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2.1 Introduction
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This chapter outlines current understanding of anthropogenic
emissions of key air pollutants and short-lived climate forcers
(SLCFs), within the context of the Arctic. The discussion focuses
on literature and datasets that have become available since
AMAP’s 2015 assessment. Nonetheless, the reports published
as a result of this and prior work remain important references on
Arctic emission issues (AMAP, 2011 and AMAP, 2015a, 2015b).

Economic Commission for Europe (UNECE) Convention on
Long-Range Transboundary Air Pollution (CLRTAP) and the
United Nations Framework Convention on Climate Change
(UNFCCC), which Arctic Council Member states also report
to the Expert Group on Black Carbon and Methane (EGBCM).
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This chapter has a distinctive regional focus, aligning it with
the Arctic Council’s work on mitigating black carbon (BC) and
methane (CH4) emissions. The eight Arctic Council Member
states (Canada, Denmark, Finland, Iceland, Norway, Russia,
Sweden, USA) and the 13 Observer countries (China, France,
Germany, India, Italy, Japan, Netherlands, Poland, Singapore,
South Korea, Spain, Switzerland, UK) are treated as separate
groups, facilitating the evaluation of emissions in relation to
the Arctic Council Member states’ common vision, “… to
take enhanced, ambitious, national and collective action to
accelerate the decline in our overall black carbon emissions
and to significantly reduce our overall methane emissions” and
the aspirational collective goal that “black carbon emissions be
further collectively reduced by at least 25–33 percent below
2013 levels by 2025”, as set out in the Arctic Council Framework
for Action on Black Carbon and Methane Emissions Reductions
and subsequent work (Arctic Council, 2015: Arctic Council
2017). Emissions information for other regional groups and
at the national level is available in Appendix 2 (Section 2.1).

AMAP (2015a, 2015b) outlined the warming action of BC, ozone
(O3) and CH4 in connection with the Arctic climate, and presented
an emissions-mitigation scenario that would strongly reduce
emissions of these SLCFs but which did not include dedicated
control of sulfur emissions. However, air-pollution mitigation
policies around the world tend to consider several objectives, and
consequently focus on a larger set of pollutants – including specific
policies to reduce sulfur. Sulfur emissions, which have a cooling
effect on climate, have reduced significantly since the 1980s
(Grennfelt et al., 2020) and policies continue to be strengthened
in many countries, driven primarily by health concerns. Aligning
with such approaches, this 2021 assessment analyzes emissionsmitigation scenarios that consider a broader set of air-pollution
mitigation opportunities and that target a larger set of pollutants,
including both climate warming and cooling species.
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Section 2.2 defines the scenarios used in this assessment and
outlines the key drivers behind them. Section 2.3 addresses
the historical trends and expected development of emissions
given current and decided air-pollution policies. Section 2.4
focuses on selected emissions sources in the Arctic, with
particular attention to Arctic shipping and fossil fuel extraction.
Section 2.5 discusses the mitigation scenarios, and examines
potential for further emissions reductions. Comparisons
with other emissions information is given in Section 2.6, and
uncertainties related to emissions datasets are discussed in
Section 2.7. Section 2.8 provides a summary detailing the
main findings and identifying further research needs, as well
as revisiting the recommendations from AMAP (2015a, 2015b).
Policy Relevant Science Questions (PRSQs) related to this
chapter can be found in Chapter 10.

A key mission of this chapter is to present emissions data used
in the model evaluation (Chapter 7) and impact-modelling work
(Chapters 8 and 9) undertaken for this assessment. These were
produced using the Greenhouse gas–Air-pollution Interactions
and Synergies (GAINS) model developed by the International
Institute for Applied Systems Analysis (IIASA) (Amann et al.,
2011; Klimont et al., 2017; Höglund-Isaksson et al., 2020) for
the time period 1990 to 2050 (Box 2.1, overleaf). The model
is hereafter referred to as IIASA-GAINS. Key background
information about drivers and assumptions behind the emission
scenarios used in the assessment, is presented. The IIASAGAINS datasets developed to support this assessment provide
comprehensive global emissions by country for key pollutants and
relevant time periods. They include scenarios outlining possible
future emissions pathways considering existing and decided
policies, as well as indicating where there is scope for further
emissions reductions. These emissions datasets, used further in
the modelling analysis (Chapter 7), include all relevant SLCF
species (both warming and cooling). However, the discussion
in this chapter focuses on emissions trends and mitigation
opportunities for selected species, primarily BC, CH4, and
sulfur dioxide (SO2), while Appendix 2 (Section A2.2) provides
information for other compounds. Historical emissions are
examined using the most recent available datasets from scientific
literature, as well as national data reported to the United Nations

2.2 Defining

scenarios
for the assessment

As with AMAP’s 2015 assessment, the emissions scenarios
used in this 2021 study were developed using the IIASAGAINS model (Amann et al., 2011). They update and expand
on the previously used dataset, providing historical emissions
until the year 2015 and projections extending to 2050. They
include all key air pollutants (SO2, nitrous oxide [NOx], BC,
organic carbon [OC], non-methane VOCs [NMVOCs], carbon
monoxide [CO], ammonia [NH3], fine particulate matter
[PM2.5]) and greenhouse gases (carbon dioxide [CO2], CH4)
at a global scale. An overview and a more detailed description
of assumptions made and of the scenario characteristics has
been published in Höglund-Isaksson et al. (2020) for CH4.
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Box 2.1 The IIASA-GAINS model
Social development
and economic activities

Emission control options:
~2000 measures.
co-control of 10 air pollutants
and 6 GHGs

int

IIASA-GAINS is widely used to identify cost-effective policy
interventions aimed at reducing the impacts of air pollution
on health, while maximizing co-benefits with other policy
priorities. In recent years, the GAINS team has strengthened
links with several integrated assessment modelling (IAM)
groups, and applied IIASA-GAINS to develop fine-scale global
projections of air-pollutant emissions and assess the potential
impacts on health arising from such emissions. The model
outputs have also been used to parameterize air-pollution
storylines for the Shared Socioeconomic Pathways (SSPs),
used by the Intergovernmental Panel on Climate Change
(IPCC) in the Sixth Assessment Report (see for example Rao
et al., 2017; IPCC, 2021). The model has underpinned the
development of global and regional scenarios examining the
future evolution, potential for mitigation, and impacts of BC,
including dedicated work for AMAP (2015a). As a scientific
tool for integrated policy assessment, IIASA-GAINS describes
the air-pollution pathways from atmospheric driving forces
to environmental impacts. It brings together information on:
economic, energy-related and agricultural developments;
emissions-control measures and costs; and atmospheric
dispersion and chemistry (Figure 2.1). IIASA-GAINS
quantifies the emissions and impacts of nine air pollutants
(SO2, NOx, coarse particulate matter [PM10] and PM2.5, BC,
OC, CO, NH3, volatile organic compounds [VOCs]) and
six greenhouse gases (CO2, CH4, nitrogen dioxide [N2O],
hydrofluorocarbons [HFCs], perfluorocarbons [PFCs],
sulfur hexafluoride [SF6]) on human health, crop losses, acid
deposition, and long-term radiative forcing from a multipollutant and multi-effect perspective. IIASA-GAINS explores
the co-control of some 2000 specific measures on multiple
air-pollutant and greenhouse-gas emissions, identifies tradeoffs and win-win measures, and assesses their impacts on

Emissions

Costs

Least-cost
optimization
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Health, ecosystems, and
climate impact indicators

Policy targets

Figure 2.1 The IIASA-GAINS model explores linkages between human
activities, emissions-control measures, atmospheric pollutants and
impacts on health, climate and ecosystems.
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ambient air quality, population exposure, health, vegetation,
and various climate metrics. IIASA-GAINS has a global
coverage and is currently implemented for 180 countries/
world regions. The GAINS model and databases are accessible
over the Internet.

Box 2.2 provides information about the key sources of activity
data and projections used in the assessment, as well as on the
evolution and comparison of fossil fuel CO2 emissions to
SSPs developed for the sixth cycle of the IPCC report (see, for
example, IPCC, 2021; Riahi et al., 2017). The three underlying
activity scenarios implemented in IIASA-GAINS for the 2021
assessment provide a wide range of possible future developments
– from the case of fossil-fuel use remaining high to a scenario
that assumes the rapid decarbonization necessary to constrain
additional warming to below 2°C, globally, compared to the
pre-industrial period.

or a more up-to-date representation of the source location.
Two elements that appear visibly different in the updated
ECLIPSE v6b dataset are the distribution of residential
(heating) emissions and the flaring of associated gas. Figure 2.3
shows not only higher granularity of emissions of BC in
many regions but also identifies more emissions in sparsely
populated areas at high latitudes, which had been identified
as a challenge in the past (e.g., AMAP, 2015a; Winiger et al.,
2019). The new dataset has implications for the distribution
of all species, not only BC, and should facilitate improved
modelling of pollutant concentrations and impacts.

For this assessment, the IIASA-GAINS model was updated to
include statistical data for 2015; assumptions on new policies
and their implementation were reviewed; spatial gridding
of emissions was improved; and several new scenarios
were developed.

The emissions scenarios developed for this assessment,
combining energy and emissions-mitigation policies, can be
categorized into three types: (i) baseline, (ii) mitigation, and
(iii) failure. The scenario identifiers include explicit reference to
the emissions policy (first three characters) and energy policy
(the last three characters). This is the case except for when
the New Policy Scenario (NPS) is used, which is considered
the baseline energy scenario in this work; in this case only
emissions policies are indicated in the identifier. A selection of
the scenarios described in the following text and summarized
in Table 2.1 were used in the model evaluations (presented in
Chapter 7), and in the modelling (discussed in Chapter 8).

One particular aspect worth highlighting is improvements in
the spatial distribution of emissions. The spatial proxies for
many sources have been revised since the 2015 assessment,
including those for the residential sector, transportation,
shipping, power plants, and oil and gas operations (including
flaring) (Böttcher et al., 2021). In all cases, new data was used –
either providing a higher resolution than previously available
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Box 2.2 Key assumptions behind the 2021 assessment’s anthropogenic emissions scenarios
The energy data for the research came from International Energy
Agency (IEA) statistics (Data ref. 2.1), while the projections
were drawn from the 2018 World Energy Outlook (IEA, 2018)
and then implemented in the IIASA-GAINS model framework.
The macro-economic assumptions in IEA (2018) include a 25%
growth in global population and a 90% increase in global gross
domestic product (GDP) by 2050. The energy scenarios applied
were as follows:

CMIP6 (historical)
ECLIPSEv6b_base
ECLIPSEv6b_CPS
ECLIPSEv6b_SDS
SSP3–7.0
SSP4–6.0
SSP2–4.5
SSP1–2.6
SSP1–1.9

60
50
40
30
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• New Policy Scenario (NPS). This scenario assumes
implementation of national energy programs and revised
(in 2018) commitments of the Nationally Determined
Contributions (NDCs) of the Paris Climate Agreement. Its
CO2 emissions appear comparable to SSP2–4.5 evolution
(Figure 2.2), and it is used in the IIASA-GAINS baseline
current legislation (CLE) scenario.

