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1. Introduction

1.1 Background

In 2015, AMAP expert groups published comprehensive scientific reports about the impacts
of black carbon and tropospheric ozone (AMAP, 2015a) and methane (AMAP, 2015b) on
atmospheric chemistry and climate in the Arctic. AMAP (2015a) expanded on and
superseded a prior assessment focused only on black carbon (AMAP, 2011). The 2015
assessments clearly acknowledged the dominant role of anthropogenic.carbon dioxide
emissions in driving Arctic climate change, but estimated that the climate change mitigation
potential from short-lived climate forcers (SLCFs) is approximately 0.5 degrees in the Arctic
by 2050, if all technically feasible emission reduction measures targeted specifically to
address the warming species, specifically black carbon and methane, are implemented.
Substantial uncertainties remain, however. To provide a better scientific underpinning for
policy decisions, more work is needed in Earth System modeling and monitoring capabilities
in the Arctic, and also in the development of emission inventories, including of
anthropogenic and natural emissions at present and associated with future mitigation
options.

Additional call for robust scientific information comes from the Arctic Council Framework
for Action on Black Carbon and Methane Emissions Reductions document adopted in 2015,
which calls for “continuing monitoring, research and other scientific efforts, with the
inclusion of traditional and local knowledge, to improve the understanding of black carbon
and methane emissions, emission inventories, Arctic climate and public health effects, and
policy options” and supports “a four-year cycle of periodic scientific reporting, including the
assessment of status and trends of short-lived climate pollutants such as black carbon and
methane with a focus on the impacts of anthropogenic emissions on Arctic climate and
public health. This should include estimates of associated costs of mitigation, as well as
enhancing our state of knowledge regarding natural sources.”

In the ministerial declarationfrom Fairbanks in 2017 the Arctic Council “Adopt[ed] the first
Pan-Arctic report on collective progress to reduce black carbon and methane emissions by
the Arctic States and numerous Observer States and its recommendations, including an
aspirational collective goal, acknowledge[d] the importance of implementing those
recommendations/as nationally appropriate, recognizing that Arctic communities are
entitled to develop in accordance with their needs and interests...”. The aspirational
collective goal presented in the first Pan-Arctic report on collective progress to reduce black
carbon and methane emissions states that the “black carbon emissions be further
collectively reduced by at least 25-33 percent below 2013 levels by 2025”. This goal provides
a relevant setting for further scientific analyses on emission reduction strategies.
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In 2016, the two expert groups focusing on methane and black carbon + tropospheric ozone
were merged into the new AMAP SLCF expert group (EG). The AMAP Working Group (WG)
tasked the SLCF EG to provide a new comprehensive assessment on the state of the science
of Arctic impacts from SLCFs in advance of the 2021 Arctic Council ministerial meeting.

1.2. Introduction to SLCFs and scope of this assessment

SLCFs include all agents that have the potential to directly or indirectly-alter Earth’s radiative
energy budget, and which also have relatively short residence times in the atmosphere.
SLCFs include gaseous species such as ozone, methane, and nitrous oxides, and also aerosols
(either in solid or liquid form) such as black carbon, sulphate, and mineral dust. There is not
a universally agreed-upon lifetime threshold for agents to be considered “short-lived”, but
all agents included in the SLCF basket have lifetimes shorter than that of carbon dioxide.
Indeed, methane, which has a lifetime of ~12 years, is considered an SLCF in some
communities but not others. Because atmospheric methane concentrations are chemically
influenced by species which are clearly short-lived, however, it is reasonable to explore its
climate impacts consistently with other SLCFs. Key properties of some of the SLCFs
considered in this assessment are listed in Table 1.

SLCFs influence climate through various mechanisms. The gaseous SLCFs like methane and
ozone amplify Earth’s greenhouse effect by absorbing infrared radiation. Ozone also warms
the stratosphere by absorbing ultraviolet radiation from the sun, though this assessment
focuses primarily on tropospheric ozone, whose dominant influence is as a greenhouse gas.
Methane also absorbs a small amount of solar radiation, as indicated in recent upward
adjustments to its global warming potential (Etminan et al., 2016). In considering the
radiative and climate impacts from-both of these species, we must consider emissions of
precursor species that alter their atmospheric concentrations. Species that can strongly
affect tropospheric ozone concentrations through chemical reactions include nitrous oxides
(NOy), carbon monoxide (CO) and volatile organic compounds (VOCs). These species also
influence methane, though its'atmospheric concentration is governed more strongly by
direct emissions of methane.

