and, thus, can inject aerosols directly 
into the stratosphere, where their residence time is 
particularly long (pathway 8).

Figure 5.1. Schematic illustration of processes relevant for transport of BC into the Arctic based on the study by Stohl (2006). In reality, 
the polar dome is asymmetric and its extent is temporally highly variable. In addition, its southernmost extent is greatest over Eurasia. 
The placement of the polar dome is more typical of the winter/spring situation, whereas in summer the dome is much smaller. Also 
note that the dome is not homogeneous but is itself highly stratified with strong vertical gradients.
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Figure 5.2. Transport climatologies of emission sensitivities for winter (top row) and summer (bottom row) for four Arctic stations       
(Zeppelin, Alert, Barrow, and Summit) for 2000 to 2007. Station locations are marked by a white asterisk. Source: Hirdman et al. (2010a).

As a result of the varied transport pathways 
described above, the source regions of BC found in 
the Arctic are different for receptor locations near 
the surface versus those in the middle or upper 
troposphere (Hirdman et al., 2010a). Figure 5.2 shows 
the footprint emission sensitivity (a measure of how 
strongly a surface source of unit strength could have 
influenced measurements) for four Arctic monitoring 
stations for transport times of up to 20 days. The 
station Summit on Greenland is much less sensitive to 
surface emissions in the Arctic than the other stations 
but more sensitive to emissions at low latitudes. 
This is a result of the high altitude of the Greenland 
Ice Sheet, which is far above the lower shells of the 
polar dome and, thus, almost isolated from low-level 
transport. Instead, it is more directly connected to 
transport from the lower latitudes (pathway 9).

The dependence of source region on altitude has 
three important implications. First, almost all the BC 
measurement data available prior to the International 
Polar Year were obtained near the surface (e.g., 
Sharma et al., 2004) but these measurements are not 
representative for BC in the Arctic free troposphere. 
Indeed, aircraft measurements obtained during 
POLARCAT campaigns showed that BC concentrations 
above the Arctic boundary layer can be higher than 
those in the boundary layer (Spackman et al., 2010; 
Brock et al., 2011). Second, BC in Arctic snow (Doherty 
et al., 2010) can originate from dry deposition from the 
lowest atmosphere as well as scavenging from lower 
or higher levels in the atmosphere. The sources of BC 
in Arctic snow will therefore be different to the sources 

of atmospheric BC at any given level in the atmosphere. 
They will reflect a mixture of sources for near-surface 
air (relevant for dry deposition) and sources for BC at 
altitudes at and below cloud-level (relevant for wet 
deposition). Third, historical BC records obtained 
from high-altitude Greenland ice cores (McConnell, 
2010) cannot be taken as representative of the overall 
BC trends at the surface near sea level. Hirdman et 
al. (2010a) showed that the BC source regions for the 
station Summit on top of the Greenland Ice Sheet (3208 
m above sea level) are located much further south 
than the BC source regions for Arctic monitoring sites 
located in the boundary layer. The latter are more 
influenced by low-level inflow of polluted air from 
high-latitude Eurasia (see Figure 5.2). If the emission 
trends in the respective BC source regions are different, 
then the trends near the Arctic surface and in the free 
troposphere will also be different.

The transport pathways also vary seasonally. 
In winter, the Arctic front is located much further 
south than in summer (Barrie, 1986; Heidam et al., 
2004), especially over Eurasia. This allows emissions 
from high-latitude Eurasia to enter the Arctic via the 
low-level transport described above. In contrast, in 
summer the Arctic front approximately follows the 
northern coastline of Eurasia, which almost eliminates 
the low-altitude transport pathway. This is one reason 
why BC concentrations in the Arctic are much lower 
in summer than winter (Stohl, 2006). However, 
increased efficiency of wet scavenging in summer is 
even more important for driving the seasonal cycle of 
aerosols (Garrett et al., 2010).
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Figure 5.3. Average trace gas and aerosol enhancements due to biomass burning from emissions within the previous 20 days compared 
to the determined atmospheric background burden in the Arctic (north of 70° N). (a) April 2008 average, (b) April 2003–2007 average. 
Source: Warneke et al. (2010).

Transport pathways to the Arctic vary considerably 
on interannual time scales. For instance, during the 
positive phase of the NAO, transport from all three 
northern hemisphere continents (Europe, North 
America and Asia in order of significance) into the 
Arctic is enhanced (Eckhardt et al., 2003; Duncan and 
Bey, 2004). While fluctuating efficiency of transport 
from the middle latitudes into the Arctic influences 
the interannual variability of Arctic BC concentrations 
(e.g., Gong et al., 2010), Hirdman et al. (2010b) found 
that these fluctuations are not strong enough to drive 
the overall BC trends in the Arctic, despite the long-
term trends in the NAO.

5.2. BC source regions
Determining the source regions and/or source types of 
Arctic BC is difficult. Four different types of approach 
have generally been used: i) detailed case studies 
of observed BC pollution episodes; ii) statistical 
analysis (e.g., by factor analysis) of measurement 
data alone, leading to identification of major source 
types; iii) statistical analysis of trajectories or other 
output from receptor-oriented model runs, often 
in conjunction with BC measurement data; and iv) 
explicit calculation of BC source contributions with 
global aerosol models. As explained below, all these 
methods have their own problems and often the 
conclusions reached are contradictory.

Case studies using a combination of BC and other 
aerosol and trace gas measurements as well as model 
information often allow reliable identification of 
the cause of observed enhancements. For instance, 

Stohl et al. (2006, 2007) and Warneke et al. (2009) 
attributed dramatic enhancements of Arctic BC levels 
in summer 2004 and spring 2006 and 2008 to boreal 
forest fires in North America, agricultural fires in 
Europe and agricultural/boreal fires in Kazakhstan/
Russia, respectively. Such case studies are important 
for identifying new processes or source categories 
that had been overlooked. The above studies caused 
a re-evaluation of Arctic BC, which was previously 
attributed mainly to anthropogenic sources. However, 
a reliable identification of the responsible BC sources 
is normally possible only for extreme cases where 
the signal is strong and attributable to a single source 
type/region only. How representative such events are 
for the overall BC levels is more difficult to quantify. 
A good example of how case study results can be 
extended was given by Warneke et al. (2010) who 
took the relative enhancements in biomass burning 
plumes over the Arctic background level measured 
during an aircraft campaign in April 2008 (Warneke 
et al., 2009) and extended the results with a multi-year 
transport climatology for a passive carbon monoxide 
tracer to estimate the average Arctic burden of various 
species measured by the aircraft. The results show 
that episodic biomass burning plumes make a small 
contribution to the Arctic burden for all investigated 
gas-phase substances, which typically have long 
lifetimes. However, for aerosols (especially OC and 
BC) the episodic biomass burning plumes in April 
2008 more than doubled the (mainly anthropogenic) 
Arctic background burden (Figure 5.3 left). While 
biomass burning in spring 2008 was unusually 
strong, the contribution of biomass burning averaged 
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over all April months between 2003 and 2007 was still 
almost 100% of the contribution from background 
aerosol loading (Figure 5.3 right), showing the great 
importance of biomass burning for Arctic aerosol 
concentrations. Matsui et al. (2011) also showed that 
high-latitude anthropogenic and biomass burning 
sources were most important for the Arctic BC 
loading both in spring and summer 2008, as most of 
the BC from lower-latitude sources was removed by 
precipitation before reaching the Arctic.

Joint analysis (using, for example, chemical mass 
balance or factor analysis) of BC measurements with 
measurements of tracers for particular source types can 
enable the identification of contributions from different 
source types. For instance, von Schneidemesser et al. 
(2009) quantified the contributions of biomass burning, 
vegetative detritus and fossil fuel combustion to OC 
levels observed at Summit, Greenland. However, 
they could not attribute 96% of the observed OC and 
concluded that it must be of secondary origin. Hegg 
et al. (2009) used positive matrix factorization on 
data from pan-Arctic snow samples and concluded 
that open biomass burning (agricultural burning 
and boreal fires) was the dominant source of BC 
throughout the year.

Anthropogenic contributions from fossil fuel 
combustion were substantial only in winter. This is 
in agreement with the results of Warneke et al. (2010) 
but such high biomass burning fractions appear 
inconsistent with results from modeling studies 
(see below). It may be that large contributions from 
residential wood burning were interpreted as biomass 
burning as they have similar source signatures.

McConnell et al. (2007) analyzed BC concentrations 
in an ice core from Greenland and found a strong 
correlation between BC and a tracer for conifer 
burning in pre-industrial times, suggesting that boreal 
forest fires (probably mainly in North America) drove 
BC levels in Greenland. During industrial times, BC 
levels have been higher than during the pre-industrial 
period and the correlation with the conifer burning 
tracer has been much weaker, suggesting a dominant 
anthropogenic contribution to BC levels during the 
20th century. During the last few decades of the 20th 
century, BC levels decreased due to reductions in 
anthropogenic emissions and the biomass burning 
source could now have become relatively more 
important.

A major problem when determining source 
contributions to Arctic BC based on measurement 
data alone is the aged nature of Arctic air masses, 
where a large number of different source types and 
regions can contribute to BC at the same time and the 
chemical signature of the mixed contribution can be 
different from any particular source type. The quality 

of certain tracers can also be degraded by chemical 
processes. For instance, levoglucosan, an aerosol 
tracer for wood burning which was for some time 
believed to have excellent properties as a tracer, was 
recently found to be degraded in the atmosphere by 
oxidation processes (Hoffmann et al., 2010), making 
detection of biomass burning plumes based on 
levoglucosan potentially difficult.

A large number of studies have performed a 
statistical analysis of trajectory or other transport 
model calculations combined with atmospheric BC 
measurement data. In principle, these methods try to 
identify the regions from which high measured BC 
concentrations are coming. For instance, Polissar et al. 
(1999, 2001) and Sharma et al. (2004, 2006) studied the 
source regions of BC measured at Barrow and Alert 
using trajectory statistics. Eleftheriadis et al. (2009) 
used a similar method for BC measured at Zeppelin 
station on Svalbard. Huang et al. (2010b) performed 
a cluster analysis of trajectories arriving at Alert. 
The studies all attribute the highest measured BC 
concentrations to Eurasian sources and none of the 
stations appear to ‘observe’ a strong influence from 
North America or southern Asia. For instance, Huang 
et al. (2010c) estimated that 67% of the BC at Alert in 
the Canadian high Arctic originated from the former 
Soviet Union, 18% from the European Union, and only 
15% from North America during a 16-year period.

Hirdman et al. (2010a) combined BC concentrations 
derived from absorption measurements at Alert, 
Barrow, Summit and Zeppelin with retroplume 
calculations using a Lagrangian particle dispersion 
model. The advantage of this method is greater 
accuracy and a longer accounted transport time (20 
days) than for the simpler trajectory calculations 
(typically ten days or less). For the highest 10% of 
the measured BC values, northern Eurasia was again 
identified as the main source region, especially in 
winter/spring (Figure 5.4). For Barrow and Alert, some 
influence from boreal forest fires in North America 
was seen. However, for summer a contribution from 
air masses descending from the free troposphere was 
identified without a clear source signature. The lack of 
a clear source is indicative of the main problem with 
this method which is even more severe for simpler 
trajectory calculations. While close or dominant 
source regions can be reliably identified, it is difficult 
or impossible to quantify the relative contributions 
from smaller or distant sources, especially if they are 
‘hidden’ behind large sources. Yet, the unaccounted 
sources could potentially make a large contribution 
to the average measured BC. For instance, sources 
in Japan or China would be difficult to detect if they 
are masked by Russian sources. Because these are 
systematic methodological problems, statistical tests 

Carolyns layout.indd   33 10/23/2011   8:50:56 PM



The Impact of Black Carbon on Arctic Climate

34

Figure 5.4. Source regions of BC for measurements at the Barrow station during 2002 to 2007, for the four seasons of the year. The results 
are based on a statistical analysis of BC measurements at the station combined with 20-day backward calculations with a Lagrangian 
particle dispersion model. The upper row shows where the highest 10% of measured BC originates from and the lower row shows 
where the lowest 10% of measured BC originates from. The location of Barrow is marked with a white asterisk. White areas have been 
excluded from the analyses because of insufficient data coverage. Source: Hirdman et al. (2010b).

Figure 5.5. Annual mean equivalent black carbon (EBC) concentrations measured at Alert, Barrow, and Zeppelin and split into 
contributions from four transport clusters (Arctic Ocean, North America, North Pacific Ocean and South-East Asia, Northern Eurasia; 
for the Zeppelin station, Northern Eurasia is split into a western and eastern Eurasia part). The solid line shows the linear trend through 
the measured concentrations. The circles show the annual mean EBC concentrations when the cluster-mean concentrations are held 
constant over time (means over the first three years). This line is influenced only by changes in the frequencies of the four clusters. The 
dashed line shows the linear trend of these data. Source: Hirdman et al. (2010b).

do not yield proper uncertainty estimates for such 
contributions, leaving a possibility for contributions 
from low-latitude sources that cannot be identified.