Global anthropogenic CO2 emissions

CO2 emission, Gt
70

• Current Policy Scenario (CPS). In this scenario, NDCs are
not included, resulting in higher fossil-fuel use and a CO2
emissions trajectory that resembles SSP4–6.0 (Figure 2.2).

10
0

CO2 emission, Gt
10

Arctic Council Member states
anthropogenic CO2 emissions

9
8
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• Sustainable Development Scenario (SDS). The CO2 trajectory
for this scenario is similar to the SSP1–2.6 decarbonization
scenario (Figure 2.2), due to a rapid shift away from fossil
fuels, greater access to clean energy for cooking, and the
achievement of several other United Nations (UN) Sustainable
Development Goals (SDGs).

20

Agricultural projections were derived from the Food and
Agriculture Organization (FAO) of the UN (FAO, 2012).
Figure 2.2 compares the CO2 emission trajectories of the
above scenarios (derived from the IIASA-GAINS ECLIPSE v6b
dataset [Data ref. 2.2]) with the key SSP cases, and shows CO2
emissions for the aggregate of Arctic Council Member states.
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Figure 2.2 Top: How global anthropogenic CO2 emissions under IIASAGAINS ECLIPSE v6b scenarios compare to the SSP scenarios. Bottom:
Combined CO2 emissions for Arctic Council Member states, as depicted
by IIASA-GAINS ECLIPSE v6b scenarios. Gt = gigatonnes
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Figure 2.3 Spatial distribution of total BC emissions for 2015, north of 60°N latitude, in the ECLIPSE v5a dataset (left, [Data ref. 2.3] used in AMAP
(2015a) and its successor ECLIPSE v6b (right).
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Table 2.1 Studied scenarios and their identifiers. The CLE is from 1990 to 2050, with others spanning 2025 to 2050. ESM = Earth system model; CTM
= chemical transport model
Scenario type

Scenario identifier

Energy scenario

Emission control policy

Model category (Chapter 8)

Baseline

CLE

NPS

CLE

ESM; CTM; Emulators

Failure scenarios

NFC

NPS

NFC

NFC_CPS

CPS

NFC

MFR

NPS

MFR

ESM; CTM; Emulators

CFM

NPS

Warming SLCFs

ESM; Emulator

MFR_SDS

SDS

MFR
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Mitigation scenarios

• Baseline (CLE): Assumes NPS energy projection and
efficient implementation of current air-pollution legislation
(committed to before 2018).
• Mitigation: These scenarios focus on additional (beyond
baseline) reductions in emissions. Two types of mitigation
scenarios were developed:

in SLCF emissions of
Arctic Council Member states
and Observer countries

Figure 2.4 shows global emissions of SLCFs over the period 2010
to 2050, as per the baseline scenario (CLE) of the IIASA-GAINS
model. Global anthropogenic BC emissions are estimated at
66 teragrams (Tg1) for 2010 and 5.9 Tg for 2020. Following
the CLE scenario, the emissions decline to 5.4 Tg in 2030, and
further to 5.3 Tg in 2050. The most important source sectors
globally throughout the period are residential combustion
(contributing about half) and surface transportation (roughly
a quarter).

Climate forcing mitigation (CFM) case. Here, the focus
is on further reducing emissions of warming SLCFs,
applying technologies that result in lower net climate
forcing after abatement. Principally, this assumes MFRtype mitigation for CH4, and ambitious reduction of BC
emissions. It accounts for changes in co-emitted species,
in other words, technologies that achieve strong BC
reduction will also reduce cooling species (OC, SO2,
and NOx), as well as CO and NMVOC, while NH3
remains at the level of CLE. This type of scenario was
developed to facilitate comparison with the mitigation
simulations performed in the AMAP 2015 assessment,
as well as to explore futures in which less-pronounced
reduction of cooling species occurs while emissions of
warming SLCFs are minimized. A single CFM scenario
was developed using the NPS energy landscape.

Global SO2 emissions are estimated to be 89 Tg in 2010 but,
under the CLE scenario, decline significantly to 55 Tg by 2020
and to 48 Tg by 2030, after which they slightly increase if
no further policies beyond those committed to by 2018 are
introduced. The reductions are mainly due to developments in
the energy and industrial sectors, and in international shipping.
The former include the introduction of more stringent emissions
standards, reduced coal use, and access to clean energy in the
residential sector of Observer countries (particularly China
and India), while the latter results from a new International
Maritime Organization (IMO) rule limiting sulfur in fuel oil
from 2020 onwards.
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Maximum technically feasible reduction (MFR) case. This is
where implementation of the best available and technically
feasible emissions-mitigation technologies is included for
all pollutants defined in the IIASA-GAINS model and
CH4. The introduction of measures is not constrained by
their costs (or current political obstacles) but there are
limitations on how quickly certain measures achieve high
market penetration; no premature scrapping of equipment
is assumed. Under this case, two scenarios were developed:
(i) MFR for baseline (NPS) activity projections (MFR);
and (ii) MFR for the sustainable development case, in
which the energy projections follow the SDS scenario
(MFR_SDS).

2.3 Trends
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The following text provides analysis of trends in emissions for
Arctic Council Member states and Observer countries, as well
as the potential available for mitigation.

• Failure: No further control (NFC) case. This scenario
type demonstrates the importance of current policies,
and assumes a failure in implementation of recent
policies by freezing legislation at pre-2015 level. Two
scenarios were developed under this case: (i) NFC
for baseline (NPS) energy projections (NFC); and
(ii) NFC for the higher fossil fuel (CPS) case outlined in
Box 2.2, which assumes that national energy efficiency and
structural goals resulting from the Paris Climate Agreement,
as well as recent air-pollution laws, are not efficiently
implemented (NFC_CPS).
1

1 Tg = 1000 kt

Global anthropogenic CH4 emissions are estimated at 340 Tg in
2015 and 350 Tg in 2020. Following the baseline CLE scenario,
the emissions increase to 380 Tg in 2030 and further to 440
Tg in 2050. The largest sources in 2015 are: agriculture (42%
of total emissions); oil and gas, primarily through extraction
and distribution (18%); waste (18%); and energy production,
including coal mining (16%). These are projected to still be
the most important sources in 2050. According to HöglundIsaksson et al. (2020), the global emissions trend is primarily
driven by the anticipated increase in solid waste and wastewater
generation – as populations grow and countries become
wealthier – as well as by greater extraction of natural gas, as
gas and renewables replace coal (translating to a levellingoff of future emissions from coal mining). In addition, about
a fifth of the increase in future emissions is attributed to
livestock production.

9

Chapter 2 · Emissions of short-lived climate forcers in an Arctic context

of maritime fuels. Steady reductions in emissions of CO and
NOx, of around 20% and 10%, respectively, are also expected
in the coming decades. These are driven by a decline in solid
fuel use for cooking (important for CO, VOC) and tighter
emissions standards for vehicles (CO, NOx, VOC) and, in
several countries, also for power plants (NOx). International
shipping is important with regard to NOx, accounting for about
20% of total emissions. In spite of improving access to clean
energy and lower transport emissions, anthropogenic VOC
remains roughly constant under the baseline CLE scenario,
as the increasing contribution of VOCs from the chemical
industry and solvent use counteracts other trends.

Tg/y
10

Tg/y
200
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For 2015, the Arctic Council Member states are estimated to
account for 8%, 13% and 20% of the global anthropogenic
emissions of BC, SO2 and CH4, respectively (Figure 2.4).
Under the baseline CLE scenario, the corresponding values
for 2050 are 6%, 12% and 17%. Respective values for the
Arctic Council Observer countries are much larger. These
nations contribute 40%, 40%, and 30% in 2015 for BC, SO2,
and CH4, respectively, with the corresponding baseline values
for 2050 being 23%, 30%, and 29%. Jointly, Arctic Council
Member states and Observer countries currently contribute
about half of the global anthropogenic emissions of these
pollutants. Provided the baseline development takes place
until 2050, the collective share would decrease in the case of
BC (to 29%) and SO2 (43%), but would remain at around 50%
for CH4. International shipping is only a minor source of BC
and CH4 globally. For 2010, the share of SO2 emissions from
shipping is approximately 10%, but this is estimated to decline
significantly by 2020 following regulation on the sulfur content

BC

8

Open biomass burning (forest fires, savannah burning) are
discussed in detail in Chapter 4; Figure 2.4 illustrates the
importance of this source for considered species at a global
level, with about a quarter and two-thirds of total BC and OC,
respectively, originating from fires.

VOC
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Figure 2.4 Emissions of SLCFs, other air pollutants and O3 precursors under the baseline scenario (CLE), as estimated by the IIASA-GAINS model,
and open biomass burning (including forest and savannah fires) from van Marle et al. (2017). For CH4 and VOCs, biogenic sources are not included
(natural releases of CH4 are discussed in detail in Chapter 3). Emissions from international shipping and open biomass burning are not allocated to any
country but are shown separately as global totals.

10

AMAP Assessment 2021: Impacts of Short-lived Climate Forcers on Arctic Climate, Air Quality, and Human Health

Figure 2.5 shows levels of anthropogenic BC, SO2 and CH4
emissions until 2050 in the Arctic Council Member states and
Observer countries, as estimated under various scenarios by
the IIASA-GAINS model (presented emissions do not include
those from international shipping and forest fires). All analyzed
emissions scenarios indicate a declining trend for BC emissions
for these two groups, in contrast to the ‘rest of the world’ where
emissions of BC are expected to increase under the baseline
(CLE) scenario (Figure 2.4).

