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1.1

Background

int

In 2015, AMAP expert groups (EGs) published comprehensive
scientific reports about the impacts of black carbon and
tropospheric ozone (AMAP, 2015a) and methane (AMAP,
2015b) on atmospheric chemistry and climate in the Arctic.
AMAP (2015a) superseded and expanded on a prior assessment
that had focused only on black carbon (AMAP, 2011). The 2015
assessments clearly acknowledged the dominant role of global
anthropogenic carbon dioxide (CO2) emissions in driving Arctic
climate change, but also identified considerable potential to
mitigate climate change caused by short-lived climate forcers
(SLCFs). Specifically, the report estimated that a quarter of the total
predicted Arctic warming of around two degrees could be avoided
by 2050, if all technically feasible, global SLCF emissions-reduction
measures aimed at addressing warming agents (particularly black
carbon [BC] and methane [CH4]) were implemented. Substantial
uncertainties remained, however. To provide a better scientific
basis for policymaking, greater effort was needed to: strengthen
Earth-system monitoring; develop emissions inventories,
including of present-day anthropogenic and natural emissions;
and expand modeling capabilities to understand the potential
Arctic impacts of adopting different mitigation options.

In 2016, the two AMAP EGs – focusing on methane and black
carbon, and tropospheric ozone – had been merged to form the
new AMAP SLCF EG. The AMAP Working Group requested
that the SLCF EG provide a new comprehensive assessment
on the state of the science of Arctic impacts from SLCFs in
advance of the 2021 Arctic Council ministerial meeting. This
assessment is the response to that request.
1.2.

Introduction to SLCFs
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Generally, SLCFs include all agents that have the potential
to directly or indirectly alter Earth’s radiative energy budget,
and which also have relatively short residence times in the
atmosphere. Depending on how they alter the energy budget,
SLCFs can either contribute to warming or cooling the planet.
They encompass gaseous species – such as ozone (O3), CH4, and
nitrogen oxides (NOx) – and also aerosols, which can be solid or
liquid and include BC, sulphate (SO4), and mineral dust. Some
SLCFs are emitted directly into the atmosphere, while others
– notably O3 and SO4 aerosols – are formed in the atmosphere
from precursor emissions. There is not a universally agreedupon lifetime threshold for agents to be considered ‘short-lived’,
but all agents included in the SLCF basket are shorter-lived
than CO2. CH4, which has a lifetime of around 12 years, is only
considered a SLCF by some communities. Because atmospheric
CH4 concentrations are chemically influenced by species that
are clearly short-lived, however, it is reasonable to explore its
impacts on climate alongside other SLCFs. Moreover, CH4
emissions influence concentrations of O3 and other SLCFs
through chemical reactions in the atmosphere. Table 1.1 lists
the SLCFs considered in this assessment, along with their key
properties. A key feature that distinguishes SLCFs from longlived substances, such as CO2, is that atmospheric concentrations
of SLCFs are governed more by their rates of emission than their
cumulative emissions, so cutting emissions of SLCFs leads to
rapid reductions in their atmospheric concentrations.
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An additional call for robust scientific information on the
impacts of climate change from SLCFs in the Arctic came from
the Arctic Council Framework for Action on Black Carbon and
Methane Emissions Reductions (Arctic Council, 2015). This
called for, “continuing monitoring, research and other scientific
efforts, with the inclusion of traditional and local knowledge,
to improve the understanding of black carbon and methane
emissions, emission inventories, Arctic climate and public
health effects, and policy options”. It supported, “a four-year
cycle of periodic scientific reporting, including the assessment
of status and trends of short-lived climate pollutants such as
black carbon and methane with a focus on the impacts of
anthropogenic emissions on Arctic climate and public health,”
and it stated that this should, “include estimates of associated
costs of mitigation, as well as enhancing our state of knowledge
regarding natural sources”.

At the 10th Ministerial Meeting of the Arctic Council, held
in Fairbanks, Alaska, in 2017, the Arctic Council agreed to:
“Adopt the first Pan-Arctic report on collective progress to
reduce black carbon and methane emissions by the Arctic
States and numerous Observer States and its recommendations,
including an aspirational collective goal, [and] acknowledge
the importance of implementing those recommendations as
nationally appropriate, recognizing that Arctic communities
are entitled to develop in accordance with their needs and
interests…”. The aspirational collective goal presented in the
report (EGBCM, 2017) was that: “black carbon emissions be
further collectively reduced by at least 25–33 percent below
2013 levels by 2025”. This goal provided impetus for further
scientific analyses on emissions-reduction strategies.