Hirdman et al. (2010b) classified 3-hourly 
equivalent BC concentrations into different transport 
clusters to investigate whether changes in atmospheric 
transport patterns could have driven BC trends in the 
Arctic over the past few decades. Figure 5.5 shows 

the contributions of the different transport clusters to 
measured BC at Alert, Barrow and Zeppelin. It can 
be seen that only a very minor fraction of the overall 
downward trend of BC can be explained by changing 
frequencies of the different transport clusters. Rather 
the downward trend of BC must be driven by 
decreasing emissions in high-latitude regions (cluster 
AO) and northern Eurasia.
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Finally, chemistry transport models with aerosol 
schemes have been used to quantify the BC contributions 
from different source regions and/or source types. The 
limitation of this approach is that the accuracy of the 
results depends on the emission data used by the model 
and the skill of the model to simulate BC transport, 
ageing and removal processes. Models generally have 
difficulties simulating the seasonal cycle of BC in the 
Arctic and BC concentrations during the Arctic haze 
season are frequently underestimated, although a 
number of improvements have recently been achieved 
in some models (see below). In a multi-model study, 
Shindell et al. (2008) found a large diversity of model 
results; none of the models could successfully simulate 

the BC seasonal cycle measured at Barrow and Alert 
and all models underestimated BC concentrations in 
winter and early spring. Koch et al. (2009a) compared 
BC concentrations from several models to airborne 
observations during the International Polar Year 
and found that, despite large model diversity, all 
models underestimated the measured BC column 
loadings (by up to more than one order of magnitude 
for individual models). Furthermore, the shape of 
the simulated vertical profiles did not agree with 
observations, with the models underestimating BC 
concentrations throughout much of the troposphere 
but overestimating concentrations in the upper 
troposphere and lower stratosphere (Figure 5.6). 
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Figure 5.6. Comparison of vertical profiles of BC from a large range of models, averaged over the points in the map, with aircraft 
measurement data obtained within the framework of the IPY POLARCAT projects ARCPAC and ARCTAS over high-latitude North 
America in spring and summer 2008. Mean (solid) and median (dashed) observations are shown in black, except for (c) the ARCPAC 
campaign where the dashed line shows the mean of measurements from flights influenced by biomass burning. Source: Koch et al. (2009a).
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Figure 5.7. Monthly averaged concentrations of measured 
equivalent BC (black lines) and simulated (red line represents 
results from original AM3 and green line for improved AM3) 
BC at Alert, Barrow and Zeppelin. Measurements were made 
between 2000 and 2007. The simulations use observed sea ice and 
sea surface temperature from 1996 to 2000. Source: Liu et al. (2011).

Figure 5.8. Comparison of model simulated monthly average BC 
surface concentration versus measured concentrations for Alert 
(1989-2005), Barrow (1988-2007), and Zeppelin (2001). The error 
bars on the observation curves represent the standard deviation 
of monthly values. Source: Huang et al. (2010).
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Some of the discrepancy between the model output 
and measured values may be due to systematic 
measurement errors. In addition, the comparison by 
Koch et al. (2009a) used year 2000 emissions while 
the measurements were made in 2008. Nevertheless, 
the large underestimates by the models indicate the 
need for model improvement.

The limited and varying ability of models to 
accurately simulate observations in the Arctic may be 
due to a variety of reasons. Vignati et al. (2010) found 
that changes in a model’s aerosol scheme (i.e., treatment 
of microphysical properties and atmospheric removal 
of BC) alone can change results by more than an order 
of magnitude in remote regions such as the Arctic. 

More sophisticated aerosol schemes yield results that 
are in better agreement with measurements. Liu et al. 
(2011) found that calculated Arctic BC concentrations 
were very sensitive to parameterizations of BC 
aging (conversion from hydrophobic to hydrophilic 
properties) and wet scavenging. Figure 5.7 shows 
a comparison of measured and simulated BC 
concentrations for three Arctic stations using Liu et 
al.’s (2011) original model version and the version with 
improved BC aging and deposition parameterizations. 
Winter concentrations of BC in the Arctic are increased 
by a factor of 100 throughout the tropospheric column 
and the seasonality in concentrations is more in line 
with observations.
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Huang et al. (2010b) used different 
parameterizations of wet and dry deposition in a 
global air quality model (Global Environmental 
Multiscale model with Air Quality processes – 
GEM-AQ) to see how modeled BC concentrations 
compared to equivalent BC concentrations measured 
at Alert, Barrow, and Zeppelin. As shown in Figure 
5.8, neither the original model set-up nor the 
configuration with removal by dry deposition is 
able to capture the seasonality or magnitude in the 
measured values. This suggests that dry deposition is 
not the primary removal mechanism responsible for 
the seasonal cycle of Arctic BC. Seasonal variations 
are better represented by simulations that include 
in-cloud and enhanced below cloud wet scavenging 
at all three sites. In any case, the results indicate the 
strong sensitivity of modeled BC concentrations to 
parameterizations of removal mechanisms.

Even for tracers such as carbon monoxide, 
which have relatively simple chemistry and have 
lifetimes of the order of four months, models have 
difficulties in the Arctic (Shindell et al., 2008). The 

resulting discrepancies between observations and 
model results is most likely to be a result of the 
limitations of Eulerian models to simulate the long-
range transport of pollution plumes because of 
their inherent numerical diffusion (Rastigejev et al., 
2010), a problem that affects model results in remote 
regions generally but that can be magnified for cross-
polar transport (Sodemann et al., 2010).

Given the uncertainties discussed above, it is not 
surprising that global models give very different 
regional source contributions for Arctic BC. For 
instance, Koch and Hansen (2005) attributed 30% of 
the Arctic BC burden to anthropogenic sources in 
southern Asia, in contrast to most of the results based 
on analysis of observation data, which attribute most 
of the Arctic BC to biomass burning and high-latitude 
Eurasian anthropogenic sources (e.g., Eleftheriadis 
et al., 2009; Gong et al., 2010; Hirdman et al., 2010a; 
Matsui et al., 2011).

Output from a hemispheric-scale model is 
presented in Figure 5.9 for comparison with the ability 
of global-scale models to capture the seasonality 

Figure 5.9. Comparison of modeled and measured concentrations 
of BC at five Arctic stations for 2008 and 2009. Modeled values are 
from DEHM and a nested grid of 50 × 50 km2.
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Figure 5.10. Comparison of measured BC concentrations and 
values from the NCAR CCSM GCM and the Oslo CTM2 models 
at five Arctic stations. BC concentrations from Alert, Barrow, and 
Summit are derived from measured absorption and so represent 
equivalent black carbon (EBC). Note: the y-axis for the modeled BC 
concentrations is a factor of four lower than the measured values.

and magnitude of Arctic BC concentrations. BC 
concentrations simulated by the Danish Eulerian 
Hemispheric Model (DEHM) (Christensen, 1997) are 
compared to measured concentrations of equivalent 
BC at five Arctic stations (Station Nord, Alert, 
Zeppelin, Barrow, Summit). For Station Nord, Alert, 
and Zeppelin, the seasonal variation is reproduced 
qualitatively by the model. For Station Nord, Alert 
and Spitsbergen the model underestimates BC 
concentration in winter 2008 and overestimates 
measured values in winter 2009. At Barrow there 
are large discrepancies between measurements 
and model results with the model overestimating 
concentrations by up to a factor of six. With the 
exception of one month, model values are within a 
factor of two of the measurements for Summit.

Finally, monthly averaged BC concentrations 
simulated by the two global models used in this study 
(NCAR CCSM and Olso CTM2) are compared to 
measured values from the five Arctic stations (Figure 
5.10). For this comparison, the model simulations 
were performed by calculating the meteorological 

data in a forecast mode using emission inventories 
from year 2000 while the measurements are from 
2008 and 2009. Given the difference in emissions and 
meteorology between these years, the comparison 
is qualitative in nature. At all five stations, both 
models underestimate the measured equivalent BC 
concentrations with the degree of underestimation 
more severe for the NCAR CCSM simulations. The 
Oslo CTM2 simulations capture the seasonality in 
the observed BC for Nord, Zeppelin, and Alert. Both 
models calculate a peak in BC concentrations at 
Barrow in the summer rather than in spring.

In summary, observation data suggest high-
latitude Eurasia to be the main source region of 
Arctic BC, with the highest concentrations occurring 
in late winter / early spring due to efficient transport 
from Eurasia during that period. Many models find 
the same source regions to be dominant but some 
models indicate that lower-latitude sources could 
also be important. Presumably, the model differences 
are due to different BC removal schemes and, thus, 
BC lifetimes in the atmosphere. Removal of BC from 
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the Arctic atmosphere can occur through a variety of 
processes including wet and dry deposition, settling 
of ice crystals, and downward transport in the 
settling wakes. Model treatment of these processes is, 
in comparison, simplistic. 

Analyses of BC data also show that the decrease 
in BC concentrations during recent decades is due 

to decreasing high-latitude Eurasian emissions. 
Recent aircraft observation data suggest a large 
influence of biomass burning emissions, especially 
in the Arctic middle and upper troposphere. This 
result is partly confirmed by models. However, 
biomass burning emissions used in models is in 
need of further refinement.

6. Black carbon distribution,  
   seasonality, and trends

Long-term records of BC concentrations in the Arctic 
atmosphere, based on measurements of aerosol light 
absorption or EC, are available from four locations: 
Alert, Barrow, Zeppelin and Summit. The longest of 
these records are from Barrow and Alert, providing 
data since 1988 and 1989, respectively. Zeppelin 
and Summit initiated the observations in the past 
decade. There are no monitoring networks for 
deposition or snow concentrations of BC and there 
are no monitoring programs providing regular, 
systematic vertical profile information for BC. Given 
the significant uncertainties associated with modeling 
BC in the Arctic system (see Section 5.2), this paucity 
of data represents a major limitation in developing 
a reliable understanding of the physical processes 
associated with BC transport and deposition in the 
Arctic.

In the following section, data available from 
intensive field campaigns are used to present an 
overview of the distribution of BC in the Arctic 
system, with a focus on atmospheric and snow 
concentrations. In Section 6.2, long-term monitoring 
data are used to provide a summary of the seasonality 
of BC in the Arctic environment.

6.1. Distribution of BC

6.1.1. Atmosphere
The magnitude of the atmospheric direct forcing by 
BC-containing aerosol depends on the spatial and 
vertical distribution of BC in the atmosphere. BC 
will have an increased forcing per unit mass when 
located in the atmosphere above reflective clouds. In 
a modeling experiment, Zarzycki and Bond (2010) 
calculated the atmospheric forcing based on the 
location of the BC aerosol in the atmospheric column. 
Globally, aerosol over low clouds accounts for 20% of 
the cases and 50% of the forcing. In the Arctic, where 
low lying, highly reflective clouds dominate through 
the summer months the forcing by BC aerosol over 

low clouds is likely to be even greater.
Limited intensive airborne field campaigns in the 

Arctic make it difficult to develop a measurement-
based characterization of the spatial and vertical 
distribution of atmospheric BC in the Arctic. In 
addition, aircraft based research campaigns have 
focused on biomass burning or industrial pollution 
so that available data are skewed toward polluted 
conditions. That said, what is known about the 
distribution of BC in the Arctic atmosphere from 
measurements is discussed below.

Liu et al. (2011) used measurements from the 
POLARCAT ARCTAS campaign to assess the factors 
controlling transport of BC to the Arctic. Several 
profiles of BC were developed using CO < 150 ppbv 
as a cutoff value for biomass burning polluted values 
(Figure 6.1). Mean values of BC from 0 to 12 km in 
altitude were found to vary between 5 and 100 ng/
kg and reach as high as 1000 ng/kg. There is some 
indication of enhancement in the lower troposphere 
during July, but due to the experimental design, this 
can not be stated conclusively. Presumably, however, 
an enhancement would result from increased biomass 
burning activities during the spring and summer 
periods.

Vertical profiles of BC also were measured during 
the POLARCAT springtime ARCPAC campaign. 
Flights over Alaska and the adjacent Arctic Ocean 
encountered aged polluted Arctic air masses and 
biomass burning plumes from southern Russia and 
southeast Siberia (Spackman et al., 2010; Warneke et 
al., 2010). Average concentrations of BC peaked at 
150 ng/kg at 5.5 km in the aged air masses and at 250 
ng/kg at 4.5 km in the biomass burning air masses 
(Figure 6.2) (Spackman et al., 2010). Concentrations 
in the biomass burning plumes were up to a factor 
of five greater than those in the aged air masses. For 
both air mass types, concentrations of BC increased 
with height in contrast to what is typically observed 
in the mid-latitudes (Schwarz et al., 2006; Koch et al., 
2009a).