Figure 2.5 also includes an ECLIPSE v5a_base baseline
scenario that represents the emissions trajectory driven by
IEA projections from the Energy Technology Perspectives
(ETP) project (IEA, 2012) and air-pollutant legislation that
was current when the AMAP 2015 assessment was in progress.
Comparison with the current baseline scenario (CLE), indicates
the effect of subsequent legislative changes and the adoption of
new policies. Emissions of BC from the Arctic Council Member
states appear similar in both baseline scenarios. However, the
estimates for past years are higher in the latest (CLE) estimates
due mostly to an increase in emission factors for gas flaring –
drawing on recent measurements (Conrad and Johnson, 2017)
– resulting in higher estimates for Russia (Dong et al., 2019;
Böttcher et al., 2021). For the Arctic Council Observer countries,
the updated BC emissions (CLE) are lower by approximately
a third compared to the AMAP 2015 baseline (V5a) but both
exhibit a similar declining future trend. The major reason for

Tg/y
0.6
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Failure to implement post-2015 legislation in the Arctic Council
Member countries (NFC, NFC_CPS), would move the BC
emissions trajectory further from meeting the 2025 goal, and
would lead to approximately 15% and 11–19% higher emissions
of BC and SO2, respectively, towards the end of the period,
compared with the baseline (CLE). CH4 levels are relatively
similar in the baseline and the failure scenarios (for both Arctic
Council Member states and Observer countries), since there
has been little new legislation introduced recently; most of the
observed difference is for the NFC_CPS case, where it is due to
the exclusion of Nationally Determined Contributions (NDCs)
included in the Paris Agreement (see Section 2.2 for full scenario
description). For Observer countries, the BC emissions are
about 7% and 14% higher for the 2030–2050 period in the NFC
scenario, respectively, and 15% and 26% higher, respectively,

in the NFC_CPS scenario. The most significant difference is
seen for SO2 emissions, which are almost double the baseline
values (under the NFC scenario) or more than double (in the
NFC_CPS scenario) by 2030–2050, and follow an increasing
trend rather than following the reducing trend of the baseline.
These results highlight the importance of timely and effective
enforcing of existing policies and legislation.
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Figure 2.5 BC, SO2 and CH4 emissions under the baseline CLE and failure (NFC and NFC_CPS) scenarios developed for this assessment, as well as
the baseline scenario (v5a) used in the AMAP 2015 assessment. A time series for these emissions dating back to 1990 is presented in Appendix 2
(Section A2.2), along with national data (Section A2.1).
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the lower overall estimate is lower coal use for China (current
data originates from IEA (2018) while v5a used the estimates
of the Tsinghua University (Beijing) drawing on the provincial
Chinese statistics). Meanwhile, the future decline is driven by a
combination of more stringent vehicle standards, and policies
to reduce coal and fuelwood use for heating and cooking in
China and India.
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The future trajectory of SO2 emissions in the updated baseline
(CLE) shows a strong decline for both Arctic Council Member
states and Observer countries, unlike in the previous baseline
(v5a). Determining factors for this difference include the
introduction and effective enforcement of reduction measures
in power plants and industry in China and the USA, and, for
the coming decades, also in India. At the same time, the new
data and energy projections indicate reduced coal use in the
power sector (in several countries), and increased capacity for
gas and renewable energy; this trend is expected to continue.
CH4 emissions increase for the 2010–2050 period in both the
Arctic Council Member states and the Observer countries.
However, the rise towards the end of the period is lower under
the newer baseline (CLE) than with the 2015 baseline.

Figure 2.6 shows sector shares for 2015 emissions of BC,
SO2 and CH4 in the Arctic Council Member states and the
Observer countries. The ‘surface transport’ sector dominates
BC emissions in Arctic Council Member states (47%), followed
by ‘residential combustion’ for heating (21%), ‘flaring’ from
‘oil and gas’ extraction (14%), ‘agricultural waste burning’
(9%), and combustion in ‘industry’ (6%). In Arctic Council
Observer countries, ‘residential combustion’ comprises 56% of
BC emissions, followed by ‘surface transport’ (21%), combustion
in ‘industry’ (12%) and ‘agricultural waste burning’, as well as
household ‘waste’ (5% each). SO2 emissions are dominated by
combustion in ‘industry’ and ‘energy’ production, with 95%
and 83% in the Arctic Council Member states and Observer
countries, respectively. The remaining share originates from
the ‘residential combustion’ sector. Key sources of CH4 include
‘agriculture’, ‘waste’, ‘coal mining (energy)’, and ‘oil and gas
(extraction and distribution)’, with a minimal contribution
from energy use in ‘residential’ and ‘industry’ sectors. In Arctic
Council Member states, most of the CH4 is emitted from fossilfuel production, storage and distribution; intended venting
and unintended leakage during extraction and distribution
of ‘oil and gas’ account for 52%, with the release of CH4 in

Arctic Council Member states, SO2
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Figure 2.6 Share of BC, SO2 and CH4 emissions in 2015 by major sectors under the CLE scenario in the Arctic Council Member states and Observer countries.
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ventilation air during ‘coal mining’ contributing 9%. Other
significant sources of CH4 are from biological processes, for
example the anaerobic decomposition of organic materials in
‘waste’ and wastewater management (18%) or from livestock
metabolism and manure management within ‘agriculture’
(20%). Incomplete combustion processes, in particular from
‘agricultural waste burning’ and burning of biomass in the
‘residential’ sector, contribute minor (1%) CH4 emissions. In
the Arctic Council Observer countries, ‘agriculture’ accounts for

45% of total anthropogenic emissions followed by ‘coal mining’
(25%), ‘waste and wastewater’ (21%), ‘combustion’ sources (4%)
and the ‘oil and gas’ sector (5%).
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Figure 2.7 presents relative emissions changes by 2030
and 2050, compared to the 2015 emissions under the CLE
scenario. In the Arctic Council Member states, the surfacetransport sector delivers a large share of the 30% reduction
in BC emissions under the baseline scenario (CLE) between
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Figure 2.7 Relative change in emissions from 2015 to 2030 and 2050 under the baseline scenarios. All changes are in relation to the 2015 emissions of
the CLE scenario.
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pollution in the Arctic can often be overlooked because some
of the characteristics and sources may not be recognized in
national-level emissions inventories, and the contributing
emissions sources are not well identified and quantified in terms
of locations or amounts (i.e. Aliabadi et al., 2015; Schmale et al.,
2018; see also the discussion in Section 2.7).
Industrial operations, such as fossil-fuel extraction and
mining, and the traffic supplying these sites and remote
communities, are additional sources of air pollution in the
Arctic. The changing ice conditions in Arctic waters have led
to an increase in the transit traffic of ships, as the Northern Sea
Route and the Northwest Passage have become more accessible.
Boreal forest fires emit significant amounts of air pollutants
during summer (Schmale et al., 2018; see also Chapter 4). The
following pages provide an update of two major high-Arctic
emissions sources: Arctic shipping and fossil-fuel extraction.
Quantitative emissions inventories from Arctic communities
are not available, so issues related to them are not discussed
here. Additionally, Chapter 9 includes a section discussing how
Arctic emissions sources contribute to the health impacts of
air pollution.

int

2015 and 2030. Surface transport, flaring (in the oil and
gas sector) and agricultural waste burning are responsible
for the further reductions to BC emissions of about 10%
expected between 2030 and 2050 (counteracted, however, by
a few percent increase in residential combustion emissions).
SO2 emissions decline in the baseline scenario until 2030 by
approximately 50% and 30%, compared with 2010 and 2015
emissions, respectively (Figures 2.4 and 2.6). This is due
to reductions in the energy sector (Figure 2.7). The post2015 policy failure scenarios (NFC and NFC_CPS) would
particularly influence emissions from the industrial sector,
offsetting 7%–8% or so of the reductions in the energy (power
plants) sector. From 2030 to 2050, SO2 emissions remain fairly
constant – or even slightly increase – in the baseline scenario,
owing to lack of further legislation. CH4 emissions in Arctic
Council Member states increase under the baseline scenario
by almost 10% by 2030, and a further 5%–10% between 2030
and 2050. This rise is, however, lower than the 40% increase
projected for 2015–2050 under the AMAP 2015 assessment’s
baseline scenario (AMAP 2015b). The oil and gas sector is
responsible for the exhibited increase by 2030, supplemented
by the waste sector to 2050.

-pr

BC emissions in the Arctic Council Observer countries are
anticipated to decline by 39% from 2015 to 2050 in the CLE
baseline developed for this report, which is greater than the
20% reduction estimated in the 2015 assessment. This is due
to further clean-air policies that have been introduced for
the residential and surface-transport sectors, and to some
extent also in industry, since 2015. The difference between
the 2015 assessment baseline, the current baseline (CLE)
and the failure scenarios is very large for SO2. This is due
to a number of post-2015 mitigation policies introduced
within the residential, energy and industry sectors, and to
re-evaluation of the enforcement of previous policies in
the energy and industry sectors, particularly in the Asian
Observer countries. In total, these add up to 40% reductions
in emissions by 2030 compared to 2015. Failure to implement
these policies would lead to stagnation of, or even an increase
in, emissions by 2030, and an even greater rise by 2050.
Compared with the situation in 2015, CH4 emissions in
the Arctic Council Observer countries are anticipated to
increase by 10%–15% and by 25%–35% by 2030 and 2050,
respectively, mostly due to development in the agriculture and
waste sectors. These are, however, lower than the increases
estimated in AMAP’s 2015 assessment (20% and 55% in 2030
and 2050, respectively).

2.4.1 Arctic

shipping

Pre

The AMAP 2015 assessment included a review of emissions
inventories of air pollutants from shipping (AMAP, 2015a).
Since then, new work has become available that has utilized
continuous data on the position and speed of ships logged
on Automatic Identification Systems (AIS) and includes
improved coverage of the Arctic Ocean (Johansson et al.,
2017a). AIS data is retrieved from AIS satellite receivers and,
in some cases, from terrestrial base stations, and can include
other information about the ship’s characteristics, including
its type and engine operation. Combining AIS data with ship
engine power functions and emission factors has allowed
for more realistic estimation of emissions from individual
ships, and facilitated the creation of ‘bottom-up’ emissions
inventories. Additionally, updated emission-factor data taking
into account recent regulations on ship emissions have also
become available.