SLCFs influence climate through various mechanisms, as
depicted in Figure 1.1. Gaseous SLCFs, such as CH4 and O3
amplify Earth’s greenhouse effect primarily by absorbing
infrared radiation emitted from Earth. Both species also absorb
smaller amounts of radiation from the sun. O3 fulfils a protective
role by absorbing ultraviolet solar radiation in the stratosphere
(between 10 km and 50 km from Earth’s surface) and above.
However, this assessment focuses primarily on O3’s warming
action in the troposphere (0 km to roughly 10 km from Earth’s
surface). CH4 also absorbs a small amount of solar radiation,
which adds to its global warming potential (Etminan et al.,
2016). In assessing the radiative and climate impacts from
both of these chemical species, it is important to consider
emissions of precursor species that alter the atmospheric
concentrations of O3 and CH4. Species that can strongly affect
concentrations of O3 in the troposphere, through chemical
reactions, include NOx, carbon monoxide (CO) and volatile
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Table 1.1 SLCFs considered in this assessment and their key properties
SLCF

Atmospheric
lifetime

Major precursors

Spectrum of action: solar
or infrared (IR)

Indirect effects

Air-quality
impacts?

IR (dominant); Solar

O3

Indirect

IR (dominant); Solar

CH4

Yes

Gases
Methane (CH4)

~12 years

Tropospheric
ozone (O3)

~1 month

Nitrogen oxides (NOx);
Volatile organic compounds (VOCs);
Carbon monoxide (CO)

Aerosols
~1 week

Solar (dominant);
IR (weak)

Snow/ice albedo;
Clouds

Yes

Mineral dust

~1 week or less

Solar; IR

Snow/ice albedo;
Clouds

Yes

Organic carbon
(OC)

~1 week

Solar (dominant);
IR (weak)

Snow/ice albedo;
Clouds

Yes

Sulfate (SO4)

~1 week

Solar

Clouds

Yes

Volcanic ash

~1 week or less

Solar; IR

Snow/ice albedo;
Clouds

Yes
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Black carbon
(BC)

SO2; Dimethyl sulfide (DMS)

of Arctic clouds (including the high frequency of mixedphase occurrence), and rapidly evolving sea-ice distributions.
In other words, complicated and unique factors govern the
abundances and climate impacts of aerosols in the Arctic
(e.g., Willis et al., 2018).
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organic compounds (VOCs). These species also influence CH4,
though its concentration in the atmosphere is governed more
strongly by direct emissions.

Moreover, it is important to consider how SLCFs originating
outside of the region influence the poleward heat flux – which
constitutes a substantial portion of the Arctic energy budget
– and thereby the Arctic climate. AMAP (2015a), for example,
found that SLCF emissions from regions such as East Asia cause
perturbations to the Arctic climate primarily by altering the
poleward heat flux, rather than through their direct radiative
impact within the Arctic. By contrast, emissions from highlatitude regions, such as Russia and Canada, were found to
primarily affect the Arctic due to their presence within (or
proximity to) the region. This was because such emissions
were more likely to deposit dark aerosol particles directly on
to snow and ice surfaces, and to heat the lower troposphere
(AMAP, 2015a; Sand et al., 2016).
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Aerosols mostly affect climate by altering the amount of
solar energy absorbed by Earth. BC, a product of incomplete
combustion, absorbs a large fraction of interacting sunlight,
thereby warming the climate system. SO4, which is formed
primarily through oxidation of sulfur dioxide (SO 2) gas,
absorbs very little sunlight and cools the climate by scattering
solar radiation back to space that would otherwise have
been absorbed by Earth. Organic carbon (OC), which is coemitted with BC during combustion, absorbs an intermediate
proportion of sunlight and causes cooling in some environments
and warming in others. Highly reflective regions, such as the
Arctic, are more likely to experience warming effects from these
aerosols (e.g., Myhre et al., 2013). Mineral dust and volcanic
ash can also warm or cool climate depending on the content
of light-absorbing minerals (especially those containing iron)
in the soil or rocks from which they derive. Because some dust
and volcanic ash particles are quite large, they can also absorb
an appreciable amount of infrared radiation and warm Earth
by enhancing its greenhouse effect (e.g., Miller and Tegen,
1998, Flanner et al., 2014). However, being larger reduces the
atmospheric lifetimes of these aerosols. Typical lifetimes for
SO4, BC and OC are in the order of days to weeks, while those
of larger dust and ash particles are around one to several days.