BC vertical profiles along with CO concentrations 
from the ARCPAC flights were used to evaluate 
deposition of BC to the surface. Near the surface, 
flights over open leads in the sea ice revealed 
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a positive vertical gradient in BC mass with no 
similar gradient observed for CO. From these data, 
Spackman et al. (2010) concluded that open leads in 
the sea ice increase vertical mixing and entrainment 
of BC-containing aerosol from the free troposphere 
which may enhance deposition of BC to the surface.

The ARCTAS and ARCPAC campaigns confirmed 
observations made during the AGASP experiments 
in the 1980s. Airborne measurements during AGASP 
in March and April 1983 revealed episodes of long-
range transport of pollution from the mid-latitudes 

(Schnell, 1984; Parungo, 1990). CO profiles showed 
enhanced concentrations at lower elevations and 
‘patchy’ haze layers with elevated concentrations at 
higher altitudes (Parungo, 1990). Hansen and Rosen 
(1984) reported distinct layers aloft of equivalent BC 
(Figure 6.3).

Irregular, intensive field campaigns, although 
limited in their ability to provide a comprehensive 
picture of pan-Arctic BC profiles, indicate that the 
Arctic atmosphere is highly structured with respect 
to aerosols and BC. This vertical stratification has 

Figure 6.1. Vertical profiles of BC from selected flight tracks during the POLARCAT-ARCTAS campaigns. Black dots represent 1 min 
average of observed values; the solid and dashed black lines represent mean values over 1 km altitude bins for background (CO < 
150 ppbv) and BC concentrations, respectively; the red line is the model profile with the original model configuration; the green line 
indicates results from improved simulation. Source: Liu et al. (2011).
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long been recognized with the first ‘banded-haze’ 
structures reported by Navy reconnaissance pilots 
in the 1950s (Mitchell, 1957). For this reason, surface 
based measurements must be recognized to only 
provide a view of concentrations and trends of BC 
in the lower atmosphere. Routine measurements of 
the vertical distribution of BC in the atmosphere are 
required for a complete picture of the distribution of 
BC in the Arctic and associated climate impacts. 

6.1.2. Snow
There is no long-term monitoring program devoted 
to measuring BC concentrations in snow. Two 
comprehensive pan-Arctic studies have been 
conducted (Clarke and Noone, 1985; Doherty et al., 
2010) which provide a ‘snapshot’ of BC concentrations 
in snow for given times and locations. These data 
sets comprise individual observations rather than 
a time series so do not reflect the natural variability 
that exists due to changes in emission, transport, 
and deposition. Additional observations have been 
reported for smaller research campaigns, which are 
discussed below.

Clarke and Noone (1985) reported concentrations 
of BC in snow for samples collected in Alaska, the 
Canadian Arctic, Greenland, Svalbard, and the 
European Arctic. BC concentrations were derived 
from measurements of spectral light absorption of 
filtered snow samples and standards prepared from 
Carbon Black (Monarch 71, Cabot Corp.). The BC 
concentration averaged over all samples collected 
was 25 ng/g with a standard deviation of 18 ng/g. 
These concentrations correspond to a 2% decrease 
in albedo of the snowpack and a maximum in BC-
snow/ice forcing in June of 5 to 8 W/m2.

In a follow-on survey to that of Clarke and Noone 
(1985), Doherty et al. (2010) presented the results 
of a multi-year campaign that provided widely 
distributed measurements of BC in Arctic snowpacks. 
This study, consisting of 1200 samples as opposed 
to ~60 from Clarke and Noone (1985), provides a 
more comprehensive picture of spatial and temporal 
variability of BC deposition in Arctic snow. These 
measurements indicate that eastern Russia is the 
most polluted region, with concentrations a factor of 
two higher than those of the Canadian sub-Arctic, 
and even higher than those from near Tromsø, 
Norway, one of the Arctic’s largest cities (Table 6.1). 
Greenland has the lowest concentrations, which are 
thought to be the most representative of background 
atmospheric concentrations). Compared to Clarke 
and Noone (1985), there is an indication of a decrease 
in concentrations for Canada, Alaska, and Svalbard. 
It is difficult to assess this decrease quantitatively 

Altitude, km

0

8

6

4

2

1 10 100 1000
BC mass mixing ratio, ng/kg

Midlatitudes, 11 September - 12 October 2006
Arctic, 15-21 April 2008
Arctic, 12 April 2008

Figure 6.2. Vertical profiles of BC mass mixing ratio during 
ARCPAC. The data in blue are from a flight in an aged Arctic air 
mass and the data in red are from four flights in biomass burning 
plumes. The small dots and line markers denote 30 sec averages 
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positive side. Source: Spackman et al. (2010).
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Figure 6.3. Two vertical profiles of BC measured over Barrow 
during the AGASP flights. Source: Hansen and Rosen (1984).
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(Doherty et al., 2010), however, given the small 
sample number of Clarke and Noone (1985) and 
the different analysis methods used between the 
two studies. However, the expectation is that there 
should be less BC in the surface snow now, than 
earlier (matching the atmospheric trends), and there 
is no evidence contrary to this presumption (Doherty 
el al., 2010).

In addition to the surveys of Clarke and Noone 
(1985) and Doherty et al. (2010), snow samples were 
collected in the Central Arctic, the Amundsen Gulf 
on the Canadian coast, and the Northern Dvina 
Delta on the northern coast of Russia (Shevchenko et 
al., 2010). Concentrations of BC in snow varied from 
6 to 52 ng/g (17 ng/g on average) which is in line 
with those reported by Doherty et al. (2010).

6.2. Seasonality in atmospheric BC     
      concentrations
Measurements of particle number concentration, 
aerosol light scattering and absorption, and aerosol 
optical depth made during the AGASP experiments 
in the 1980s revealed the occurrence of springtime 
episodes of long-range transport of pollution from 
the mid-latitudes to Barrow (Schnell, 1984; Parungo, 

1990). A continuous record of particle number 
concentration and light scattering measurements at 
Barrow between 1976 and 1993 showed the strong 
seasonality of these transport events with highest 
values in the spring and winter and lowest values in 
the summer and autumn (Bodhaine, 1989; Bodhaine 
and Dutton, 1993). The Barrow long-term data 
were some of the first to provide evidence for the 
seasonality in transport pathways to the Arctic as well 
as the seasonality in wet scavenging as described in 
Section 5.

Similarly, measurements in the Russian Arctic 
from research vessels and land sites using an 
aethelometer reveal information about the seasonality 
of equivalent BC concentrations at the surface. These 
measurements, which began in the early 1990s, are 
summarized in Table 6.2.

In general, the lowest equivalent BC concentrations 
were recorded in remote background areas (at 
Wrangel Island, Severnaya Zemlya Archipelago, 
in the Kara Sea and near Franz Josef Land). For 
comparison, BC concentrations measured at Zeppelin 
station, Svalbard from June to September are less 
than 0.01 µg/m3 (Eleftheriadis et al., 2009). Average 
BC concentrations in the marine boundary layer over 
the White Sea in August in different years varied 
from 0.12 to 0.55 µg/m3 depending on meteorological 
conditions. The lowest BC concentrations were 
registered in the central part of the White Sea and the 
highest were in vicinity of the large industrial centre 
Arkhangelsk (up to 1 µg/m3) (Pol’kin et al., 2004, 
2008).

There is a stable trend of decreasing mass 
concentration of BC from the end of winter to 
summer. For example, BC concentrations at Wrangel 
Island decrease from the start of April to late May; the 
average BC concentration in Tiksi (Lena River delta) 
decreased from 0.31 µg/m3 in February 1995 to 0.064 
µg/m3 in August 1995 (Fukasawa et al., 1997).

The winter/spring pollution resulting from long-
range transport has become known as Arctic Haze. 
Through observations of aerosol optical properties 
or chemical components, primarily sulfate, Arctic 
Haze has been detected at several Arctic monitoring 
sites including Barrow, Alert, Station Nord, Zeppelin, 
Karasjok (69.5° N) and Svanvik (69.45° N) in northern 
Norway, Oulanka (66.3° N) in northern Finland, 
and Janiskoski (69° N) in western Russia (Quinn et 
al., 2007). However, there are very few long-term 
measurements of BC or a proxy of BC in the Arctic. 
The longest published records are for Alert and 
Barrow; hence they are the focus of the following 
discussion.

Sharma et al. (2006) published a 15-year record 
(1989 to 2003) of equivalent BC concentrations from 

Cequiv
BC  is the amount of BC that would need to be present to account for 

the wavelength-integrated total light absorption from 300 to 750 nm.
Cmax
BC  is the mass of BC per mass of snow if all aerosol light absorption 

at 650–700 nm is due to BC. 
Cest
BC is the estimated true mass of BC per mass of snow derived by 

separating the spectrally resolved total light absorption into BC and 
non-BC fractions.

Cequiv
BC  

ng/g
Cmax
BC

   ng/g
Cest
BC    

ng/g

Snow samples

Arctic Ocean, spring median 12±5 9±3 7±3

Arctic Ocean, summer median 14±15 10±10 8±8

Canadian& Alaskan 
Arctic median 14±7 10±4 8±3

Canadian sub-Arctic median 20±12 15±9 14±9

Greenland, spring median 7±3 5±2 4±2

Greenland, summer median 3±3 2±2 1±1

western Russia average 34 30 27

eastern Russia median 48±90 39±59 34±46

Svalbard median 18±12 14±10 13±9

Tromsø, Norway median 29±16 24±14 21±12

Sea ice samples

Arctic Ocean, summer median 15±20 9±11 7±7

Table 6.1. Spatial aggregates of BC measurements (2005-2009). 
Source: Doherty et al. (2010).
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Alert and Barrow using filter-based absorption 
measurements. As for light scattering at Barrow, 
equivalent BC concentrations were high during the 
winter/spring season and low during summer at 
both sites (Figure 6.4). Concentrations during both 
seasons were shown to vary by one to two orders of 
magnitude from year to year indicating variability in 
the strength of sources and transport. The increase 
in equivalent BC takes place in mid-October at both 
sites but the rate of increase is faster at Alert. The 
decrease begins two to three weeks earlier at Barrow 
(end of March) than at Alert (mid-April). Using a 
calculated back trajectory analysis, Sharma et al. 
(2006) showed that both sites are affected by transport 
from Russia and North America with Alert also 
affected by Europe and Barrow by the Pacific region. 
The highest winter/spring concentrations observed at 
both sites corresponded to transport from Russia but 
concentrations were lower at Barrow due to a longer 
transport time from the source region and more 
opportunity for depositional losses.

While Arctic Haze peaks in winter and early 
spring, biomass burning is at a maximum in spring 
and summer. Once snowmelt has occurred in 
agricultural regions in southern Russian, fires are set 
to remove plant residue (Soja et al., 2004). Additional 
burning occurs late in summer after the harvest. 
Boreal forest fires begin in April and can continue 
through late summer depending on local conditions. 
With efficient transport north, fire plumes laden with 
OC and BC may reach the Arctic and undergo wet 
and dry deposition during the spring melt resulting 
in BC-snow albedo forcing and local surface warming 
(Flanner et al., 2009).

Warneke et al. (2010) reported that episodic 
biomass burning plumes transported to the 
Arctic in spring 2008 led to a 260% increase in the 

Figure 6.4. Seasonal variability in equivalent BC concentrations at 
Alert and Barrow. Source: Sharma et al. (2006).
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Table 6.2. Equivalent black carbon concentrations in the atmosphere over the Russian Arctic seas and adjacent land.

a Arctic and Antarctic Research Institute (AARI), St. Petersburg, Russia.

Place Time BC, µg/m3 Source

Wrangel Island April 1989 0.049 ± 0.025 Radionova, unpubl. data 

Wrangel Island May 1989 0.025 ± 0.010 Radionova, unpubl. data

Tiksi February 1995 0.31 Fukasawa et al., 1997

Tiksi May 1995 0.081 Fukasawa et al., 1997

Tiksi July 1995 0.064 Fukasawa et al., 1997

Severnaya Zemlya March – May 1990 0.014 – 0.514 Polissar, 1993

N Barents Sea near Franz Josef Land September 1998 0.07 Kopeikin et al., 2010

White Sea August 2003 0.55 ± 0.6 Pol’kin et al., 2004

White Sea August 2006 0.12 ± 0.13 Kozlov et al., 2009

White Sea August 2007 0.31 ± 0.23 Pol’kin et al., 2008, 2011

Kara Sea September 2011 0.09 ± 0.21 Pol’kin et al., 2011
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Figure 6.6. Zonal annual mean BC emissions from (a) fossil fuel and biofuel and (b) biomass burning. Source: Skeie et al. (2011).