2.4 Arctic

emissions sources

Sources close to, or within, the Arctic have a higher relative
impact on the region compared to those farther south (AMAP,
2015a). Additionally, local sources can lead to high air-pollution
concentrations in remote communities and elevated exposure
levels for the inhabitants (Aliabadi et al., 2015; Schmale et al.,
2018). Key reasons include: (i) energy production for electricity
and heating is decentralized (diesel generator sets, old boilers)
and often uses outdated and polluting equipment; and (ii) often
poor waste-management practices, including open burning
of waste, result in emissions of toxic air pollutants. Local air

Regulatory changes since 2015 have taken place under the
auspices of the IMO, a United Nations agency responsible for
the safety and security of shipping, and for the prevention
of marine and atmospheric pollution by ships. The IMO has
agreed to introduce a 0.5% sulfur-content cap for marine fuels
starting in 2020. The regulation will reduce total PM and SO2
emissions from marine engines, but the impact these changes
will have on BC emissions is less clear (ICCT, 2017). The IMO
has provided a definition of BC for use by the community
and has recommended the measurement methods to be used
in connection with marine-engine emissions. Additionally, a
review of available control technologies has been conducted.
However, for the time being, the IMO is not regulating BC
emissions from ships (ICCT, 2017). In the case of smaller marine
engines, national legislation on PM exists – for example, in the
European Union, the USA and Canada – which is expected to
indirectly influence BC emissions (ICCT, 2017).
This section discusses those Arctic shipping emissions
inventories that have become available since 2015. The IMO
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regulation has decreased emissions of sulfur in comparison
with the estimates given in AMAP (2015a), but BC emissions
estimates remain similar. Shipping activities in the area may
increase in the future due to more traffic within the Arctic, as
well as from traffic being diverted from more southerly lanes.
Compared with the emissions situation for 2015–2016, the
SO2 and NOx emissions are estimated to decrease, whereas
BC emissions remain unchanged. These general statements
are based on an assessment of recent inventories, which are
discussed in more detail below.

Translating the ship activities into emissions, Figure 2.8 presents
SO2, NOx and BC emissions from shipping activities north
of 60°N, as estimated by the available emissions inventories.
The ECLIPSE v6b inventory has the highest SO2 emissions at
85 Mt/yr, which are about 50% higher than those detailed in
DCE (2017) and 85% higher than those presented by Johansson
et al. (2017a). Overall, as a consequence of lower sulfur content
in the fuel, the SO2 emissions are lower than those estimated in
the 2015 assessment (AMAP, 2015a). DCE (2017) uses a higher
fuel-consumption estimate, which is why the NOx emissions
(360 Mt/yr), are about 80%–100% higher than in ECLIPSE
v6b and Johansson et al. (2017a), but relatively similar to the
estimate in AMAP (2015a).

int

Johansson et al. (2017a) provided a global shipping emissions
inventory based on AIS 2015 data and the Ship Traffic Emission
Assessment Model (STEAM3). In 2017, the International
Council of Clean Transport (ICCT) published a global
emissions inventory of BC for shipping based on combined
terrestrial- and satellite-based AIS and ship registry data. The
inventory by DCE (2017), which uses 2012–2016 AIS data for
shipping north of 60°N latitude, updates the Winther et al.
(2014) work that was used in the AMAP 2015 assessment
(AMAP, 2015a).

(PAME, 2020). According to PAME (2020), fishing vessels
dominate, accounting for 45% of the activity. It is important
to note that the trends in the DCE (2017) and PAME (2020)
studies are not comparable, due to the different geographical
scope; significantly more shipping activities take place outside
of the Polar Code Area than within it. AMAP (2015a) reported
that only 10%–15% of ship traffic north of 60°N took place
inside the Polar Code Area.

ECLIPSE v6b, DCE (2017) and ICCT (2017) estimated
emissions of BC from Arctic shipping to be between 0.3 and
0.5 tonnes per year (t/yr) whereas the Johansson et al. (2017a)
inventory was 1.3 t/yr, 2.6–4 times higher than the other three.
The relatively large difference between Johansson et al. (2017a)
and the rest is explained by the choice of emission factor. At
0.47 grams per kilogram (g/kg) fuel, the emission factor is
relatively high in Johansson et al. (2017a), as compared with
the ICCT (2017) global mean figure of 0.25 g/kg fuel; the
ECLIPSE v6b figure of 0.11 g/kg fuel for shipping outside the
ECAs and <0.05 g/kg fuel within the ECAs; and that in DCE
(2017) of 0.10 g/kg fuel (mean). The BC emission estimates by
ECLIPSE v6b (Data ref. 2.2), DCE (2017) and ICCT (2017) are
also lower than the AMAP 2015 assessment (AMAP, 2015a),
which assumed a constant 0.35 g/kg fuel emission factor based
on work by Corbett et al. (2010).
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The global ECLIPSE v6b emissions dataset (Data ref. 2.2),
used as input for the impact estimates in this assessment, also
includes emissions from shipping based on 2015 shipping
activities from Johansson et al. (2017a). The different fuel types
(heavy fuel oil [HFO], light fuel oil [LFO], liquified natural gas
[LNG]) have separate emission factors, and since the shares of
the fuels change over time and also by region (being different
across Emission Control Areas (ECAs)), the implied emission
factors are also regionally specific and change over time.

Pre

In terms of current shipping activity in the Arctic sea areas,
the DCE (2017) inventory indicated that north of 60°N
latitude, for the time period 2012–2016, annual fuel use
increased from approximately 5 megatonnes (Mt) of fuel in
2012 to 6.5 Mt in 2015, but fell back to 5.5 Mt in 2016. The
Arctic Council’s Protection of the Arctic Marine Environment
(PAME) Working Group’s Arctic Ship Traffic Data (ASTD)
System provides additional insight, indicating that the sailed
distance within the Polar Code Area (a subdomain of the area
north of 60°N latitude) increased by 75% from 6.1 million
nautical miles in 2013 to 10.7 million nautical miles in 2019

For estimating future Arctic shipping activities and emissions,
DCE (2017) used the same growth scenarios for different
ship types as AMAP (2015a). In the baseline scenario, total
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Figure 2.8 Left: emissions of SO2, NOx and BC in tonnes per year (t/yr) from shipping north of 60°N latitude for the year 2015/2016 from the ECLIPSE
v6b, DCE (2017), Johansson et al. (2017) and ICCT (2017) emissions inventories. Right: baseline and diversion (from southerly shipping lanes) scenarios
from the ECLIPSE v6b dataset and DCE (2017) for the year 2050. Please note the pollutant-specific scaling as indicated on the x-axis.

15

Chapter 2 · Emissions of short-lived climate forcers in an Arctic context
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fuel use by shipping in the Arctic is estimated to increase
by 14% between 2016 and 2050 (without additional fuel
consumption from the diversion of ships from traditional
southern routes into Arctic waters). ECLIPSE v6b, on the
other hand, assumes that future shipping activities in the
Arctic increase by 60% between 2015–2050, reflecting the
general trend in international shipping presented in the
World Energy Outlook 2018 projections (IEA, 2018). An
additional aspect is that, with changing ice conditions in the
future, more shipping activity and emissions may divert from
the traditional southern routes into Arctic waters (see also
AMAP, 2015a). DCE (2017) includes scenarios with additional
shipping activities due to the diversion of ships from more
southerly areas to the Arctic routes, whereas ECLIPSE v6b
does not.

Compared with the baseline scenario presented in AMAP
(2015a), the emissions from more recent studies are
approximately 80%, 50%–75% and 80%–90% lower for SO2,
NOx and BC, respectively, due to updated emission factors
taking into account the expected changes in ships and fuel
sulfur content. The emissions levels estimated by ECLIPSE v6b
and DCE (2017) are relatively similar for all studied pollutants.
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1

Figure 2.9 Black carbon emissions in kilotons per year (kt/yr) from gas
flaring in 2015, according to the ECLIPSE V6b emissions dataset.
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Figure 2.8 also presents SO2, NOx and BC baseline emissions
scenarios for shipping North of 60°N latitude in 2050.
Compared with the 2015/2016 situation, the SO2 and NOx
emissions are estimated to decrease by 60%–75% and 10%–
30%, respectively, whereas the BC emissions are estimated to
remain at a similar level. In addition, the diversion of ships from
more southerly sea lanes (DCE, 2017_div and DCE, 2017_div_u
on the right-hand graph) could increase the emissions by up
to 50%–100% depending on the pollutant and the diversion
scenario (DCE, 2017).

Extraction of crude oil and natural gas is a source of BC and
CH4. BC is emitted from the flaring of associated gas during
oil extraction. CH4 emissions originate primarily from the
venting of associated gas during oil extraction, as well as due
to unintended leakages along the production process chain
from wellhead to upgrading and storage (Höglund-Isaksson,
2017). CH4 can also be released during coal mining and from
abandoned coal mines.

According to Stohl et al. (2013), a large share of BC in the
high latitudes originates from the oil and gas sector, mostly
from Russia. While the amount of flared gas has declined in
recent years (WB/GGFR, 2020), the ECLIPSE V6b emissions
dataset confirms that flaring remains the largest source of
anthropogenic BC emissions in the high latitudes, with
major sources located in Russia, the North Sea and the USA
(Figure 2.9). The spatial pattern used for emissions data relies
on the work of Böttcher et al. (2021); that work also shows
that new fields have been developed (with associated flares)
further north (Figure 2.10). Even though flaring activity has
declined, and it is expected it will be reduced further, data
on emissions from Conrad and Johnson (2017) indicate that
actual emission factors might be higher than previously used,
stressing the importance of developing policies to reduce
routine flaring.

Figure 2.10 Change in black carbon emissions in kilotons per year
(kt/yr) from gas flaring in northern Russia between 2017 and 2012,
based on Visible Infrared Imaging Radiometer Suite (VIIRS) satellite
data (Böttcher et al., 2021).

2.5 Policy

scenarios for further
mitigation of emissions

The current legislation (CLE) scenarios presented in Section 2.2
assume no further abatement of emissions than that prescribed
in already adopted legislation. The IIASA-GAINS model
enables identification of a portfolio of technical measures for
reducing emissions – such as improved stoves, catalysts, filters
and so on – but ignores the potential for further mitigation
through policies addressing energy efficiency, fuel switching,
premature equipment scrapping, or even behavioral changes.
The latter can be modelled, however, using externally developed
scenarios where such structural changes are implemented.
The mitigation scenarios discussed in this section assume
maximum feasible implementation of existing best available
abatement technologies, for different types of future activity

16

AMAP Assessment 2021: Impacts of Short-lived Climate Forcers on Arctic Climate, Air Quality, and Human Health

scenarios. Some of them include structural changes compared
to the baseline development (e.g, the Sustainable Development
Scenario [SDS] – see also Section 2.2 for a brief characterization
of scenarios). However, the scenarios discussed do not consider
any potential effects from future technological development
(Höglund-Isaksson et al., 2020; Amann et al., 2013).

species (Figure 2.11). This is justified by the fact that emissionsreduction policies for sulfur continue to be strengthened
around the world, driven primarily by air-quality concerns.