Aerosols also influence climate via indirect mechanisms. After
landing on snow and ice surfaces, dark particles such as BC
can hasten melting by increasing solar heating at the surface
(Figure 1.1 [c]). This is a particularly important consideration
when assessing the impacts of SLCFs on the Arctic climate
(e.g., AMAP, 2015a). Aerosols also affect cloud properties,
including their droplet size, lifetime, and vertical extent. This
influences clouds’ cooling and warming effects (Figure 1.1
[d], [e]). Globally, this indirect cloud forcing from aerosols is
comparable to their direct forcing (Myhre et al., 2013), though
the indirect effects are more uncertain and difficult to assess
accurately. Moreover, impacts on climate from clouds in the
Arctic are distinct from global impacts, owing to the extreme
seasonality of sunlight in the Arctic, the unique characteristics

Many of the SLCFs that are relevant to climate studies also
adversely influence air quality and human health. These include
SLCFs that constitute particulate matter (especially smallersized particles) and precursors of O3. Furthermore, whereas
the climate impacts of SLCFs may be positive or negative, the
air-quality impacts of SLCFs are nearly universally negative.
For this reason, policies to reduce emissions of SLCFs have
sometimes been justified more by air-quality concerns than
climate considerations.
Almost all SLCF species are emitted from both anthropogenic
and natural sources, although in differing proportions. BC, for
example, is emitted mostly from the anthropogenic combustion
of fossil fuels and biofuels, although substantial emissions come
from naturally occurring fires. Volcanic ash, on the other hand,
is emitted entirely from natural processes. In cases where human
activity indirectly influences emissions, it can be difficult to
accurately ascribe the proportions coming from natural and
anthropogenic sources. These gray areas exist for: mineral dust
aerosols, which derive from both naturally occurring desert
soils and those made erodible by human activity; CH4, which
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b) Light-absorbing aerosols
(black carbon, organic
carbon, mineral dust)

a) Scattering aerosols
(sulfate, organic
carbon, mineral dust)

Indirect effect of aerosols

e) ‘Clean’ cloud
Fewer and larger droplets
reﬂect less light

d) ‘Polluted’ cloud
More and smaller droplets
reﬂect more light

Figure 1.1 Impacts of SLCFs on the Arctic energy budget during summer (top) and winter (bottom). Greenhouse gases, and to a lesser extent aerosols,
absorb infrared radiation emitted from the surface (red arrows), thereby altering the outgoing long-wave (heat) energy from Earth. Aerosols scatter (a)
and absorb (b) sunlight (yellow arrows), at different layers in the atmosphere and after they are deposited on to snow and ice surfaces (c). Aerosols can
also indirectly alter the way in which clouds interact with sunlight and infrared energy (d), (e). Finally, within and outside of the Arctic, SLCFs influence
the poleward heat flux carried into the region by the atmosphere and oceans (thick red arrows).
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is created from naturally occurring biota, but can be emitted in
greater volumes where the prevalence of biota has changed due
to anthropogenically induced warming or hydration of soils;
and aerosol emissions from forest fires, which are increasing
as fires become more intense and frequent due to humaninduced climate change. How these indirect influences will
change emissions in the future is even more uncertain.

1.3

Scope of this assessment

The COVID-19 pandemic enormously disrupted the
global economy. Reduced activity across sectors resulted in
dramatically lowered emissions of many of the SLCF species
studied here, with associated impacts on radiative forcing and
air quality in the Arctic and elsewhere. By early 2021, emissions
had rebounded substantially, following the reopening of
economies. However, long-term changes in SLCF emissions
will depend on the nature and degree of economic recoveries,
and on any durable changes to behavior and policy that result
from the pandemic. There is an enormous opportunity to learn
more about atmospheric chemistry, aerosol, and transport
processes from these rapid reductions in emissions, as well as
the potential effectiveness of climate and air-quality mitigation
strategies. But such studies take time and, as they were only at
a preliminary stage when this assessment was being prepared,
they are not included here.
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Finally, the Arctic environment is changing rapidly and this also
has consequences for how SLCFs affect the region. Diminishing
sea ice, thawing permafrost, expanding vegetation, increasing
humidity in the Arctic troposphere, and the growing prevalence
of liquid clouds can affect the emissions, lifetimes and radiative
forcing of SLCFs within the Arctic. The fact that these changes
are occurring across the atmosphere, cryosphere and biosphere
indicates the importance of adopting a multi-disciplinary,
collaborative approach to studying Arctic environmental
change (Thomas et al., 2019).