Figure 6.5. Global amount of emission of BC from anthropogenic 
sources. Source: Lamarque et al. (2010).
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atmospheric burden of OC and BC above the Arctic 
Haze background. The Arctic Haze background 
is defined here as anthropogenic emissions from 
northern Eurasia. April averages from 2003 to 2007 
show that the influence of biomass burning was 
smaller but still increased OC and BC concentrations 
80% above the Arctic Haze background. With the 
likelihood of increased fire activity under a warming 
climate (e.g., Flannigan et al., 2001), the seasonality of 
both traditional industrial Arctic Haze and biomass 
burning must be considered when assessing climate 
impacts of pollutants transported to the Arctic.

6.3. Trends

6.3.1. Historical trends
The gridded emissions presented by Lamarque et al. 
(2010) indicate the historical trend in anthropogenic, 

global BC emissions between 1850 and 2000. Figure 
6.5 reveals the generally increasing trend with a 
peak around 1920 and a rapid rise around 1970. The 
zonal distribution of emissions between 1750 and 
2000 is shown in Figure 6.6. The 1920 peak is due to 
high emissions in the northern mid-latitudes while 
the rapid increase between 1970 and 2000 is due to 
increased emissions at lower latitudes.

6.3.2. Measured trends
Any rigorous analysis of trends in Arctic BC 
concentrations is based on surface measurements. 
Aircraft data are too infrequent. As a result, trend 
analyses yield a picture of the behavior of BC at 
the altitude of the monitoring site but not at higher 
altitudes that may be subject to different sources 
and emissions. The first reported trend analysis for 
Arctic Haze did not focus on BC or aerosol light 
absorption but did reveal information about changes 
in the emissions of pollutants that reach the Arctic. 
Bodhaine and Dutton (1993) examined the Barrow 
aerosol light scattering and optical depth data records 
from 1977 to 1993 for the months of March and April 
when Arctic Haze is at a maximum. Both aerosol 
light scattering and optical depth peaked in 1982 
followed by a factor of two decrease between 1982 
and 1993. Bodhaine and Dutton hypothesized that 
the decrease was due to reductions in emissions from 
the former Soviet Union due to economic factors and 
from Europe due to stricter pollution controls. Other 
factors including changes in transport could have 
played a role (Jaffe et al., 1995).

Quinn et al. (2007) examined the March trends in 
aerosol light absorption at Barrow and found a 61% 
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decrease for the March monthly average between 
1988 and 2006. Sharma et al. (2006) performed a 
similar analysis for Alert and Barrow for the years 
1989 to 2003. They reported a decrease in wintertime 
(January to April) equivalent BC concentrations of 
49% for Alert and 33% for Barrow. The differences 
between the two analyses for Barrow are most 
likely to be due to the inclusion of different months. 
The Sharma et al. (2006) analysis indicates a slight 
increase in equivalent BC at both sites starting in 
2000/01 with the increase being greater at Barrow 
than Alert. Further analysis is required to assess the 
significance of this trend in the decade to come.

A measurement-based trend analysis of Arctic 
Haze aerosol based on 30 years of data (1976 to 
2008) at Barrow focused on tracer species able to 
reveal information about the sources of pollutants to 
the Arctic during the Arctic Haze season (Quinn et 
al., 2009). Tracers for combustion of heavy residual 
oil (non-crustal vanadium), fossil fuel combustion 
(SO4

2-), and anthropogenic mining and ferro-alloy 
manufacturing (non-crustal manganese) were 
included in the analysis. It was found that emissions 
from the source regions to the Arctic had decreased 
but that the source regions themselves had remained 
the same over this 30-year period. Further analysis 
is required to assess if these results also apply to BC.

Ice core data reveal the history of BC concentrations 
in deposited snow, and indirectly in the atmosphere 
over the past several hundred years. McConnell 
et al. (2007) reported BC concentrations from two 
Greenland ice cores spanning the period 1800 to 2000. 
Prior to 1850, BC was strongly correlated with vanillic 

acid, a tracer of biomass burning, indicating a forest 
fire source early in the data record. From the beginning 
of the record until ~1850, the correlation coefficient of 
BC to vanillic acid for annual concentrations is 0.87 (p 
< 0.0001). After 1850, the correlation between BC and 
vanillic acid decreases in winter but remains strong 
during summer. The reduced correlation in winter is 
attributed to an increase in an anthropogenic source of 
BC. Maximum BC concentrations were found during 
the period from 1906 to 1910. Concentrations of BC 
in the ice core range from a pre-industrial minimum 
of 1.7 ng/g to a maximum in 1908 of 20 ng/g. In the 
past decade, concentrations ranged between 1 and 10 
ng/g, in agreement with most published records of 
snow observations (McConnell et al., 2007).

Most evidence provided from snow 
measurements and surface-based atmospheric 
measurements of BC indicate that less BC exists 
in the Arctic today than during prior periods. 
However, a complete picture of BC concentrations 
in the atmosphere and seasonal and temporal 
variability remains elusive. While Clarke and Noone 
(1985) reported that a significant component of 
the BC atmospheric burden is accounted for in the 
snow, more recent studies indicate that a significant 
component of BC is transported through or across 
the Arctic without being deposited or washed 
out (Sodemann et al., 2010; Warneke et al., 2010). 
The recent estimates of radiative forcing (RF) of 
BC when situated over highly reflective low lying 
clouds highlight the importance of this portion of 
the atmosphere, for which there are no long-term 
observations or proxies.

7. Mechanisms of Arctic   
   climate forcing by black   
   carbon

Black carbon influences the Arctic climate through 
several different mechanisms, as illustrated in 
Figure 1.2. First, atmospheric BC directly warms 
the Arctic atmosphere by absorbing solar radiation 
that would otherwise have been reflected to space 
or absorbed by the surface. Second, BC deposited 
to snow and ice surfaces reduces albedo and 
enhances solar absorption at the surface, initiating 
snow and ice melt earlier in the season. Third, cloud 
distributions, lifetime, and microphysical properties 
are influenced by aerosols through indirect and 
semi-direct effects, which alter both the shortwave 
(solar) and longwave (terrestrial) energy budgets. 

Fourth, Arctic climate is altered by BC radiative 
forcing exerted outside the Arctic, via changes in 
energy transport carried by the atmosphere and 
oceans, which can similarly amplify or reduce the 
local impacts of Arctic radiative forcing. These 
processes are summarized here in the context of the 
Arctic climate.

7.1. Atmospheric forcing
Direct atmospheric forcing by BC is greatest during 
summer, when insolation is substantial, and becomes 
negligible during polar winter. The daily-mean 
radiative efficiency (units of W/g) of BC in the Arctic 
summer atmosphere is greater than in most other 
environments on Earth because of long sunlight 
exposure and the pervasiveness of reflective clouds, 
snow, and sea ice, which facilitate strong forcing by 
absorptive matter (e.g., Cess, 1983).
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Figure 7.1. MODIS Terra image at 1935 UTC on 5 July 2004, showing transport of smoke from boreal forest fires (red dots) burning in 
Alaska and Canada into the Arctic, illustrating the different forcings exerted by the smoke over dark versus bright surfaces. For more 
information on this case, see Stohl et al. (2006).

The following discussions refer to top-of-
atmosphere (TOA) and surface radiative forcings. 
These quantities refer to the instantaneous changes in 
TOA or surface net radiative energy flux that would 
occur if the forcing agent (e.g., BC) were suddenly 
removed. The forcings are often averaged over at least 
one year to represent annual-mean values. Although 
surface forcings have a more immediate impact on 
surface temperatures, TOA values are generally better 

predictors of global surface temperature response 
after the surface-atmosphere system has reached 
equilibrium. For example, all atmospheric aerosols 
exert negative shortwave surface forcing by reducing 
the amount of sunlight incident on the surface, but 
atmospheric heating produced by BC (which has a 
positive TOA forcing) typically warms the surface 
after the surface-atmosphere system has fully 
equilibrated, indicating that the TOA value is more 
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representative. When neither ‘TOA’ nor ‘surface’ is 
indicated, a top-of-atmosphere effect is implied.

Aerosol radiative forcing is, in general, strongly 
influenced by the albedo of the underlying surface, 
as illustrated in Figure 7.1. All mixtures of BC and 
OC (including pure OC) exert positive TOA radiative 
forcing over reflective snow (Flanner et al., 2009), even 
though OC exerts a negative forcing globally (e.g., 
Forster et al., 2007). Highly scattering sulfate, with a 
visible-band single-scatter albedo of the order of 1 to 
10-7, exerts a weakly negative forcing over snow. In 
summer, however, Arctic surfaces are rarely covered 
uniformly with fresh snow, as leads open up in sea ice 
and melt ponds form on the surface. These changes in 
surface albedo contribute to a decrease in atmospheric 
aerosol forcing. Similarly, it is reasonable to expect 
that aerosol forcing will become less positive or more 
negative as cryospheric cover and surface albedo are 
reduced under a warming climate, thus leading to a 
weak negative feedback on climate change (Flanner 
et al., 2009). Just as important as surface albedo, 
however, is cloud cover. Similar to their effect over 
snow, aerosols can exert a strong, positive radiative 
forcing when lofted over reflective clouds and 
exposed to sunlight. Aerosols beneath thick clouds 
and shielded from sunlight, however, exert only a 
weak forcing. Thus, the altitude of aerosol layers and 
their transport pathways into the Arctic, combined 
with cloudiness, have an important bearing on direct 
radiative forcing.

Although there are numerous published estimates 
of global radiative forcing by BC (e.g., Ramanathan 
and Carmichael, 2008, and references therein), few 
isolate the Arctic regional component (although 
some describe Arctic temperature changes). Koch 
and Hansen (2005), applying the GISS ModelE GCM, 
found an annual-mean Arctic (defined here as 60 to 
90° N) TOA forcing from global emissions of fossil 
and biofuel BC of 0.53 and 0.005 W/m2 from co-
emitted OC. Contributions from biomass burning 
BC and OC were 0.11 and -0.02 W/m2, respectively. 
Forcing by biomass burning OC is negative because 
of greater emissions during summer, when Arctic-
mean forcing is negative because of less sea ice, snow, 
and cloud cover. Flanner et al. (2009), applying the 
NCAR CAM 3.1 model (Collins et al., 2006), found 
(from their run ‘PD1’) a present-day Arctic forcing 
from all sources of BC and OC of 0.55 W/m2, similar 
to Koch and Hansen (2005). It is important to note that 
there is strong interannual variability in Arctic forcing 
associated with biomass burning (e.g., Van der Werf et 
al., 2006), especially in the boreal forest zone. Flanner 
et al. (2007) showed that Arctic BC+OC forcing varied 
from 0.49 in 2001 to 0.74 W/m2 in 1998, due only to 
differences in biomass burning. Using a version 

of CAM 3.5 driven with meteorological fields (as 
opposed to model atmospheric dynamics), Bond et al. 
(2011) estimated Arctic BC+OC forcing of 0.40 W/m2. 
These studies all applied similar inventories of fossil 
and biofuel emissions, based on Bond et al. (2004).

Simulations discussed in the Section 7.2 show 
smaller Arctic BC TOA forcings (from all sources) of 
0.12 and 0.14 W/m2 produced, respectively, with the 
new NCAR CAM 4.0 and Oslo-CTMx models. The 
cause of lower BC forcing in CAM 4.0 is attributed 
primarily to lower Arctic BC burdens, as opposed, 
for example, to a large increase in BC content above 
clouds. Figure 7.2 shows the annual cycle of Arctic 
BC burden as simulated with CAM 3.1 (Flanner et al., 
2009), CAM 3.5 with offline meteorology (Bond et al., 
2011), and CAM 4.0 with model-simulated dynamics 
(this report). The new CAM 4.0 simulations apply 
emissions from Lamarque et al. (2010), which are very 
similar to the emissions used by Flanner et al. (2009) 
and Bond et al. (2011). Hence, differences in transport 
and deposition, rather than differences in emissions, 
appear to be the dominant cause of the reduced 
burden and forcing seen in CAM 4.0. However, the 
CAM 4.0 results discussed in Section 7.2 were derived 
from very short (1-year) simulations, whereas Bond 
et al. (2011) and Flanner et al. (2009) reported multi-
year averages. Hence, it is also possible that initial 
conditions used for the single year of CAM 4.0 
simulations produced an anomalously low Arctic 
burden, relative to the climate mean state. Additional 
modeling studies are needed to isolate the roles 
of model physics, emissions, forcing meteorology, 
interannual variability and initial conditions in 
producing these inter-model differences.
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Figure 7.2. Comparison of Arctic BC burden from CAM 4.0 
simulations used in this report with previously calculated 
burdens from CAM 3.1 and CAM 3.5 with offline meteorology.
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7.2. Indirect and semi-direct    
      atmospheric forcing
By decreasing cloud droplet size, aerosols can 
increase cloud optical thickness (the first indirect 
effect) and cloud lifetime (the second indirect effect) 
(e.g., Twomey, 1977). Both of these changes exert a 
TOA cooling effect by causing more solar energy to 
be reflected to space. Aerosol-induced increases in 
cloud droplet concentrations also, however, increase 
cloud emissivity (Garrett and Zhao, 2006; Lubin and 
Vogelmann, 2006), especially when acting on thin 
clouds which are prevalent in the Arctic. Increased 
emissivity leads to increased net surface longwave 
flux and warming during all seasons. In the Arctic, 
the net influence of these aerosol indirect effects is 
likely to be cooling during summer and warming 
during winter, when the solar cloud cooling effects 
become negligible (e.g., Quinn et al., 2008).