BC emission, Tg/y
0.5

BC emission, Tg/y
2.5

int

The AMAP 2015 assessment (AMAP, 2015a, 2015b) analyzed
a mitigation scenario that focused primarily on the role and
importance of reducing emissions of the warming SLCFs BC
and CH4 in connection with the Arctic climate. It presented an
emissions-mitigation scenario that strongly reduced emissions
of BC and CH4, but did not include further dedicated control
of sulfur emissions. In contrast, this 2021 assessment analyzes
emissions-mitigation scenarios incorporating a broader set of
air pollution-mitigation opportunities, and targeting a larger
set of pollutants that include both climate warming and cooling

Significant potential for further reducing BC emissions using
existing technologies has been identified (MFR, CFM, MFR_
SDS scenarios). In the Arctic Council Member states, adoption
of best available mitigation technologies for road and non-road
transport (such as the European emissions standard Euro 6/VI
and enforcement of policies to remove high-emitting vehicles
from the road), residential heating and cooking (advanced
solid fuel boilers and stoves) and in the oil and gas sectors
(reduced flaring, particularly in Russia) would approximately
halve BC emissions by 2030 (Figure 2.11 and 2.12). A further
10% reduction could be achieved with measures in industry
and effective enforcement of bans addressing open burning of
agricultural residues. Assuming immediate implementation,
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Figure 2.11 BC, SO2 and CH4 emissions under the current legislation baseline (CLE) scenario, mitigation scenarios (MFR, MFR_SDS, CFM), and the
climate forcing scenario used in the AMAP 2015 assessment (v5a_SLCF_Mit).
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Figure 2.12 Relative changes in emissions by 2030 and 2050 under the mitigation scenarios (MFR, MFR_SDS, CFM), compared to the CLE scenario.

and strict and effective enforcement of policies, almost full
potential could be achieved by 2030, and only 10% additional
reduction potential would remain between 2030 and 2050. In the
Arctic Council Observer countries, depending on the scenario,
a reduction in BC emissions of 60%–70%, could be achieved by
2030 by implementing measures targeting practically the same
sectors as in the Arctic Council member states (Figure 2.11 and
2.12). Outstanding potential to reduce emissions by a further
20% would remain for the period 2030–2050, which could be
achieved by widening access to clean energy for cooking and
improving municipal solid-waste management to the extent
that virtually no open burning of waste remains.

The global anthropogenic CH4 emissions in the IIASA-GAINS
model are discussed in more detail by Höglund-Isaksson et al.
(2020). The maximum technically feasible reduction (MFR)
of global anthropogenic CH4 in 2050 is estimated at 54%
below baseline CLE emissions for that year. This corresponds
to global emissions that are 30% below the 2015 level, and
reflects that baseline emissions are expected to grow by 30%
between 2015 and 2050 (Höglund-Isaksson et al., 2020).
For the oil and gas sector, the global emissions reduction
potential under the MFR scenario compared with CLE is
74%, achievable through recovery of associated petroleum
gas and, in addition, leakage detection and repair (LDAR)
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Figure 2.13 illustrates IIASA-GAINS scenarios of anthropogenic
BC and CH4 emissions in the Arctic Council Member states
for the 2010–2030 period. The baseline (CLE) and failure
(NFC, NFC_CPS) scenarios indicate a declining trend of BC
emissions, suggesting that the voluntary Arctic Council BC goal
can almost be achieved with current policies. An additional
reduction of 19–60 kilotons (kt) BC appears necessary by 2025
to reach the collective BC goal. This appears feasible, since the
mitigation scenarios (MFR and MFR_SDS) indicate significant
further emissions-reduction potential that can be achieved
primarily with technical measures (important, as the additional
potential due to structural changes shown in the MFR_SDS is
less than 5% in the short term).

int

programs to reduce unintended leakage during extraction,
transmission and distribution of natural gas (HöglundIsaksson et al., 2020). Maximum reduction potential in solid
waste management is estimated at 80%, assuming that, over
20 years, the infrastructure for source separation, recycling
and energy-recovery schemes is extended globally, a ban on
all landfill of organic waste is introduced and the carbon
content of waste is utilized (Gómez-Sanabria et al., 2018;
Höglund-Isaksson et al., 2020). In agriculture, the maximum
technical reduction potential is estimated to be 21%, with
about half attributed to measures related to rice cultivation
and the other half to changes within the livestock sector. The
latter encompass better control of emissions from enteric
fermentation – achieved through changes to animal feed, as
well as breeding schemes that simultaneously target genetic
traits for improving productivity and enhancing animal
health, longevity and fertility, – and reductions in emissions
brought about by treating manure in anaerobic digesters with
biogas recovery (Höglund-Isaksson et al. 2020).

Comparing the sector-specific data on the maximum reduction
potential of the best available technologies (Figure 2.12) with
the recommendations for further actions outlined by the
Arctic Council’s EGBCM (Expert Group on Black Carbon
and Methane) (Arctic Council, 2019) indicates that the Expert
Group has identified and targeted key sources of BC and CH4.
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For Arctic Council Member states, the technical mitigation
opportunities for CH4 are relatively extensive, potentially
achieving emissions about 50% below baseline CLE in 2050
(Figure 2.11 and Figure 2.12). About 60% of this mitigation
potential relates to measures that abate emissions from oil
and gas extraction, storage and distribution. Meanwhile,
measures to improve waste and wastewater management, for
example by avoiding landfilling of organic waste through source
separation and treatment, make up about fifth of the technical
mitigation potential.

The Arctic Council CH4 emissions are expected to increase by
2050 and thus do not comply with the Arctic Council vision
“...to significantly reduce our overall methane emissions”.
However, significant mitigation potential exists to reduce CH4
emissions, as illustrated in the mitigation scenarios (MFR,
MFR_SDS, CFM).

Arctic Council Member states

0.5
0.4

AC 2025
target

0.3

Pre

Further potential for reducing SO2, beyond the CLE baseline,
is assessed in the MFR scenarios. For the Arctic Council
Member states and Observer countries, up to 60% and
40% reductions, respectively, could be achieved by 2030
by implementing the best available technologies. These
reductions would mostly result from changes within the
energy and industrial sectors and, to a smaller extent, the
residential sector. The measures to reduce SO2 emissions
include after-treatment devices to remove sulfur compounds
from flue gases, as well as cuts in the sulfur content of fuel.
The maximum reduction potential of Arctic Council Member
states could be almost entirely reached by 2030, whereas in
the Observer countries, an additional 15% to 20% could be
abated in the period between 2030 and 2050.
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Some interconnections exist between the opportunities
for mitigating BC, CH4 and SO2, but generally these effects
are estimated to be relatively minor. Key CH4-mitigation
measures primarily affect CH4, but have some co-benefit
to air pollutants including BC. For example, proper
waste management will eliminate open burning of waste;
production of biogas can lead to lower use of solid fuels and
reduce air-pollutant emissions; and gas recovery and reuse
can also reduce flaring volumes. Measures to reduce BC,
meanwhile, – such as applying diesel particulate filters that
require desulfurized fuel, and reducing coal use for heating
and cooking – will have a relatively small effect on total
SO2 emissions. The CFM scenario includes these associated
reductions of cooling species (e.g., SO2, NOx, OC) while
focusing on significant mitigation of BC and CH4.
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Figure 2.13 BC and CH4 emissions in Arctic Council Member states in the
baseline (CLE), mitigation and failure scenarios.
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2.6 C
 omparing

official national emissions
data and research inventories

carbon

Tables 2.2 and 2.3 show BC emissions for Arctic Council
Member states and Observer countries from national sources, as
well as from the independent ECLIPSE v6b (developed with the
IIASA-GAINS model) and EDGAR v5.0 emissions inventories.
The IIASA-GAINS historical estimates are discussed in Klimont
et al. (2017) but were further updated with new statistical
data for 2015, as well as for the European Union, during the
development of the Clean Air Outlook (IIASA, 2018) where
2005 and 2010 emissions were reviewed and compared to the
CLRTAP submission 2017 (Data ref. 2.5). National sources
include emissions as reported to the CLRTAP in 2020 (Data
ref. 2.6). For countries that do not report to the CLRTAP, the
latest emissions data reported to the EGBCM was included
(Arctic Council, 2019).
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This section presents emissions reported by countries to
international fora (CLRTAP, UNFCCC and the Arctic
Council), the emissions data used in this assessment (IIASAGAINS ECLIPSE v6b [Data ref. 2.2]), and other independent
emissions inventories (such as the Emissions Database for
Global Atmospheric Research [EDGAR v5.0 – Data ref. 2.4]).
The chapter presents the data and discusses the main differences
between datasets, but does not provide detailed analyses.
More in-depth comparisons can be found for BC emissions
in EU-funded Action on Black Carbon in the Arctic (2019),
Hoesly et al. (2018), Huang et al. (2015), Evans et al. (2017),
and Klimont et al. (2017). Further information regarding CH4
is provided by Höglund-Isaksson et al. (2020).

2.6.1 Black

Table 2.2 Black carbon emissions (kilotons) from the Arctic Council Member states in 2015 from national data sources, ECLIPSE v6b and EDGAR v5.0.
National data was taken from the CLRTAP 2020 submissions and, for the USA, from national reports to the EGBCM (Arctic Council, 2019).
2015

Finland
Iceland
Norway
Russia
Sweden
USA
Total
*
†

ECLIPSE v6b (IIASA-GAINS)

EDGAR v5.0

37.7

46.6

32.6

3.5

2.3

4.2

4.9

8.2

0.2

0.1

0.1

3.3

4.3

2.7

171.2

34.8

4.1

6.8

2.9
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Canada
Denmark

National data

*

2.7

260

†

260.6

198.7

495.3

286.1

Russia didn’t report black carbon emissions
2014
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Table 2.3 Black carbon emissions (kilotons) from the Arctic Council Observer countries in 2015 from national sources, ECLIPSE v6b and EDGAR
v5.0. National data was taken from the CLRTAP 2020 submissions, with values for Japan and the Republic of Korea coming from national reports to
the EGBCM (Arctic Council, 2019).
2015

National data

China

France

31.3

Germany

16.1

19.2

14.9

38.8

16.9

20.2

3.1

3.0

2.9

14.2

51.2

20.1

1.2

3.0

37.1

27.3

17.0

1.5

1.8

1.9

19.2

18.2

13.5

179.8

228.4

176.1

2510.2

2287.3

Republic of Korea

13.4

†

Singapore

Total (excluding China, India and Singapore)

23.0

33.1

17*

United Kingdom

46.2

19.5

Japan

Switzerland

1313.8

794.4

21.9

Spain

1170.3

15.8

Italy

Poland

EDGAR v5.0

1110.4

India

Netherlands

ECLIPSE v6b (IIASA-GAINS)

Total
* 2013, from national reports to the Arctic Council EGBCM (Arctic Council, 2019)
† 2014, from national reports to the Arctic Council EGBCM (Arctic Council, 2019)
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emissions have received considerably more attention, which
has resulted in several studies involving Russian scientists. An
exhaustive discussion of that process and progress is presented
in Box 2.3.