in this assessment. Nitrate and secondary organic aerosols (SOA)
are treated in some of the models applied in the assessment but
impacts from these species are not rigorously explored.
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As well as considering SLCFs together, this assessment differs
from AMAP (2015a; 2015b) in having a wider scope. First,
the impacts of SLCFs on both climate and air quality have
been included, in response to growing recognition of their
importance for policymaking. The assessment also describes
some impacts associated with changing SLCF emissions
on ecosystems, including reduced crop productivity from
surface O3. Second, whereas AMAP (2015a) focused largely
on quantifying the influence of SLCF species on absolute,
equilibrium Arctic temperature, this assessment focuses more on
quantifying transient Arctic climate responses due to changing
emissions in the recent past and near future, as these impacts
are more relevant to policymaking. The assessed impacts
from each SLCF species on absolute Arctic temperature have
changed between AMAP (2015a) and today due to: different
baseline years being applied to emissions and assimilation
of updated emissions inventories; advances in atmospheric
transport models and model representations of radiative forcing
components; and new regional climate sensitivity analyses.
Aside from discussions of natural CH4 and wildfire emissions,
this assessment focuses more on emissions that are clearly
anthropogenic, as it is within human capacity to mitigate
climate change and improve air quality by changing these
emissions. In assessing climate and air-quality perturbations
from anthropogenic emissions, however, it is often important
to know the background quantities of naturally occurring
agents. To the extent possible, this assessment incorporates
this knowledge, though significant gaps remain in this and
other key areas.

Finally, considerable attention has been given to the possibility
of exploiting the cooling effects from aerosols to geoengineer the
Arctic climate via solar-radiation management (e.g., National
Research Council, 2015). Although the impacts from aerosols
on climate reported here can help to inform assessments of
the efficacy and side effects of solar-radiation-management
scenarios, this assessment does not cover geoengineering.
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Beyond this chapter, the content is as follows: Chapter 2
describes historical SLCF emissions and scenarios of future
anthropogenic emissions, with explanations of the key
inventories applied in the modeling work conducted
specifically for this assessment (Chapters 7–9). Chapters 3
and 4 review the state of understanding around natural CH4
emissions and wildfire activity, respectively, in the context of
the Arctic and drivers of temporal changes, including climate
change. Chapter 5 provides an update on recent advances
in measurement techniques. Chapter 6 assesses our current
understanding of observations and origins of, and trends in,
SLCFs in the Arctic. Chapter 7 introduces the models used in
this assessment and evaluates their performance with respect
to key observations. Chapter 8 describes simulated impacts
of SLCFs on climate and air quality, and Chapter 9 builds on
Chapter 8 to assess the impacts of changes in SLCF emissions
on health and ecosystems. Finally, in planning the scope of
this assessment, the AMAP SLCF EG drafted policy-relevant
questions that the assessment’s scientific findings could help to
address. These questions were also used to communicate the
scope of the assessment with stakeholders. Chapter 10 presents
those questions – and answers to them – at the same time
serving as a summary of the main findings and conclusions for
the whole assessment. To the extent possible, the assessment
focuses on new results and knowledge obtained since the
AMAP 2015 assessments, and we refer readers to the reports
of those earlier studies for additional background information.

Due to its emphasis on anthropogenic SLCFs, and the
limited number of experts within the SLCF EG, the scope of
this assessment is necessarily limited. As Table 1.1 outlines,
the assessment includes the following SLCF species: CH4;
tropospheric O3 and its associated precursors, including NOx,
CO and to a lesser extent VOCs; and a suite of aerosol species
that includes BC, OC, SO4 (and its precursor SO2 emissions), and
mineral dust. Volcanic ash is also discussed, though its impacts
are not comprehensively assessed. Halocarbons are not treated