Aerosols mostly affect climate by altering the amount of solar energy absorbed by Earth.
Black carbon, a product of incomplete combustion, absorbs a high proportion of incident
sunlight and therefore warms the climate system. Sulphate, which is formed primarily
through oxidation of sulphur dioxide gas, absorbs very little sunlight and cools climate by
scattering solar radiation back to space that would otherwise have been absorbed. Organic
carbon, which is co-emitted with black carbon during combustion, absorbs an intermediate
proportion of sunlight and causes cooling in some environments and warming in others.
Highly reflective regions such as the Arctic are more likely to experience warming effects
from these aerosols (e.g., Myhre et al, 2013). Mineral dust and volcanic ash can also warm
or cool climate depending on the content of light-absorbing minerals (especially those

1-2
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containing iron) in the soil or rocks from which they are derived. Because some dust and
volcanic ash particles are quite large, they can also absorb an appreciable amount of
infrared radiation and warm Earth by enhancing its greenhouse effect (e.g., Miller and
Tegen, 1998, Flanner et al., 2014). Large particle size also, however, reduces the
atmospheric lifetime of these aerosols. Typical lifetimes for sulphate, BC and OCare on the
order of days to weeks, whereas lifetimes of larger dust and ash particles are of order one to
several days.

Aerosols also influence climate via indirect mechanisms. After depositing to snow and ice
surfaces, dark particles like black carbon can hasten ice melt by increasing solar heating at
the surface. This is an especially important consideration for Arctic climate impacts of SLCFs
(e.g., AMAP, 2015a). Aerosols also affect cloud properties, including their droplet size,
lifetime, and vertical extent, thereby influencing both the shortwave cooling and longwave
warming effects of clouds. Globally, this indirect cloud forcing from aerosols is likely larger
than their direct forcing, though the indirect effects are more uncertain and difficult to
accurately assess. Moreover, Arctic cloud impacts are different than global cloud impacts,
owing to the extreme seasonality of sunlight in the Arctic and unique characteristics of
Arctic clouds (e.g., high frequency of mixed-phase occurrence).

When quantifying Arctic climate impacts of SLCFs, it is also important to consider how SLCFs
residing outside the Arctic influence the poleward heat flux and thereby influence Arctic
climate. This consideration is especially important in the Arctic, where poleward heat flux
constitutes a substantial portion (roughly 100 W/m?) of the energy budget. AMAP (2015a),
for example, found that SLCF emissions from key regions like East Asia caused greater
perturbations to Arctic climate via their alteration of poleward heat flux than through their
direct radiative impact within the Arctic. Emissions from high-latitude regions like Russia
and Canada, on the other hand, were found to primarily affect the Arctic via their influence
within the Arctic, and they did so with greater effectiveness because of their greater
likelihood to deposit to snow.and ice surfaces and heat the lower troposphere (AMAP,
20153; Sand et al., 2016).

Many of the SLCFs that are of interest for climate purposes also adversely influence air
guality and human health. These include all components of particulate matter, especially
contributors to smallersized particles, and precursors of ozone. Furthermore, whereas the
climate impacts of SLCFs may be positive or negative, the air quality impacts of SLCFs are
nearly universally negative. This is one reason why policies to reduce emissions of SLCFs
have also been justified perhaps sometimes more by air quality concerns than climate
concerns. Recognition that knowledge of both climate and air quality impacts is important
for policy considerations has led to an expansion of this assessment, relative to AMAP
(2015a; 2015b), to include air quality impacts.
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Almost all SLCF species have both anthropogenic and naturally occurring emissions, though
with different proportions. Black carbon, for example, is emitted mostly from
anthropogenic combustion of fossil fuel and biofuel, though some is emitted from naturally
occurring fires. Volcanic ash, on the other hand, is entirely natural. In cases where the
human influence on emissions is indirect, the proportion of natural and anthropogenic
emissions can be quite uncertain. These grey areas exist for (e.g.,) mineral dust aerosols,
which derive both from natural desert soils and from soils made erodible by human activity,
and methane, which can be created from naturally-occuring biota whose prevalence has
changed due to anthropogenically-induced warming or hydration of soils.. Understanding
how these indirectly-affected emissions will change in the future is.a matter of even greater
uncertainty. This assessment focuses more on emissions that are clearly anthropogenic, as
it is within human capacity to mitigate climate change and improve air quality via alterations
of these emissions. In assessing climate and air quality perturbations from anthropogenic
emissions, however, it is often important to know the background quantities of naturally-
occurring agents. To the extent possible, this assessment incorporates this knowledge,
though significant gaps remain in this and other key areas.

Finally, the Arctic environment is changing rapidly and this also has consequences for how
SLCFs affect the Arctic. Diminishing sea ice, thawing of permafrost, expansion of shrubs,
humidification of the Arctic troposphere, and increasing prevalence of liquid clouds are all
examples of changing environmental conditions that can affect the emissions of SLCFs and
also the lifetime and radiative forcing of SLCFs within the Arctic.