The largest differences between the estimates are for Russia, for
which the emissions from ECLIPSE v6b are approximately five
times higher than those of the EDGAR v5.0 inventory; this is
primarily due to emissions from oil and gas flaring being missing
from EDGAR v5.0. This raises the question of differences in the
inclusion of source sectors between the inventories.

2.6.2 Methane

Some non-European Arctic Council Observer countries lack
official national emissions inventories with which to make
comparisons with other assessments. In general, ECLIPSE v6b
emissions are closer to national CLRTAP 2020 submissions
than EDGAR v5.0, except for those from Poland, France, and
Italy, which are estimated highest in ECLIPSE v6b. According
to EU-funded Action on Black Carbon in the Arctic (2019), the
differences for these countries between the previous version of
EDGAR (v4.3.2) and the current IIASA-GAINS (ECLIPSE v6b)
originate mainly from residential combustion. ECLIPSE v6b
makes the highest estimates for total emissions from the Arctic
Council Observer countries, while the sum from EDGAR v5.0
(excluding China, India and Singapore) is close to the total of
the national inventories. For the largest Observer countries,
ECLIPSE v6b estimates higher emissions for India, and EDGAR
v5.0 for China. A recent study (Kanaya et al., 2020) discussed
the magnitude and trends of BC emissions in China, analyzing
data from measurement stations on islands east of China. This
confirmed the results of the IIASA-GAINS model, and the
trajectory in the ECLIPSE v6b emissions dataset.
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Table 2.4 compares anthropogenic CH4 emissions in Arctic
Council Member states for the year 2015, as estimated in
three different bottom-up inventories: national reporting to
UNFCCC (Data ref. 2.7), IIASA-GAINS ECLIPSE v6b, and
EDGAR v5.0. There are a few noteworthy differences between
the estimates of the three inventories. IIASA-GAINS’ estimates
of emissions from the oil and gas sector are considerably higher
than the others, with almost double or higher emissions for
Canada, the USA and Russia. The difference can primarily
be related to higher emissions from venting of associated
petroleum gas (APG). In the IIASA-GAINS model, these
are estimated using a consistent methodology that attributes
country-specific amounts of APG generated to either recovery
(for reinjection or utilization), flaring or venting (see HöglundIsaksson, 2017). A description of IIASA-GAINS estimates for
2015 using national statistics as input data is presented in
Section S6 of the Supplement to Höglund-Isaksson et al., 2020.
The USA estimate for 2015 is calibrated to the average national
leakage rate for the oil and gas sector as estimated by Alvarez et
al. (2018) and assumes considerably higher average leakage for
shale gas extraction (2.7%) than for extraction of conventional
gas (1%). For Russia, the estimate for 2015 reflects assumptions
about an average CH4 content of APG of 60% (derived from
Huang et al., 2015) and an average APG recovery rate increasing
from 55%–68% between 2010 and 2015, as indicated by the
changes in the volumes of gas flared (measured from satellite
images [Elvidge et al., 2016]), and controlling for changes in
production volumes.
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EU-funded Action on Black Carbon in the Arctic (2019)
compared BC emissions for 2010 from independent inventories
to CLRTAP national submissions. The comparison highlighted
some variation in the inclusion and handling of important
emissions sectors between the inventories. Of the main source
sectors, road-transport emissions showed the smallest variation
between inventories. Non-road machinery showed higher
variation than road transport. For residential combustion
(household heating, cooking, lighting), and commercial and
agricultural heating different methods were used to estimate
the activity (amount of combusted fuel) and allocation between
technologies, causing variations in the emissions estimated by
different inventories. For most countries, emissions reported
to CLRTAP for residential combustion were close to the
ECLIPSE v6b numbers used in this assessment. Emissions from
flaring showed the largest variation between the inventories.
Overall, significant improvements were made in the reporting
completeness in several countries. In recent years, Russian

Another notable difference between the CH4 emissions values
in the three bottom-up inventories is that EDGAR v5.0
estimates considerably higher emissions for Finland, Norway
and Sweden than the other two inventories. The difference here
can primarily be related to the wastewater sector and, more
specifically, to assumptions about the release of CH4 from the
degradable organic content in wastewater from the pulp and
paper industry. IIASA-GAINS and EDGAR v5.0 values do
not contain land use, land-use change and forest (LULUCF)

Table 2.4 CH4 emissions, in kt, from the Arctic Council Member states in 2015 from national reporting to UNFCCC, IIASA-GAINS and EDGAR v5.0.
2015

UNFCCC without LULUCF

IIASA-GAINS

EDGAR v5.0

UNFCCC with LULUCF

Canada

3822

4787

5348

3848

Denmark

288

262

356

299

Finland

194

173

913

226

Iceland

26

38

21

172

Norway

202

254

798

208

Russia

14,520

28,105

17,294

15,433

Sweden

184

171

477

202

USA

25,539

31,829

25,289

26,185

Sum

44,776

65,618

50,496

46,573
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Box 2.3. Recent developments in black carbon emissions inventories for Russia
In recent years, out-of-date or missing information has affected
the quality of Russian BC estimates, leading to biases in both
rates and spatial distribution of emissions. This bias is a key
reason why chemical transport models struggle to accurately
reproduce BC levels over the Arctic. To improve the accuracy
of Russian BC emissions estimates, sources including flaring,
transportation, residential, energy, industry, wildfires, and
agricultural burning have been much studied of late.

int

Flaring in the oil and gas industry
Flaring is estimated to contribute significantly to Russia’s total
anthropogenic BC emissions. However, there are signiﬁcant
uncertainties around estimating volumes of flared gas, as well
as BC emission factors. Data based on satellite observations
indicate that higher volumes of gas have been flared than those
reported in Russian ofﬁcial statistics. The satellite-based data
has been extensively used in peer-reviewed studies (Stohl et al.,
2013; Huang et al., 2015; Evans et al., 2017; Klimont et al., 2017;
Böttcher et al., 2021). Evans et al. (2017) reviewed the emission
factors from available literature and established Russia-speciﬁc
emission factors. The authors adopted the approach described
in Huang et al. (2015), and adjusted data input to McEwen
and Johnson (2012) to derive an average emission factor of
2.27 gram per cubic meter (g/m3), with a range from 0.51 to
2.56 g/m3, for 2010. BC emissions in 2014 were estimated
to be 32.2 kt, with an uncertainty range from 10.0–54.1 kt.
Reducing the uncertainty in the emissions estimates would
require more site-specific information on gas composition
and the corresponding heating value, as these factors can vary
over time and across different production sites.

Energy and industry
In Russia, natural gas is the predominant fuel for district
heating (60%), while coal and oil provide 20% and 5%,
respectively. Hoesly et al. (2018) estimated emissions of BC
from the heat and power sectors to be 16.4 kt, and Evans
et al. (2017) estimated the uncertainty range to be from
11.9–26.7 kt. Natural gas accounts for about 80% of the
energy used in industry, but the largest emissions are from
diesel combustion (85%). The mining industry alone is the
largest source of BC emissions (about 40% of industrial BC
emissions). Hoesly et al. (2018) estimated emissions from
industry to be 5.2 kt of BC, and Evans et al. (2017) estimated
the uncertainty range to be 1.0–51.3 kt of BC with a central
value of 5.1 kt. The uncertainty in BC emissions from industry
in Russia is very large. There are no Russia-speciﬁc emission
factors for BC, and emission factors from other countries may
not be comparable to those in Russia.
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Wildﬁres
BC emissions are calculated as the product of the burned
area, fuel load, combustion completeness, and the emission
factors for the specific plant species burned. Either satellite
data or ofﬁcial government statistics can be used to quantify
the burned area, but ofﬁcial statistics are several times lower
than the satellite data on area burned. Because ofﬁcial
statistics may overlook remote areas where there is no
direct land-based observation, researchers often prefer using
satellite data. Data on fuel load and combustion completeness
are limited for Russia, and direct use of data from other
countries is not always appropriate. Since information on
Russia-speciﬁc emission factors is limited, Evans et al.
(2017) assumed 0.93 g/kg and 1.36 g/kg, respectively, for
forest and non-forest ﬁres. This was based on a study by
Hao et al. (2016), which conducted aircraft measurements
in the USA and used an emission factor of 0.69 g/kg for
agricultural residue from McCarty et al. (2012). Evans et
al. (2017) estimated the total annual BC emissions from
wildﬁres in forests, grasslands, and other natural areas to be
569 kt during the 14-year period from 2002 to 2015, with
uncertainty ranging from 345–793 kt. They attributed most
of the uncertainty to burned areas.

Pre

Transportation
Vehicles, vessels and machinery emit significant amounts of
BC. The actual amounts emitted depend on the relative shares
of diesel and gasoline vehicles, vehicle types and the respective
emissions standards they comply with, and are estimated
based on fuel consumption or mileage. BC emissions can be
estimated directly based on BC emission factors or indirectly
using PM2.5 emission factors combined with BC/PM2.5 ratios.
Other factors that need to be accounted for include the
distribution of trafﬁc by road type, ambient temperature (for
cold starts), average speed, and the presence of super-emitters
(vehicles that, due to a malfunctioning or tampered-with
exhaust treatment system, have very high emissions compared
to regular ones). For rail and shipping, most studies use a fuelconsumption-based method to estimate BC emissions. The
2014 emissions values available from literature were 3.9–8.0
kt for Russian rail, and from 0.5–0.6 kt for shipping (Hoesly et
al., 2018; Kholod et al., 2016; Evans et al., 2017). According to
Evans et al. (2017), total BC emissions from the transportation
sector (diesel and gasoline vehicles, locomotives and ships)
ranged from 16.3–41.2 kt with a central value of 29.8 kt.
Residential combustion
Most of the households in Russia rely on district heating systems
(84%) and natural gas supply (69%) for heating and cooking.
About 10% of all households in rural areas rely on wood. Evans
et al. (2017) collected BC emission estimates from the literature,
which ranged from 13–102 kt with a central estimate 27.0 kt.