Aerosols also alter cloud forcing via semi-direct 
effects. Through atmospheric heating, BC (especially 
in the upper troposphere) can stabilize the atmosphere 
and increase low-level cloud formation, which is 
one reason why atmospheric BC forcing efficacy is 
found, in some studies, to be less than that of CO2 
(e.g., Hansen et al., 2005). In other circumstances, 
BC-induced heating can inhibit cloud formation 
(e.g., through decreased convection associated with 
increased stability) or increase the evaporation rate 
of clouds (e.g., through solar heating by interstitial 
BC), leading to enhanced warming when sunlight 
is present (e.g., Ackerman et al., 2000; Cook and 
Highwood, 2004; Jacobson, 2010). Decreased 
precipitation caused by BC-induced cloud burn-off 
has the additional effect of increasing BC atmospheric 
residence time (through decreased wet deposition), 
which amplifies BC forcing (Jacobson, 2002).

Owing to the challenges associated with 
modeling these microphysical processes on large 
scales, the level of scientific understanding of BC 
forcing via indirect and semi-direct processes, 
especially within the Arctic, is quite low. Indirect 
effects associated with ice- and mixed-phase clouds, 
in particular, are uncertain (Lohmann and Feichter, 
2005), and isolation of the BC contribution to indirect 
cloud forcing is challenging because the incremental 
influence of BC depends strongly on pre-existing 
aerosol concentrations and the BC mixing state 
with other species (especially sulfate). Koch et al. 
(2009b) reported Arctic-wide TOA cloud indirect 
forcing (net shortwave + longwave) for all aerosol 
emission changes between 1890 and 1995 of +0.15 
and +0.68 W/m2, where the two numbers represent 
cloud changes without and with (respectively) 
simultaneous greenhouse gas changes. The large 

difference between these numbers supports the 
argument that thermodynamic processes (e.g., 
cloud phase changes associated with a warming 
environment) have a larger impact on polar cloud 
forcing than microphysical effects (Jones et al., 
2007). Most of the positive indirect forcing reported 
by Koch et al. (2009b) was attributed to decreased 
cloud liquid water path, especially during summer, 
which decreased the cloud shortwave cooling effect. 
Alterskjær et al. (2010) applied the CAM-Oslo global 
aerosol/climate model to calculate surface radiative 
forcing of aerosol indirect effects caused by changes 
in all aerosols between the pre-industrial and present 
periods. They estimated a positive longwave surface 
forcing of 0.55 (0.10 to 0.85) W/m2, averaged from 71 
to 90° N, and a negative shortwave surface forcing 
of -0.85 (-1.29 to -0.52) W/m2, where the ranges 
indicate minimum and maximum values obtained 
from eleven sensitivity experiments. During winter, 
the longwave warming effect dominates, while the 
shortwave cooling effect dominates in summer. In 
the annual-mean, they suggest the net anthropogenic 
indirect surface forcing falls between -0.98 and +0.12 
W/m2, with a central estimate of -0.30 W/m2.

Globally, the indirect and semi-direct effects of 
aerosols are negative and lead to cooling. Yet, both 
the sign and magnitude of aerosol indirect forcing in 
the Arctic are uncertain. Current studies indicate that 
the net aerosol indirect and semi-direct effects are less 
negative in the Arctic than in the global-mean, and 
may even be positive (Koch et al., 2009b; Alterskjær 
et al., 2010; Jacobson, 2010).

7.3. Snow and ice forcing
Part-per-billion concentrations of BC deposited 
to snow and sea ice can reduce surface albedo for 
two main reasons. First, the absorptivity (mass 
absorption cross-section) of BC is about five orders 
of magnitude greater than ice in the visible part of 
the spectrum. Second, multiple scattering in surface 
snow greatly increases the path-length of photons 
and the probability that they encounter non-ice 
particles (Warren and Wiscombe, 1980; Wiscombe 
and Warren, 1980). Moreover, small changes in 
snow albedo can exert a large influence on climate 
by altering the timing of snow melt and triggering 
snow/ice-albedo feedback (Hansen and Nazarenko, 
2004; Jacobson, 2004; Flanner et al., 2007). Hence, 
snow darkening drives an equilibrium temperature 
response, per unit of radiative forcing, several 
times greater than CO2 (Hansen and Nazarenko, 
2004; Flanner et al., 2007; Koch et al., 2009b). The 
primary reason for this high efficacy is that all of 
the energy associated with the forcing is deposited 
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directly into the cryosphere – a component of the 
Earth System responsible for powerful positive 
feedback (e.g., Budyko, 1969; Robock, 1983; Flanner 
et al., 2011), whereas energy associated with other 
forcing mechanisms is distributed throughout other 
components. A second reason may relate to snow 
metamorphism feedback, where accelerated snow 
aging leads to both darker snow (in the near-infrared 
spectrum) and greater visible albedo perturbation 
from absorbing impurities (Flanner and Zender, 
2006; Flanner et al., 2007).

Current model estimates of global present-day 
BC/snow forcing span 0.03 to 0.11 W/m2 (Jacobson, 
2004; Hansen et al., 2005; Flanner et al., 2007, 2009; 
Koch et al., 2009b; Rypdal et al., 2009; Shindell and 
Faluvegi, 2009), smaller than the earliest estimate of 
0.16 W/m2 (Hansen and Nazarenko, 2004), which was 
derived by assuming spatially-homogeneous albedo 
reductions. A central estimate of 0.04 W/m2 was 
achieved (Bond et al., in prep.) by correcting model 
biases relative to a field survey that included more 
than 1000 Arctic snow samples (Doherty et al., 2010).

The snow/ice forcing by BC is much greater within 
the Arctic than in the global mean. Arctic-mean 
snow forcing in the present-day control simulation 
(‘PD1’) discussed by Flanner et al. (2009) was 0.27 W/
m2, with contributions of 0.19 and 0.08 W/m2 from, 
respectively, land-based snow and sea ice. Land and 
sea-ice contributions are nearly equal, however, when 
averaging over 66 to 90° N instead of 60 to 90° N. In 
this simulation, Arctic land-based snowpack and sea 
ice absorbed an additional 0.52 and 0.24 W/m2 because 
of BC. There is some interannual variability in snow 
forcing associated with biomass burning emissions, 
although significantly less than with atmospheric 
BC forcing (Flanner et al., 2007). This appears to be 
due to the seasonality of emissions and Arctic snow/
ice cover. Much of the variability in boreal forest fire 
activity occurs in summer, when there is less snow 
and ice over which to exert forcing. The importance, 
however, of variability in agricultural emissions and 
early-season boreal forest fire activity (e.g., Korontzi 
et al., 2006; Stohl et al., 2006) needs to be explored in 
greater detail, as Flanner et al. (2007) only considered 
two years (1998 and 2001) that differed strongly only 
in terms of annual-mean emissions. Furthermore, 
although Arctic-mean snow forcing is much greater 
than global-mean, roughly 60% of the global snow/
ice forcing occurs outside the Arctic.

7.4. Dynamical influence on     
      response to forcing
Finally, radiative forcing exerted by BC outside the 
Arctic may have a significant influence on Arctic 

climate via dynamical changes. Similarly, dynamical 
energy transport may strongly reduce or amplify the 
impact of Arctic forcing on Arctic climate. Annually, 
the Arctic radiates much more energy to space than 
it absorbs from the sun, implying that there is a large 
net flux of energy transported into the Arctic via 
the oceans and atmosphere. Most of this meridional 
energy transport from mid-latitudes to the Arctic is 
believed to occur via the atmosphere (e.g., Trenberth 
and Caron, 2001). Because meridional energy 
transport comprises a significant share (~100 W/m2) 
of the Arctic surface energy budget (e.g., Serreze et 
al., 2007b), small changes in dynamics can translate 
into large energy forcings on Arctic climate.

Shindell (2007), applying the NASA GISS coupled 
atmosphere–ocean model, found that aerosol direct, 
aerosol indirect, and O3 forcing exerted within the 
Arctic resulted in a winter temperature response of 
the opposite sign as the forcing. Spring and summer 
Arctic climate changes were relatively insensitive to 
local direct atmospheric aerosol forcing, but autumn 
climate responded quite sensitively (and with the 
same sign as the forcing) to both local aerosol and 
O3 forcing. Arctic climate response was correlated 
with both northern hemisphere extratropical (20 
to 90° N) and global direct aerosol forcing, and 
the response was greatest in winter and smallest 
in summer. Similar results were found by Shindell 
and Faluvegi (2009), who reported Arctic annual-
mean cooling in response to positive Arctic forcing 
by atmospheric BC, but strong Arctic warming in 
response to positive forcing by extratropical (28° 
to 60° N) BC and other short-lived climate forcing 
agents. Unlike BC, Arctic forcing by SO4 caused an 
Arctic temperature response of the same sign as the 
forcing. Similar studies need to be repeated with 
other climate models to improve understanding 
of the importance for Arctic climate of BC forcing 
exerted in different regions and during different 
seasons.

7.5. Summary
In summary, processes determining the net Arctic 
energy budget and climate are complex, introducing 
uncertainty in understanding the influence of short-
lived climate forcing agents on Arctic climate. Some 
features are, however, clear. Direct radiative forcings 
within the Arctic by atmospheric and snow/ice-
deposited BC are both positive. Co-emitted OC also 
exerts a direct positive forcing when lofted over snow, 
ice, and clouds, and the net BC+OC direct forcing 
within the Arctic (from all sources) is also positive. 
The two largest sources of uncertainty in translating 
these forcings into Arctic climate change originate 
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from i) cloud indirect and semi-direct response to 
Arctic BC and OC, and ii) dynamical changes in 
meridional energy transport. Current modeling 
studies suggest that cloud changes are insufficient 
to offset the positive direct forcing by Arctic BC+OC, 
and may even enhance it. Studies conducted with 
one model (Shindell, 2007; Shindell and Faluvegi, 
2009) do suggest that changes in energy transport 
into the Arctic can be of similar and opposite sign as 
the local forcing. Including basic treatment of cloud 
indirect effects and BC/snow darkening, Shindell 
and Faluvegi (2009) did, however, find that global 
BC emissions contributed to Arctic warming during 
the 20th century. Jacobson (2010), applying a model 
that includes numerous cloud, aerosol, and gas 
microphysical processes, snow albedo changes from 
BC, and dynamical energy transport, reported that 

eliminating all fossil BC+OC and biofuel BC+OC+gas 
emissions would reduce Arctic warming after 15 
years by 1.7 °C. Eliminating only fossil BC+OC 
emissions would reduce Arctic warming by 1.2 °C 
over the same time frame.

Finally, the influence of BC and other short-
lived forcing agents must also be considered in 
combination with greenhouse forcing. The Arctic 
has warmed substantially during the past 20 years, 
while observations indicate that BC concentrations 
are likely to have declined. However, as more 
surface area within the Arctic (integrated over space 
and time) approaches temperatures where melt 
can occur, incremental changes in the local energy 
budget caused by short-lived forcing agents may 
cause non-linear changes in snow/ice melt, surface 
albedo, and local climate change.

8. Linking sources to Arctic     
   radiative forcing

8.1. Introduction to modeling  studies   
      conducted for this report
Previously reported studies have, for the most part, 
focused on the transport of BC to the Arctic from 
broadly defined regions (e.g., North America, Europe, 
East Asia, South Asia), subsequent deposition, 
and the resulting radiative forcing (Koch and 
Hansen, 2005; Flanner et al., 2007; Koch et al., 2007, 
2009b; Shindell et al., 2008). The modeling studies 
conducted for this report focus on the transport of 
specific sources within and outside the Arctic Council 
nations to determine their relative contributions 
to the burden of BC in the Arctic atmosphere and 
underlying snow and ice. From this information, the 
radiative forcing by BC and co-emitted OC has been 
determined for the sources and geographical regions 
considered. As shown in Figure 1.3, the ultimate goal 
when determining the impact of BC and co-emitted 
species on Arctic climate is to establish quantitatively 
a link between emissions from BC sources, transport 
to the Arctic, burden in the Arctic atmosphere and 
underlying snow and ice, sign and magnitude of 
each radiative forcing mechanism, and the resulting 
climate response. Linking emissions to climate 
response, however, requires extensive simulations 
with fully coupled global climate models. Moreover, 
climate responses to small radiative forcings (such 
as caused by emissions from small geographic 
regions) cannot be distinguished from natural 
variability without a large ensemble of simulations. 

The computer (and manpower) required for such an 
exercise is far beyond the resources available for this 
assessment. However, very useful information can be 
drawn from the simple model experiments described 
below toward identifying effective mitigation 
strategies.

A series of specific model experiments were 
conducted to answer the following questions:

1. How much do the individual Arctic Council 
nations and source sectors contribute to the at-
mospheric burden of BC in the Arctic and what 
is the corresponding radiative forcing?

2. How much of the BC burden in Arctic snow 
and ice and its corresponding radiative forcing 
is due to each of the individual Arctic Council 
nations and source sectors?

3. How do these contributions by the Arctic Coun-
cil nations compare to those of the Rest of the 
World (ROW) as a whole and by latitude band? 
ROW refers to all countries that are not Arctic 
Council nations.

4. What is the estimated radiative forcing due to 
the projected increases in global and within-
Arctic shipping between now and 2050?

How these regional radiative forcings cause an 
Arctic climate response is addressed in Section 8.4.6 
and is based on very limited results published in the 
literature.

As discussed in the previous sections, BC-
containing aerosols can affect the radiative balance 
of the Earth through a number of mechanisms 
including aerosol indirect effects that result in a 
change in cloud properties or cloud distribution. The 
level of scientific understanding of these processes 
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Table 8.1. Regional and sectoral emissions of BC (Gg/y) used in the model experiments.

ROW: Rest of the World, i.e., countries that are not Arctic Council nations; Nordic countries: Norway, Sweden, Finland, Denmark and Iceland.

         Transport Energy + Industry 
+ Waste             Domestic Agricultural    

burning
Grass + Forest     

burning

BC OC BC OC BC OC BC OC BC OC

USA 218 146 93 140 56 200 6.1 29 23 330

Canada 16 12 15 17 3.6 17 1.5 7.2 36 602

Nordic countries 15 6.4 9.7 16 5.8 32 0.3 1.5 0.3 5.4

Russia 32 32 40 51 93 497 7.4 35 179 2910

ROW 1060 1250 1430 2440 1790 7010 130 624 2340 19000

Total BC Total OC

60° – 90° N 57 750

50° – 60° N 640 3900

40° – 50° N 810 2100

90° S – 40° N 6260 29100 BC OC

Global shipping 2005 13.2 142 Arctic shipping 2005 1.65 2.58

Global shipping 2030 13.3 142 Arctic shipping 2030 2.04 2.21

Global shipping 2050 13.6 145 Arctic shipping 2030 2.63 2.87

is generally very low and quantitatively assessing 
the magnitude of the resulting forcing requires 
extensive model experiments. Hence, aerosol-
cloud interactions and aerosol indirect effects are 
not included in the dedicated model experiments 
described here. This analysis is limited to the direct 
effect (absorption and scattering of solar radiation by 
BC-containing aerosols in the atmosphere) and the 
reduction of surface albedo through BC deposition 
on snow or the BC snow/ice effect. For both forcing 
mechanisms, the absolute magnitude of forcing and 
the forcing per unit emission are averaged annually 
and over the Arctic. The magnitude of the absolute 
forcing reflects the size of the emissions from a 
given source and region and how efficiently those 
emissions are transported to the Arctic. The forcing 
normalized by emission indicates the impact of a unit 
mass from a particular source on Arctic forcing.

8.2. Emissions used
Sources and emissions of BC and co-emitted OC are 
described in detail in Section 4. The emissions used in 
this model study were obtained from the compilation 
by Lamarque et al. (2010), which for BC were based 
on inventories from Bond et al. (2007) and Junker and 
Liousse (2008). Within-Arctic shipping emissions 
were based on the no controls, high growth scenario 
of Corbett et al. (2010) for 2005, 2030, and 2050 added 
to the IPCC RCP scenario for 2000.

The BC and OC emissions were split according to 
region and source sectors for the main Arctic nations 
or group of countries including the USA, Canada, 
Russia, and Nordic countries where the Nordic 
countries include Denmark (including Greenland), 
Finland, Iceland, Norway and Sweden (Table 8.1) 
and for the ROW countries. In addition to these 
country and region specific emissions, a second 
set of emission data for specific latitude bands was 
developed. Forcing from global and within-Arctic 
(north of 60° N) shipping emissions is also quantified.

There is considerable seasonal variation in some 
of the source sectors listed in Table 8.1. For example, 
the domestic source is larger in winter than in 
summer as it includes wood burning for heating. 
Unfortunately, specific data on the seasonality 
of the emissions were only available for open 
biomass burning (grass and forest) at the time of the 
model simulations. As a result, annually averaged 
emissions were used for the remaining sources. The 
lack of seasonality in the domestic sector might lead 
to an underestimation of the BC-snow/ice effect since 
too much is emitted during the snow-free seasons, 
while atmospheric direct RF could be overestimated 
because of excessive burdens during the sunlit 
season. For agricultural burning there are spring, 
summer and autumn emissions, and it is difficult to 
assess the impact of the lack of seasonality without 
applying seasonally-resolved emission inventories.
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Table 8.2. Description and configuration for the two models employed in the AMAP analysis.

CCSM University of Michigan Oslo CTM2 University of Oslo

Base model NCAR Community Climate System Model 4.0 Global offline chemistry tracer model (Skeie et al., 2011). RF 
calculations: Radiative transfer model (Myhre et al., 2007)

Resolution 1.9° × 2.5°                                                                         
Slab ocean

T42 (2.8° × 2.8°), 40 vertical layers below 30 km

Configuration Active atmosphere, land, sea ice, and slab ocean 
model (active ocean/ice needed for sea-ice aerosol 
forcing). Initial conditions: Y2000 climate

Input of met data: 2006 meteorological fields from ECMWF 

Aerosol scheme Bulk aerosol model (Rasch et al., 2001) Bulk scheme with aging times depending on season and 
latitude (Section 3.4)

Snow treatment Snow aerosol effect: SNICAR (Snow, Ice, and Aerosol 
Radiative model) (Flanner et al., 2007, 2009). Sea-ice 
aerosol effect: Briegleb and Light (2007)

BC in snow. Simple column budget module (Rypdal et al., 
2009)

Model run length Model length: 14 month run (2 month spin-up + one 
full year)

Offline, 2006

8.3. Model description
Two global models participated in the dedicated 
model experiments described above including the 
NCAR CCSM4 (Gent et al., in press) as operated 
at the University of Michigan and the OsloCTM2 
operated at CICERO/University of Oslo (Table 8.2).

The CCSM and previous versions of CAM have 
been used previously in a coupled mode as a climate 
model to study the climate impacts of BC on snow 
(Flanner et al., 2007, 2009). For this study, however, 
the model was set up as an offline CTM (passive 
aerosols advected with model winds) to efficiently 
calculate potential climate impacts in terms of 
radiative forcing. This simpler setup was required 
due to the objective of the study to quantify the 
contribution from a large number of combinations 
of regions and sources (31 altogether).

Parameterizations of the key processes affecting 
BC vary between the two models. In addition, there 
are differences in the meteorological conditions. The 
CCSM is a free-running climate model initialized 
with Y2000 climate, while the CTM2 uses ‘real’ 
meteorological data for 2006 obtained from the 
European Centre for Medium-Range Weather 
Forecasts (ECMWF). A key parameter affecting the 
range of BC transport from different sources is the 
aging time (see Sections 2 and 5). In CCSM, all BC 
and OC is emitted in hydrophobic form and becomes 
hydrophilic with an e-folding time of 1.2 days.

The treatment of BC aerosols in snow is 
described by Flanner et al. (2007) (and references 
therein) for the CCSM model and by Rypdal et al. 
(2009) for the OsloCTM2 model. Both CCSM and 
OsloCTM2 calculate the BC budget in snow from 
BC scavenging by precipitation and dry deposition 
parameters defined by each model. During melting 
or sublimation, the BC tends to accumulate in the 

upper layer of the snow. In the OsloCTM2, all BC 
is retained in the upper layer, while in the CCSM a 
certain fraction is assumed to be flushed out by the 
melt water. Heat generated from absorbed radiation 
by BC in the snow can also lead to growth in snow 
grain size. Larger grain sizes mean that the radiation 
can penetrate deeper into the snowpack and the 
BC becomes more efficient at absorbing radiation, 
resulting in a positive feedback.

8.4. Model results

8.4.1. Contribution to change in BC   
         burden
In the model results, as throughout the rest of 
the document, the Arctic is defined as the region 
extending from 60° to 90° N. Each model was used 
to calculate the change in the atmospheric burden of 
BC in the Arctic due to emissions from the different 
source sectors and regions.

Figure 8.1 shows the change in the Arctic annual 
tropospheric BC burden (total mass of BC in the lower 
atmosphere) due to emissions from the different 
sources and regions considered. In general, there is 
reasonable agreement between the two models in 
the calculated changes in BC burdens with respect 
to the ranking of sources. Emissions from the ROW 
contribute most to the Arctic BC burden for all source 
sectors considered except for grass plus forest fires 
which is dominated by emissions from Russia. For 
most cases, BC burdens derived from the NCAR 
CCSM are lower than those derived from the Oslo 
CTM2. This difference could be due, in part, to the 
treatment of transport pathways and atmospheric 
lifetimes by each model. The average global lifetime 
of BC emitted from all sources from the Arctic Council 
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nations is 3.8 days in the CCSM model and 4.7 days 
in the OsloCTM2 model. With a longer lifetime, 
more BC reaches the Arctic before removal from the 
atmosphere. The burden of BC derived from Russian 
grass plus forest fires is larger as calculated by CCSM 
than OsloCTM2. This difference may be due to more 
transport at higher altitudes in CCSM.

The BC burdens in snow were not sampled 
explicitly in these simulations, only the radiative 
forcings due to albedo changes were reported. 
However, both models have reported BC burdens 
in snow from previous simulations (see Figure 8.2). 
Both models show a sharp gradient in the BC snow 
burdens from the source regions at mid-latitudes 
where the concentrations reach 500 to 1000 ng/g on 
average over the snowy season (CCSM) or spring 
(March – May, OsloCTM2). In the Arctic, typical 
concentrations are 5 to 50 ng/g with higher values in 
the eastern Arctic and lowest values on the Greenland 
Ice Sheet. Median BC concentrations measured in 
Arctic snow samples collected between 2005 and 
2009 ranged from 3 to 34 ng/g, with the highest 
concentrations measured in northeastern Siberia, and 
the lowest values measured in Greenland (Doherty 
et al., 2010). The higher atmospheric burdens in 
the OsloCTM2 model do not translate into higher 
concentrations of BC in the snow due to assumptions 
about aging from a hydrophilic to a hydrophobic 
aerosol. In the OsloCTM2 model, a larger fraction 
of BC is in a hydrophobic state resulting in a longer 
lifetime and less susceptibility to wet scavenging 
compared to the CCSM model.

8.4.2. Contribution to RF in the Arctic
Radiative forcing (RF), annually and globally 
averaged, has become the standard metric to compare 
potential climate impacts of different mechanisms on 
a global scale (e.g., IPCC, 2007). In keeping with this 
metric, RF annually averaged over the Arctic (60° to 
90° N) is presented in this section for the different 
source sectors and regions considered here. 

Atmospheric direct RF averaged annually and 
over 60° to 90° N due to BC and BC plus co-emitted 
OC is shown in Figure 8.3 for the different source 
sectors within the Arctic Council nations and the 
ROW. The ranking of RF due to the different regions 
and sources is similar for the two models. For both 
models, the atmospheric direct RF is largest for 
ROW emissions in all source categories except for 
grass plus forest fires which is dominated by Russia. 
This reflects the large magnitude of ROW emissions 
relative to those of the Arctic Council nations.