Emission factors contribute comparable uncertainty when
the inventories are applied in atmospheric models. The most
widely adopted factor, from Akagi et al. (2011), organized
factors into three broad types of forests susceptible to wildfire:
tropical, temperate and boreal. But in reality, one type of
forest may have various types of plant species, which may
have substantially different emission factors. For example,
May et al. (2014) reported the factor for BC was 1.11 g/kg for
black spruce (Picea mariana) and 2.72 g/kg for white spruce
(Picea glauca). But the emission factor used by the Global Fire
Emission Database (GFED) for burning of boreal forest is
0.56 g/kg, suggesting that emission factors at terrestrial biome
scale contain large uncertainty. The high-latitude boreal forests
in Siberia are important contributors of BC in the Arctic region.
Thus, developing a better emission factor database for biomass
burning should be an urgent priority in order to constrain the
uncertainties associated with this phenomenon.
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with such methodologies. Arctic Council Member states are also
committed to provide that national emissions information to
the Arctic Council, and Observer countries are encouraged to
do so. National estimates often support the design of mitigation
strategies and policies.

emissions. In general, emissions from LULUCF sectors are
small compared to the anthropogenic sources; they represent
4% of total CH4 emissions from the Arctic Council Member
states and 2% from Observer countries.
Table 2.5 shows the corresponding comparison across the
three bottom-up emissions inventories for the Arctic Council
Observer countries. For China, the EDGAR v5.0 inventory
estimates 16% higher CH4 emissions in 2015 than the IIASAGAINS or national estimate reported to UNFCCC, with the
higher estimate for rice cultivation in EDGAR v5.0 being the
main reason for the difference. Both IIASA-GAINS and EDGAR
v5.0 estimate 32–33 Tg CH4 emissions for India in 2015, which
is considerably higher than the figure of about 20 Tg CH4
reported by India for the year 2010. The IIASA-GAINS estimate
for year 2010 is about 30 Tg CH4, and a comparison for this
year reveals that the difference to the national estimate can be
related to the roughly double estimates of emissions from rice
cultivation (8.4 versus 3.4 Tg CH4), and waste and wastewater
sources (5.2 versus 2.5 Tg CH4). The higher emissions estimate
for Japan in IIASA-GAINS and EDGAR v5.0 can be traced
to these inventories having higher emissions estimates for
livestock and for waste and wastewater management than
the national reports to the UNFCCC. Finally, the double CH4
emissions estimated for the UK in EDGAR v.5.0, compared to
the other two inventories, can be related to higher emissions
estimated from solid waste management.
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It is important to acknowledge that the calculated emissions
are subject to uncertainties, due to missing or incomplete
information or limited understanding of emissions relevant
parameters. These apply to all key elements underlying the
estimates, including: data on activities and their temporal
distribution; aggregation of individual sources or more detailed
information; emissions-relevant parameters, such as technology
type, emission factors; as well as spatial distribution and vertical
profiles of sources. A systematic uncertainty analysis has not
been performed for this study, but a quantitative comparison
(Section 2.6) and qualitative assessment have been made of the
robustness of several national and international inventories.
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2.7 U
 ncertainties

Activities for major industrial and transport sectors are
relatively well documented, regularly updated and can be
accessed from national and international sources, such as the
IEA (Klimont et al., 2017). Some other major source categories,
for example non-commercial fuel use in heating or cooking
stoves or local vehicle fleets, are not well known (Klimont et al.,
2017). Moreover, there is considerable temporal variation for
some activities. A good example is the heating need in northern
latitudes, which has a considerable monthly – and even daily
– variability between cold and warm seasons and periods.
The temporal distribution can also be an important source of
uncertainty related to emissions data, as generalized temporal
weight factors are often used instead of real meteorological data.
Considering the above, significant differences in uncertainties
may exist between subsectors and fuel types (Super et al., 2020)

within anthropogenic
emissions inventories

This report discusses and, to a large extent, uses bottom-up
emissions inventories to support modelling. Additionally,
many international conventions, such as the CLRTAP and the
UNFCCC, oblige countries to calculate national emissions data
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For SO2, the sulfur content of the fuel is the prime determinant
of the emission factor for residential combustion and transport,

Table 2.5 CH4 emissions, in kt, from the Arctic Council Observer countries in 2015 from UNFCCC submissions, IIASA-GAINS and EDGAR v5.0.
CH4 2015

UNFCCC without LULUCF

IIASA-GAINS

EDGAR v5.0

UNFCCC with LULUCF

China

53,570*

52,450

62,331

55,290*

France

2332

2302

2616

2380

Germany

2271

1887

3152

2305

India

19,623**

31,796

33,339

19,776**

Italy

1755

1709

1639

1766

Japan

1243

1685

2095

1246

Republic of Korea

1238

1063

1384

1252

Netherlands

728

639

854

728

Poland

1992

1628

2528

1993

Singapore

4***

29

79

4***

Spain

1568

1418

1715

1575

Switzerland

199

180

218

199

UK

2125

2076

4234

2126

88,648

98,861

11,6184

90,640

Total
* 2014 ** 2010 *** 2012
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The uncertainty estimate for Russian BC emissions conducted
by Huang et al. (2015) gave a range of 59.1%–349.2% (95%
confidence level). Karvosenoja et al. (2008), assessed PM2.5
emissions uncertainties for 2000 in Finland, estimating
emissions for traffic exhaust to be 4.2 kt/y (3.72–4.73 kt/y
with 95% confidence intervals) and for residential wood
combustion to be 7.58 kt/y (4.87–11.4 kt/y). According to
Statistics Norway (2001), NOx and NMVOC emissions for
Norway had an uncertainty of 12% and 15%, respectively, while
the uncertainty in SO2 was estimated to be 5%. Uncertainties
for emissions from wood stoves in Norway were estimated at
7% for PM, and at 45% and 27% for EC for new and old stoves,
respectively (SINTEF, 2013).
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while for power plants and industrial boilers, the presence
and efficiency of flue gas treatment is key. For other species,
including NOx, CO, BC and OC, the emissions depend on
several factors, primarily the combustion conditions and
applied exhaust treatment technology, which vary according to
the source. This results in high variability in emissions estimates
(Super et al., 2020; Klimont et al., 2017; Bond et al., 2013).
Operating modes and user behavior can affect the combustion
process or engine performance and consequently also the
emissions (Bond et al., 2013) but information is too scarce to
include such factors systematically into emissions inventories.
In the case of BC, the lack of a consistent definition, and the
use of various measurement methods for determining emission
factors, makes comparing results difficult (Bond et al., 2013).
Proxies that support the spatial distribution of emissions can
introduce uncertainties to the datasets used in atmospheric
transport and climate models. Important sources may be
wrongly placed, or emissions in a specific location may be
weighted inappropriately (see also discussion in AMAP, 2015a).
Additionally, the resolution of the spatial proxies may be so
coarse that important local characteristics of emissions are lost.
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Comparing emissions results obtained with different
calculation frameworks or models can be used as an indicator of
uncertainty, and it is common practice to provide such analyses
when new emissions datasets are introduced. A comparison of
newly available emissions inventories is presented in Section 2.6
for BC and CH4. There are also methodologies, for example the
Monte Carlo method, which quantify uncertainties around
emissions by combining individual uncertainty distribution
estimates of the various inventory calculation elements and
provide an aggregated emissions distribution from which
minimum, maximum and mean estimates can be derived
(see e.g., Super et al., 2020). The uncertainties inherent in the
estimates of emissions of individual pollutants vary depending
on the specific characteristics of the calculation elements.

This report discusses a suite of emissions estimates and presents
in more detail the data calculated with the IIASA-GAINS
model. At the time of writing, the ECLIPSE v6b dataset of
IIASA-GAINS discussed in this report had not undergone a
quantitative uncertainty estimate, but Amann et al. (2011) and
Schöpp et al. (2005) described the treatment of uncertainties in
the context of the IIASA-GAINS model. Since the 2015 AMAP
assessment, steps have been taken to reduce the uncertainty in
emissions datasets, including using: updated activity data; more
data on source structure and emission factors originating from
new regional studies (for example, see discussion in Box 2.3 on
emissions from Russia); new emission factors for flaring, as well
as venting and leakage for CH4 (see Höglund-Isaksson et al.,
2020); and updated spatial proxies.
The spatial proxies for many sources have been revised –
including for the residential sector, shipping, transportation,
power plants, and oil and gas operations (including flaring)
(Böttcher et al., 2021). In all cases, new data was used, either
providing higher resolution or a more up-to-date representation
of source locations.
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Amann et al. (2013) argued that, even though uncertainties
can be quantified and the quantification may indicate a large
uncertainty range, another element to consider besides the
statistical uncertainties is the robustness of the emissions
inventories. The authors define robustness to imply that
emissions control needs and priorities between countries,
sectors and pollutants do not significantly change due to
changes in the uncertain model elements. The scenarios
developed and used in this assessment are deemed to be robust
from the above perspective, highlighting the importance of
mitigation in particular sectors regardless of the uncertainties
associated with them.

Conducting a quantitative uncertainty analysis of a global
emissions database is a laborious task, but some estimates for
individual pollutants exist. The previous AMAP reports (AMAP,
2011, 2015a) quoted the work by Bond et al. (2004, 2013) on BC.
Bond et al. (2004) gave a 95% confidence interval of 31–10 Tg/yr
(-30% to +120%) for anthropogenic emissions and 16– to 9.8 Tg/yr
(-40% to +200%) for open biomass burning. Solazzo et al. (2021)
assessed the uncertainty for greenhouse gas emissions in the
EDGAR v5.0 inventory; global uncertainties for CH4 emissions
from the IPCC sectors are presented in Table 2.6. Solazzo et al.
(2021) assessed uncertainties separately for industrialized and
developing countries, and concluded that uncertainties for many
sectors were lower for the industrialized countries.

Table 2.6 Uncertainties for global CH4 emissions for the EDGAR v5.0
emissions inventory (Solazzo et al., 2021).
IPCC sector

Lower uncertainty (%)

Upper uncertainty (%)

1 Energy

60.4

94.2

2 Industrial

53.4

35.4

3 Agriculture

30.6

37.5

4 Waste

77.7

78.8

5 Other

117.3

117.3

2.8 Summary

and main messages

In 2015, the Arctic Council Member states accounted for 8%,
13% and 20% of the global anthropogenic emissions of BC, SO2
and CH4, respectively. Jointly, Arctic Council Member states
and Observer countries currently account for about half of the
global anthropogenic emissions of these pollutants.
• The surface transport sector dominates the BC emissions
in the Arctic Council member states (47%), followed by
residential combustion for heating (21%), flaring in oil and
gas extraction (14%), agricultural waste burning (9%), and
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industrial combustion (6%). In the Arctic Council Observer
countries, residential combustion comprises 56% of BC
emissions, followed by surface transport (21%), combustion
in industry (12%) and burning of household and agricultural
wastes (5% each).
• SO2 emissions are dominated by combustion in industry
and energy production, with 95% and 83% in the Arctic
Council Member states and Observer countries, respectively.
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• In the Arctic Council Member states, most of the CH4 emitted
comes from fossil fuel production, storage and distribution
(intended venting and unintended leakage during extraction
and transportation of oil and gas [53%], and release of CH4
in ventilation air during coal mining [8%]). Other significant
sources of CH4 are anaerobic decomposition of organic
materials in waste and wastewater management (17%), as
well as livestock metabolism and manure management
(19%). Incomplete combustion processes, in particular from
agricultural waste burning and burning of biomass in the
residential sector, contribute minor (2%) CH4 emissions. In
the Arctic Council Observer countries, agriculture accounts
for 46% of total anthropogenic emissions, followed by fossil
fuel production (29%), waste and wastewater (21%) and
combustion sources (5%). Notably, the oil and gas sector
is estimated to be responsible for only 4% of total CH4
emissions in the Arctic Council Observer countries.