As for the calculated BC burdens, the direct RF 
due to BC calculated by CCSM is lower than that 
calculated by CTM2. However, model differences 
in RF due to grass and forest fires are not as great 
as the differences in calculated BC burdens for this 
source sector. CCSM generally gives a higher RF 
per unit of BC burden change, indicating that more 
BC is transported to higher altitudes and ends up 
above cloud, a situation which enhances RF by a 
dark aerosol. Including the co-emitted OC (Figure 
8.3, lower panel) does not change the RF or ranking 
significantly for most source sectors. An exception is 
the domestic source in Canada for which the high OC 

Figure 8.1. Change in the annual tropospheric burden of BC in the Arctic due to the source sectors and regions shown. Calculated 
change in the burden is shown for the two models used. Arctic burden of BC summed over all source sectors for each region is shown 
in the inset.
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content leads to a net negative direct RF. In addition, 
CCSM calculated RF decreases for grass and forest 
fires from all regions due to the high OC content. This 
result may appear to contradict that of Flanner et al. 
(2009) who showed that OC has a positive forcing 
over pure snow surfaces. However, here the Arctic 

Figure 8.2. Simulated concentrations of BC in snow in the two models from previous simulations (a) BC in snow in 1998 from fossil fuel, 
biofuel and biomass burning sources of BC estimated using CCSM, Flanner et al. (2007) and (b) BC in snow in 2000 during the period 
March to May, estimated using OsloCTM2 (Skeie et al., 2011).

forcings are averaged from 60° to 90° N and, during 
the summer and autumn months, much of this area 
is not covered by snow or ice. In addition, model 
grid cells are large and generally have partial surface 
exposure of open water, bare ice, and vegetation 
which also decreases the column forcing caused by 
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the larger sources from ROW countries and the open 
biomass burning sources from Russia dominate. 

For many of the cases in Figure 8.4, BC-snow/ice 
RF calculated by CCSM is greater than that calculated 
by CTM2. This difference may be due to the change in 
grain size accounted for by CCSM and the resulting 
enhancement in absorption.

A comparison of the absolute radiative forcing 

Figure 8.3. Annually averaged atmospheric direct RF due to BC (upper) and BC + OC (lower) aerosols in the atmosphere north of 60° N 
from the NCAR CCSM and Oslo CTM2 models.
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atmospheric OC.
BC deposited on snow and ice reduces the albedo 

of the surface and leads to a positive radiative forcing 
with a particularly high efficacy (see Section 7.3). 
The radiative forcing north of 60° N due to this 
mechanism as calculated by the CCSM and CTM2 
models is shown in Figure 8.4. The BC-snow/ice RF is 
of the same magnitude as the atmospheric RF. Again, 

Figure 8.4. Annually averaged RF due to surface albedo reduction of BC aerosols deposited on snow and sea ice north of 60° N in the 
CCSM and CTM2 models.
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Figure 8.5. Absolute radiative forcing due to BC and co-emitted 
OC by source sector and region within the Arctic Council nations 
compared to ROW. Results are from the NCAR CCSM model.

Figure 8.6. Normalized direct RF by BC north of 60° N for the CCSM and CTM2 models.

due to emissions from the Nordic countries, the USA, 
Canada, Russia, and the ROW is shown in Figure 8.5. 
Absolute RF within the Arctic is greatest for emissions 
from Russia and the ROW.

8.4.3. RF per unit emission
In order to assess the potential for cost effective 
mitigation it is of interest to compare various sources 
in terms of RF per unit of emission. RF for some 
sources may be relatively small in absolute numbers 
but may yield a significant RF per kilogram emitted. 
The model calculations show that emissions from 
high latitude regions (e.g., from the Nordic countries 
and the open biomass burning sources from Russia 
and Canada) have consistently higher RF per unit 
emitted BC than emissions in lower latitude regions 
(Figure 8.6). Emissions from the USA and ROW in 
general have the lowest normalized RFs. Including 
co-emitted OC does not change the normalized 
Arctic RFs significantly.

Figure 8.7 shows the normalized BC-snow/ice 

Figure 8.7. BC snow/ice RF north of 60° N for the CCSM and CTM2 models. The RF is normalized to the BC emissions.
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Figure 8.8. Normalized RF due to BC and OC in the atmosphere 
and BC deposited onto snow and ice. Results are from the NCAR 
CCSM model.

RF. Again, high latitude sources yield the greatest 
normalized forcings due to their proximity to the 
Arctic.

Figure 8.8 summarizes the normalized radiative 
forcing due to BC+OC in the atmosphere and BC 
deposited onto snow and ice.

8.4.4. RF by latitude of emissions
It has been suggested that emissions north of 40° N 
have a large impact on the Arctic particularly in 
winter and spring when the polar dome extends 
to the mid-latitudes over Europe and Asia (see 
Section 5). To test this assumption and to compare 
the potential impact of sources on Arctic climate as 
a function of latitude between 40° and 90° N, a set of 
experiments was performed with emissions gridded 
by latitude band. The latitude bands included in the 
analysis were 90° S to 40° N, 40° to 50° N, 50° to 60° N, 
and 60° to 90° N.

Figure 8.9 shows both absolute and normalized 
RF as a function of latitude band for both the 
atmospheric direct effect and the BC-snow/ice effect. 
In absolute terms (Figure 8.9, top panel) emissions 
in the most southerly latitude band (90° S to 40° N) 
result in the largest direct RF due to the magnitude 
of the emissions of BC in the northern hemisphere 
tropics and mid-latitudes. Atmospheric direct RF is 
also relatively large for the 40° to 60° N latitude band 
because of the magnitude of emissions and likelihood 
of transport to the Arctic. Emissions within the Arctic 
(60° to 90° N) result in a smaller absolute direct RF 
because of their lower magnitude compared to 

Figure 8.9. Absolute (upper) and normalized per unit emission 
(lower) atmospheric direct RF due to BC + OC and BC-snow/ice 
RF as a function of latitude band. The NCAR CCSM model was 
used for these calculations.
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emissions in more southerly latitude bands. Absolute 
BC-snow/ice RF increases with latitude between 40° 
and 60° N. This result confirms that emissions from 
lower latitudes are less effectively deposited in the 
Arctic since they reach the Arctic at higher altitudes 
(see also Section 5). Normalized BC-snow/ice RF 
increases dramatically with increasing latitude band 
(Figure 8.9, lower panel) confirming the efficiency 
with which sources close to the Arctic are transported 
to and deposited within the Arctic. This result also 
indicates that per unit emission, sources within the 
Arctic yield the largest RF.

8.4.5. RF due to projected increases in    
         global and Arctic shipping
The within-Arctic shipping inventory of Corbett et 
al. (2010) was used to assess the increase in RF due 
to the increase in shipping emissions expected to 
occur as sea-ice extent declines over the next several 
decades. Although the model calculations are based 
on a shipping inventory, the results can be applied to 
any increasing point source within the Arctic.

The atmospheric direct RF and BC-snow/ice 
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Figure 8.10. Absolute (upper) and normalized (lower) RF due to 
projected increases in global and Arctic shipping. The NCAR 
CCSM model was used for the calculations.

Figure 8.11. Summary of normalized net forcing (includes atmospheric direct forcing by BC and BC-snow/ice forcing) due to emissions 
from Arctic Council nations and ROW, the latitude bands considered, and global and within-Arctic shipping.

RF resulting from global shipping emissions are 
significantly larger than those due to Arctic shipping 
emissions because of the difference in magnitude 
of emissions (Figure 8.10, top panel). As expected, 
the increase in emissions within the Arctic results in 
an increase in RF. Normalizing the forcing per unit 
emission once again indicates the significance of 
sources near to and within the Arctic (Figure 8.10, 
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bottom panel). This result can be generalized to 
any BC source within the Arctic that is expected to 
increase over the next several decades.

Normalized net forcing (atmospheric direct 
forcing due to BC and BC snow/ice forcing) due to 
emissions from Arctic Council nations, the latitude 
bands described above, and global and within-
Arctic shipping are compared in Figure 8.11. The 
comparison emphasizes the significance of close-
to-Arctic and within Arctic sources relative to more 
distant sources on a forcing per unit emission basis.

8.4.6. Relation between RF and    
         temperature change
The concept of radiative forcing was developed 
primarily for long-lived greenhouse gases to 
evaluate how different perturbations in the Earth’s 
radiation balance would affect global mean 
temperatures. Several studies have shown that there 
is no simple relation between RF and temperature 
response in a given region (e.g., Boer and Yu, 2003) 
especially for absorbing aerosols in the Arctic 
(Shindell and Faluvegi, 2009). A second aspect of 
the relation between RF and temperature is whether 
equal RF from different forcing agents (e.g., CO2 
versus BC) would cause equal temperature change, 
i.e. have equal efficacies (cf. Section 7.2). In the 
global mean, the efficacy of the atmospheric direct 
effect for BC has a range of 0.74 to 1.3 (IPCC, 2007). 
For the BC-snow/ice effect the estimated efficacy is 
considerably greater than 1.0 (1.7 to 4.5, Hansen et 
al., 2005; Flanner et al., 2007) as BC on snow leads to 
earlier snowmelt and thus a strong reduction in the 
surface albedo. Because this forcing triggers a strong 
local feedback the efficacy becomes significantly 
enhanced.
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Figure 8.12. Arctic (60° to 90° N) surface air temperature sensitivity to different forcing mechanisms and locations, as calculated by the 
GISS global climate model. Colors indicate the type of forcing applied and the band in which the forcing was applied is given on the 
x-axis. The sensitivity (y-axis) is normalized to the global mean RF such that it is the surface air temperature change per unit positive 
global RF. Global mean response to tropical forcing is shown by the dashed line for comparison. AIE (Aerosol Indirect Effect). Source: 
Shindell and Faluvegi (2009).
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Figure 8.12 shows the first simulation with a 
global climate model of the response in the surface 
temperature in the Arctic (60° to 90° N) to radiative 
forcings applied in different latitude bands. The RF 
is derived by perturbing the background BC vertical 
profiles in the model. (A significant fraction of the BC 
in the Arctic region is located in the upper troposphere 
and originates from mid-latitude sources.) According 
to the GISS model, the positive RF of BC in the Arctic 
atmosphere leads to a negative or near zero response 
in the Arctic surface temperature (i.e., negative or zero 
regional climate efficacy). If the RF from BC is located 
at mid-latitudes (28° to 60° N) the response in the 
Arctic is equal to the CO2 response. Preliminary results 
with the Norwegian NorESM model seem to confirm 
these results (Maria Sand, Department of Geoscience, 
University of Oslo, pers. comm.). Preliminary results 
conducted with CCSM, however, show that the 
Arctic warms in response to isolated, positive Arctic 
forcing from atmospheric and snow-deposited BC. 
These differences in regional efficacy might be due to 
inclusion of the snow deposition effect in CCSM, but 
more experiments are needed to confirm this result.

There are probably several physical processes 
interacting to explain the response to RF from BC at 
high latitudes. First, in the Arctic, the flux of sensible 

heat is from the atmosphere to the surface (the 
opposite of what happens in mid-latitude and tropical 
regions). In the atmosphere, the heat is transported to 
the Arctic from mid-latitudes primarily by transient 
eddies (i.e. traveling extra-tropical cyclones). When 
absorbing aerosols become more abundant at higher 
altitudes, the stratification of an already stable Arctic 
troposphere becomes more stable and less heat is 
transported to the surface. Also, heating of air above 
the surface by absorbing aerosols tends to decrease 
the horizontal temperature gradient between the 
Arctic and the mid-latitudes potentially leading to 
less intense extra-tropical cyclones and thus less heat 
transport to the Arctic (Shindell and Faluvegi, 2009).

It can be concluded that there is considerable 
uncertainty in how Arctic climate responds to forcings 
exerted at different latitudes, altitudes, and times of 
the year (see Section 7.4, Shindell and Faluvegi, 2009). 
Within-Arctic BC emissions may exert a stronger 
Arctic surface warming, per unit local forcing, than 
extra-Arctic emissions reaching the Arctic because 
local emissions will tend to absorb solar energy lower 
in the atmosphere, and are also more likely to deposit 
to snow and ice surfaces where they directly heat the 
surface. More research, however, is needed on this 
topic. 
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9. Summary findings on
   impacts of black carbon        
   on Arctic climate and
   relevance to mitigation
   actions

The model calculations performed for this 
assessment have allowed for the determination of the 
sources of BC that yield a positive radiative forcing 
in the Arctic. However, a full climate model, which 
was beyond the scope of this study, is required to 
determine the resulting temperature response. In 
addition, radiative forcing by CH4 and O3, which is 
positive in the Arctic, has not been assessed in this 
report. Thus, the conclusions below that focus on BC 
radiative forcing represent a partial perspective on 
the influence of short-lived climate forcers on Arctic 
climate.

Comparisons of modeled BC concentrations with 
BC measurements in the Arctic reveal that almost all 
models still have considerable problems capturing 
the Arctic BC concentrations both at the surface 
and aloft, despite recent model improvements. 
Comparisons of the BC surface concentrations 
simulated by the two models used in this assessment 
with data from five Arctic monitoring stations show 
that the two models used here are no exception. 
Therefore, radiative forcing calculations based on 
these models are highly uncertain. The summary 
findings below are guided by the model results but 
are also based on the available literature and the 
subjective expert judgment of relevant processes by 
the authors of this report.

• Reductions in the emissions of CO2 are the 
backbone of any meaningful effort to mitigate 
climate change. The limited focus of this as-
sessment on BC is not meant to distract from 
primary efforts on CO2 reductions or mislead 
mitigation action toward a sole focus on BC. 

• BC deposited to Arctic snow and ice results in a 
positive radiative forcing. 

• BC deposited to Arctic snow and ice exerts a 
greater warming than the within-Arctic direct 
atmospheric radiative forcing by BC.

• Climate models indicate that global direct atmo-
spheric forcing due to BC leads to Arctic warming. 
Direct atmospheric forcing by BC that has been 
transported into the Arctic at high altitudes may 
have a relatively small impact on Arctic surface 

temperatures since warming at high altitudes 
reduces atmospheric energy transport into the 
Arctic. The positive forcing due to within-Arctic 
BC sources, is more likely to cause surface warm-
ing because of solar heating near the surface and 
the greater likelihood of BC deposition to snow 
and ice surfaces. 

• Arctic climate is strongly coupled to the northern 
hemisphere climate and is thus sensitive also to 
extra-Arctic radiative forcings. 

• The global forcing due to BC results in a pole-
ward transfer of heat energy, indicating that 
global strategies to manage emissions must 
remain a priority to ameliorate Arctic climate 
change.

• OC species that are co-emitted with BC and that 
reach the Arctic are unlikely to compensate for 
the positive radiative forcing due to BC and, over 
snow and ice covered surfaces, may themselves 
exert a positive forcing within the Arctic.

• Highly scattering sulfate aerosol exerts a weakly 
negative forcing over snow. As fresh snow 
melts over the summer and the surface albedo 
decreases, sulfate aerosol forcing becomes more 
negative. 

• Carbonaceous aerosol (both BC and OC) emitted 
near or within the Arctic will have the greatest im-
pact on Arctic climate. Emissions in close proxim-
ity to or within the Arctic are more likely to cause 
surface warming and to be deposited to snow and 
ice surfaces than emissions further south. 

• The BC snow/ice radiative forcing per unit of BC 
emitted increases with latitude and is larger for 
the Arctic Council nations than for the Rest of 
the World. As a result, the Nordic countries are 
associated with the largest forcing per unit of BC 
emission due to emissions occurring at the high-
est latitudes.

• Within-Arctic BC sources (e.g., shipping, flaring) 
have a large impact on low-altitude BC concen-
trations and BC deposition in the Arctic and, 
thus, are likely to have a large forcing per unit 
emission.

• Forest, grassland and agricultural fires are the 
source types in Canada and Russia that domi-
nate BC+OC radiative forcing in the Arctic. Fos-
sil fuel combustion (e.g., diesel engines) is the 
dominant source in the USA, Nordic countries 
and ROW. Forest, grassland and agricultural 
fires from Arctic Council nations dominate the 
within-Arctic forcing per unit of emission.
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• Domestic (e.g., wood stove) sources within the 
Nordic countries and Russia have a substantial 
influence on within-Arctic forcing. Their relative 
importance is likely to increase following imple-
mentation of regulative measures on transport 
emissions. 

• Both the sign and magnitude of aerosol indirect 
forcing in the Arctic are uncertain. Globally 
averaged, the indirect and semi-direct effects are 
negative. For the Arctic, however, current studies 
indicate that the net aerosol indirect and semi-
direct effects lead to smaller negative forcing 
than on the global average, or may even cause 
positive forcing.

• As snow and ice disappear from the Arctic, it is 
possible there will be a regime change shifting 
the relative influence of atmospheric forcing and 
snow/ice forcing such that, overall, forcing due 
to BC and co-emitted OC becomes more nega-
tive, less warming.

• Currently, there is no single appropriate envi-
ronmental indicator to assess the Arctic climate 
response to changes in BC and OC emissions 
that are transported to Arctic regions. Hence, 
an integrated evaluation using observations, 
reported emissions, and models is required.

10. Information and science    
    needs

The past few years have seen a concentrated effort 
within the scientific community to measure BC 
(or a proxy of BC) and OC in the Arctic and to 
quantitatively estimate the impacts of BC and OC 
on climate globally and regionally, including the 
Arctic. One of the major achievements has been the 
development of emissions information specific to the 
Arctic region. However, there remain specific actions 
and analyses which, if undertaken to improve the 
quantitative estimates of the effects of short-lived 
climate forcers on Arctic climate, could provide 
further guidance for the development of both Arctic 
nation and global mitigation strategies.

10.1. Recommendations for improved   
       characterization of spatial and        
       vertical distribution of BC and             
       OC in the Arctic environment    
       and deposition processes

• Improve the accuracy of measurements of BC 
and OC and further understanding of the effects 
of the measurement method on the retrieved 
concentration values.

• Continue efforts to resolve and/or standardize 
monitoring methods and protocols for BC and 
OC to ensure data comparability among na-
tional programs, field campaigns, and emission 
studies.

• Improve tracer based characterization of bio-
mass burning and fossil fuel combustion sources 

to Arctic BC and OC at the surface and aloft to 
improve source identification of Arctic BC.

• Add long-term surface monitoring sites in re-
gions that are currently under represented and/
or anticipated to experience increased emissions 
to establish baselines and assess future impacts.

• Implement measurements of BC and/or aerosol 
light absorption at long-term surface monitoring 
sites that currently have no such measurements 
(Tiksi, Valdardai, Amderma, and the White Sea 
in Russia; Behchoko in Canada; Denali (IM-
PROVE), Poker Flats, and Homer in Alaska; 
Summit in Greenland) for spatial characteriza-
tion of Arctic BC.

• Implement measurements of OC, 14C (for dif-
ferentiation of biomass and fossil fuel combus-
tion sources), and additional tracer species at all 
long-term monitoring sites for source identifica-
tion of measured BC.

• Undertake systematic, vertically resolved 
(surface to aloft) observations of BC and OC for 
vertical characterization of Arctic BC.

• Implement routine measurements of BC and 
tracer species in snow in close proximity to long-
term atmospheric monitoring sites to charac-
terize BC deposition processes and sources of 
deposited BC.

• Undertake process studies for characterizing 
aerosol removal during atmospheric transport 
and dry and wet deposition or for development 
of seasonally and spatially resolved deposition 
rates.

• Perform detailed case studies and statistical 
analyses of pan-Arctic BC, OC, and tracer data 
to determine dominant source types and regions 
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using methods independent of complex chemis-
try transport and climate models.

• Make intensive field campaign and long-term 
monitoring data sets publically available.

• Initiate a data recovery project to put all relevant 
observations available into a single accessible 
format.

10.2. Recommendations for emissions  
       information

• Continue development of SLCF emission inven-
tories for Arctic Council nations, and the Arctic 
region, for current year and for anticipated 
Arctic development scenarios using consistent 
methods.

• Continue development of national, regional, and 
global inventories of BC and co-emitted species 
as follows:

□ compare and harmonize different emission 
data sets;

□ improve the temporal resolution of key 
source sections. Monthly resolution is a mini-
mum requirement to capture seasonality in 
emissions from domestic heating, agricultural 
fires, and forest and grassland fires; and

□ improve and validate the spatial allocation of 
emissions in the northern latitudes.

• Legislation, new technologies and future trends 
in, for example, energy use are important driv-
ers of emissions of BC and co-emitted short-
lived climate forcers. The effect of these drivers 
should be reflected in the emission inventories 
and future emission projections and changes in 
them should be monitored and incorporated. 

• Improved understanding of several near-Arctic 
sources is needed. These include emission 
factors and activity data for shipping, diesel 
generators, agricultural and forest fires, and 
onshore and off shore oil and gas exploration. 
For the latter, emissions from flaring, compres-
sor stations, and pipeline transport are often 
unknown.

• Satellite and monitoring data should be utilized 
to validate and refine spatial and temporal dis-
tribution of emissions in the inventories.

10.3. Recommendations for model    
       development, evaluation and   
       application

• Apply existing chemical transport models and 
climate models to evaluate the impact of within-
Arctic and global SLCF and LLCF (long-lived 
climate forcer) emissions on Arctic climate with 
the objective of clarifying:

□ relative contributions of extra-Arctic and Arc-
tic forcing and the resulting climate response;

□ relative contributions of atmospheric direct 
forcing and snow/ice forcing for current and 
future climate;.

□ relative importance of SLCF forcing and 
LLCF forcing over the next 100 years; and

□ source region and source type resolved Arctic 
forcing.

• Evaluate model output with appropriate obser-
vational data sets including surface, aircraft, and 
satellite-based observations.

• Incorporate state of the art aerosol – cloud 
processes, carbon cycle chemistry, and cloud 
processes into chemical transport models and 
climate models to provide an integrated assess-
ment of BC and co-emitted species, CH4, and O3 
forcing on Arctic climate and climate response.

• Test the sensitivity of model results to model 
resolution and reduce possible numerical prob-
lems at and around the North Pole.

• Perform sensitivity calculations with revised wet 
deposition schemes to further evaluate the influ-
ence of this process on model results (including 
radiative forcing and identification of source 
regions). Test alternative schemes and compare 
with observational data to improve deposition 
schemes in general and to select the best avail-
able scheme.
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Abbreviations
ACIA Arctic Climate Impact Assessment

ACTFSLCF Arctic Council Task Force on Short-Lived   
 Climate Forcers

AGASP Arctic Gas and Aerosol Sampling Programs

AMAP The Arctic Monitoring and Assessment   
 Program

AO Arctic Oscillation

ARCPAC Aerosol, Radiation, and Cloud Processes   
 affecting Arctic Climate, an  IPY program

ARCTAS Arctic Research of the Composition of the   
 Troposphere from Aircraft and Satellites

BAU Business-as-usual 

BC Black Carbon

BVOC Biogenic volatile organic carbon

CAM Community Atmosphere Model

CCM Chemistry Climate Models

CNG Compressed natural gas

CTM Chemistry Transport Models

DEHM Danish Eulerian Hemispheric Model

EC Elemental carbon 

ECMWF European Center for Medium Range   
 Weather Forecast

EDGAR Emission Database for Global Atmospheric   
 Research 

ENSO El Niño Southern Oscillation 

GAINS Greenhouse Gas and Air Pollution    
 Interactions and Synergies model

GCM Global Climate Model

GEIA Global Emissions Inventory Activity 

GFED Global Fire Emission Database

GHG Greenhouse gas 

GISS  ModelE NASA-GISS GCM

IEA International Energy Agency 

IIASA International Institute for Applied Systems   
 Analysis

ISSW Integrating-Sandwich/Integrating Sphere 

IPCC Intergovernmental Panel on Climate Change

IPY International Polar Year

LNG Liquefied natural gas

MAC Mass Absorption Cross section

MARPOL Marine Pollution

MFR  Maximum Feasible Reduction

MODIS Moderate Resolution Imaging    
 Spectroradiometer

NAO North Atlantic Oscillation 

NASA GISS National Aeronautics and Space    
 Administration Goddard Institute for   
 Space Studies

NCAR National Center for Atmospheric Research

CCSM Community Climate System Model

NEP Northeast Passage 

NOAA National Oceanic and Atmospheric   
 Administration

NorESM Norwegian Earth System Model

NSIDC National Snow and Ice Data Center

NWP Northwest Passage

OC Organic Carbon

OECD Organisation for Economic    
 Co-operation and Development

PAS Photoacoustic spectrometer 

PD1 Present-day control simulation 

PDO Pacific Decadal Oscillation

POLARCAT Polar Study using Aircraft, Remote Sensing,   
 Surface Measurements and Models, of   
 Climate, Chemistry, Aerosols, and Transport

PSAP Particle Soot Absorption Photometer

pyro-Cbs Pyro cumulonimbus clouds produced from   
 large fires that produce deep convective   
 columns

RCP Representative Concentration Pathways 

RF Radiative forcing

ROW “Rest Of the World” (i.e. regions outside   
 the Arctic nations)

SLCF Short-Lived Climate Forcers

SOA Secondary organic aerosol

SP2 Single Particle Soot Photometer 

SPEW Special Pollutant Emission Wizard

TC Total carbon (= OC + EC)

TM5 model A 3D atmospheric chemistry-transport    
 model

TOA Top of the atmosphere 

vd Deposition velocity
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