Arctic Council Member states, adopting the best available
mitigation technologies for road and non-road transport,
residential heating and cooking, and in the oil and gas sectors
would roughly halve BC emissions by 2030 compared with
the baseline. A further 10% reduction could be achieved by
implementing measures within industry and by enforcing
bans on the open burning of agricultural residues. In the
Arctic Council Observer countries, BC emissions could be
reduced by 60%–70% by 2030 by implementing measures
targeting practically the same sectors as for the Arctic
Council Member states. Additional reduction potential of
up to 20% would remain for the 2030–2050 period, which
could be achieved by widening access to clean energy for
cooking, and improving municipal solid waste management
to the point where virtually no open burning of waste
remains. Achieving such deep cuts in BC emissions will
be also associated with some reduction of SO2, NOx, CO,
and OC, since these species are co-emitted from many
sources and reduction technologies simultaneously affect
several pollutants; this is reflected in the SLCF-targeted
scenario (CFM).
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• The maximum technically feasible reduction (MFR) of
global anthropogenic CH4 by 2050 is estimated to be 54%
below the CLE baseline emissions for that year. In the
Arctic Council Member states, the technical mitigation
opportunities for CH4 results in about 50% lower emissions
than the baseline for 2050. A third of this can be achieved
via measures to abate emissions from oil and gas extraction,
storage and distribution, while changes to improve waste
and wastewater management contribute around a fifth of
the technical mitigation potential.

Considering the recent energy outlook, existing and decided
environmental legislation (if effectively enforced) are expected
to reduce BC and SO2 emissions, but CH4 emissions are
anticipated to continue to increase.

• The potential to further reduce SO 2 emissions was
estimated in the MFR scenarios at up to 60% and 40%
by 2030, respectively, for Arctic Council Member states
and Observer countries. These cuts are feasibly mostly
through implementation of further measures in the
energy and industrial sectors, and, to a lesser degree, in the
residential sector.
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• The baseline scenario (CLE), studying anthropogenic
emissions trajectories under current legislation, indicates
a declining trend for BC emissions in the Arctic Council
Member states (up to 37% by 2050 compared with 2015, with
reductions mainly due to the surface-transport sector) as
well as the Observer countries (up to 52% by 2050 compared
with 2015, with reductions due to the surface-transport and
industry sectors), in contrast to the ‘rest of the world’ where
baseline emissions are expected to increase.
• Also, under the CLE scenario, SO 2 emissions decline
significantly by 2050 compared with 2015 in both regions – by
up to 30% and 40%, respectively, for Arctic Council Member
states and Observer countries. This is due to the further policies
in the energy (Arctic Council Member states and Observer
countries), industry and residential sectors (Observers).
• CH4 emissions are projected to increase in the 2010 to 2050
period by 16% and 33% in the Arctic Council Member states
and Observer countries, respectively. The oil and gas and
the waste sectors account for the increase in Arctic Council
Member states, whereas the waste and agriculture sectors
are the key drivers in the Observer countries.

Further actions are needed to reach the Arctic Council
commitments to mitigate emissions of BC and CH4.
• According to the baseline scenario (CLE), the voluntary
Arctic Council BC goal that the “black carbon emissions
be further collectively reduced by at least 25–33 percent
below 2013 levels by 2025” could almost be achieved with
current policies. The remaining reduction gap, estimated
at 19–60 kt, could be achieved by 2025 with additional,
primarily technical, mitigation measures.

Significant opportunities exist to reduce emissions of BC, SO2
and CH4 in the Arctic Council Member states and Observer
countries, as well as globally, as indicated by the MFR, CFM
and MFR_SDS scenarios.

• The Arctic Council Member state’s CH4 emissions are
expected to increase by 2050 and thus would not comply
with the Arctic states’ common vision “...to significantly
reduce our overall methane emissions”, as expressed in
the Arctic Council Framework for Action on Black Carbon
and Methane Emissions Reductions (Arctic Council, 2015).
However, significant potential to reduce CH4 emissions
exists if the best available technologies are implemented.

• There is significant outstanding potential to further reduce
BC emissions, globally, using existing technologies. In the

• Failure to implement the post-2015 legislation would move
the BC emissions trajectory further from meeting the 2025
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goal, and would lead to approximately 15% higher emissions
levels of BC and SO2 towards the end of the period,
compared with the CLE baseline. CH4 emissions remain
relatively similar in the baseline (CLE) and failure (NFC
and NFC_CPS) scenarios for both Arctic Council Member
states and Observer countries. These results highlight the
importance of timely and effective enforcing of existing
policies and legislation.

of recommendations
from the 2015 assessment

The AMAP 2015 assessment included recommendations to
support and guide further development of anthropogenic
emissions datasets, particularly in the Arctic area. This section
provides a follow-up on these recommendations and specifically
outlines how the datasets used in this assessment take these
recommendations into account.
• Recommendation 1 (AMAP, 2015a): A comparison of
several global emissions inventories has shown that relative
uncertainties in the total emissions per latitude band
increase with latitude and are largest in the Arctic. The
global inventories thus need improvement, especially at high
latitudes. This could be achieved by including information
from regional and Arctic Council national inventories.
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• Comparing the potential for reducing emissions using best
available technologies with the recommendations for further
actions by the EGBCM (Arctic Council, 2019) indicates that
the Expert Group has identified and targeted key sources
of BC and CH4.

2.8.2 Follow-up

The spatial representation of emissions in the Arctic area has
been improved in the anthropogenic emissions datasets used
and assessed in this study. Since the AMAP 2015 assessment,
a new population pattern has been introduced to significantly
improve allocation of certain activities to Arctic communities.
Effort has been made to enhance datasets representing
Arctic shipping, including the local traffic and that on rivers.
Improvements in mapping road networks, power plants,
and industrial facilities (including oil and gas activities, and
encompassing flares) in the Arctic have been made.
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Current emissions inventories are known to be missing some
important local pollution sources. Local Arctic air-pollution
sources identified in the scientific literature include: boreal
forest fires; outdated and polluting equipment used for energy
production (diesel generators and old boilers); burning of waste;
land transport and shipping; and industrial operations. These
can be overlooked if they are not recognized in national-level
emissions inventories (because the contributing emissions
sources are not well identified and quantified in terms of
locations or amount).

• Recommendation 2 (AMAP, 2015a): Further analysis of observed
and modeled historical trends of SLCFs should be made.
This recommendation does not directly address anthropogenic
emissions datasets. However, emissions are a key driver in
explaining the trends of SLCFs in atmospheric concentrations
and thus such comparisons can provide important insights into
further improvements of emissions datasets. In this assessment
we have continued, as in previous assessments, to analyze and
compare observed and modeled historical trends of SLCFs.
Chapter 6 of this assessment addresses trends in observations
and Chapter 7 evaluates the performance of models used in
this assessment against observations.
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Comparing the emissions inventories used in this study with
official national submissions and other independent datasets
indicates that there is variation in the inclusion and handling
of important emissions sectors, as well as in activity and
emissions parameters between the inventories. The calculated
emissions are subject to uncertainties, due to missing or
incomplete information or limited understanding of calculation
parameters. The scenarios developed and used in this AMAP
assessment are robust in their approach to, and inclusion
of, uncertainty; however, it remains important to mitigate
emissions in particular sectors regardless of the uncertainties
associated with them.
2.8.1 Remaining

challenges and
recommendations for further work

As identified in AMAP (2015a, 2015b), work to further develop
emissions inventories for high latitudes should continue. More
detailed spatial emissions inventories for Arctic communities
would benefit local emissions mitigation planning. Arctic
states should work to better identify and quantify local Arctic
emissions sources, and to include them in national-level
emissions inventories. Further effort to validate assumptions
about the potential to mitigate emissions, especially the
pace at which some necessary transitions could take place,
is recommended.

While current work draws on a number of national assessments
of local emissions sources, the future projections of activities
rely entirely on international sources, such as the IEA and
FAO. Explicit consideration of national visions and plans
could be better integrated in analyses, and compared to the
internally consistent projections used now. Such analyses could
also highlight national priorities and sensitivities that could
be better addressed in subsequent modelling work, to better
inform policy discussions.

• Recommendation 3 (AMAP, 2015a): Future work should
develop emission scenarios that describe a strong increase in
anthropogenic activities within the Arctic and quantify the
projected impacts these activities would have on the Arctic
climate and environment.
An emissions scenario representing high-growth in activities in
the Arctic area still remains an interesting topic for further work.
However, the scenario representing slower energy transition
(CPS) and failure to comply with existing air-quality legislation
(NFC) addresses some potential aspects of such development.
• Recommendation 1 (AMAP, 2015b): Undertake additional
direct or on-site source measurements (at scales that support
extrapolation), harmonize development and application of
emission factors internationally, and improve the temporal
(interannual) resolution of reported emissions in order to
improve estimation of anthropogenic methane emissions.
This recommendation points out an ongoing, overarching effort
to iteratively improve our understanding of CH4 emissions and
to streamline the flow of information from source measurements
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to emissions evaluations. The recommendation remains valid,
and AMAP could endeavor to find ways to facilitate such efforts.
• Recommendation 2 (AMAP, 2015b): Subsequent assessment
efforts should focus on fugitive emissions from all aspects
of oil and gas systems from exploration through production
and distribution.

Pre
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Since AMAP (2015b) was published, extensive work has been
conducted to better understand the magnitude of fugitive
emissions from the upstream oil and gas sector. A wide range
of methodological approaches have been applied, including
ground-based monitoring, airborne-measurement campaigns,
measurements of isotopic shifts in the atmospheric CH 4
concentration, atmospheric transport modelling, bottomup inventories, inverse modelling, and the development of
satellite-based monitoring technology. Without claiming to
be exhaustive, a short summary of findings so far indicates
that CH4 emissions from fossil-fuel sources have likely been
underestimated in past bottom-up inventories, but that the very
strong increase in atmospheric CH4 concentrations observed
in the last decade can only be partly ascribed to increased
emissions from fossil-fuel activities and partly is of biogenic
origin (Nisbet et al., 2019; Saunois et al., 2020).