Due to the emphasis of this assessment on anthropogenic SLCFs and the limited number of
experts within the EG, the scope of this assessment is necessarily limited, though it has
broadened somewhat relative to the 2015 assessments. SLCF species considered here
include methane, tropospheric ozone and its associated precursors including NOx, CO and to
a lesser extent VOCs, and a suite of aerosol species that includes black carbon, organic
carbon, sulphate (and its precursor SO2 emissions), and mineral dust. Volcanic and fire-
derived ash are also discussed, though they are not treated comprehensively. Halocarbons
are not treated in this assessment. Nitrate and secondary organic aerosols are treated in
some of the models applied in the assessment, but impacts from these species are not
rigorously explored here. Finally, considerable attention has been brought recently to snow
and ice algae living on the Greenland Ice Sheet. We discuss these biological impacts in the
context of incremental darkening caused by black carbon and dust deposition.

The assessment is outlined as follows... To the extent possible, the assessment focuses on
new results and knowledge obtained since the AMAP 2015 assessments. We refer readers
to these assessments for additional background information.
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Table 1.1 SLCFs considered in this assessment

Atmospheric Spectrum of Action
Lifetimes  Major Precursors (Solar or IR) Indirect Effects
Gases
Methane ~12 years IR (dominant), Solar
Tropospheric
Ozone ~1 month NOx, VOCs, CO IR (dominant), Solar
Aerosols
snow/ice albedo,
Black Carbon ~1 week Solar clouds
~1 week or snow/ice albedo,
Mineral Dust less Solar, IR clouds
Primary Organic snow/ice albedo,
Carbon ~1 week Solar clouds
Sulphate ~1 week S0O2, DMS Solar clouds
~1 week or snow/ice albedo,
Volcanic Ash less Solar, IR clouds
PM2.5 (for air dust, BC, OC,
quality) ~1 week sulphate

[Figure ?] Radiative balance of the Arctic (atmospheric and ocean heat transport into the

Arctic, clouds, ...)
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2. Emissions of short-lived climate forcers in an Arctic context

(Tentative list of authors and contributors, not ordered: K. Kupiainen, , Z. Klimont, V.-V.

Paunu, J. Christensen, J. Fu, L. Héglund-Isaksson, M. Crippa, V. Vestreng?, S. Anenberg?,...)

2.1 Introduction

This section presents emission data and scenarios used in the modelling work for this
Assessment (Chapter X). The estimates of historical emissions are compared with the most
recent available emission datasets, including national reporting data. While the focus is on
providing background information about the assumptions behind the scenarios and
respective development of short-lived climate pollutants (SLCFs) including black carbon (BC)
and methane (CH4) emissions, there is also information about other key species included in

the modelling work, especially SO2.

This section also provides background material supporting answers to the emission related
Policy Relevant Science Questions (PRSQs) which can be found in Chapter X where explicit

references to sections in this chapter are made.

2.2 Defining scenarios for the assessment

The scenarios developed for this assessment need to consider new (since the previous
assessment (AMAP, 2015)) data on-energy and emission sources, further established
environmental legislation, and new.perspectives on how the energy system might develop
in the near future. Furthermore, there have been advancement in tools and methods
applied to estimate emissions, distribute them spatially and temporally, as well as revisions

of officially reported emissions.

As for the 2015 Assessment, the emission scenarios have been developed with the GAINS
model (Amann et al., 2011). They are an update and extension of the previously used
dataset providing an overview of historical emissions until the year 2015 and a projection
extending to 2050. They include all key air pollutants (502, NOx, BC, OC, NMVOC, CO, NH3,
PM2.5) and greenhouse gases (CO2, CH4) at a global scale. The overview and a more

detailed description of assumptions and scenarios’ characteristics will be published in

2-1
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Klimont et al. (in preparation) while methane has been already documented in Hoglund-

Isaksson et al. (2020).

Box 2.1 provides an overview of the key sources and assumptions about the energy data
and projections used as well as evolution and comparison of CO2 emissions to'scenarios
developed for the sixth cycle of the IPCC report (AR6), the so called Shared Socioeconomic
Pathways (SSPs) (Riahi et al., 2017). The three underlying activity scenarios implemented in
GAINS for use in AMAP Assessment provide a wide range of possible future development
from the high fossil fuel case to a scenario similar to rapid decarbonization necessary to

constrain additional warming to below 20C, globally.

Box 2.1 Key assumption behind anthropogenic emission scenarios

The energy data originates from the statistics of the International Energy Agency (IEA) and
the projections rely on the 2018 World Energy Outlook (IEA, 2018) that were translated and
incorporated into the GAINS model framework. The agricultural projections are derived from
Food and Agriculture Organization (FAQ) (Alexandratos and Bruinsma 2012). The IEA (2018)
macro-economic assumptions include a25% growth in global population and a 90% increase
of GDP by 2050. The baseline (_base) scenario assumes implementation of national energy
programs and commitments of the Nationally Determined Contributions (NDCs) towards
Paris goals; its CO2 emissions appear comparable to SSP2-45 evolution. Two additional
activity scenarios were developed where, (i) NDCs are not included resulting in higher fossil
fuel use (_CPS) and CO2 emission trajectory resembling SSP4-60, and (ii) a sustainable
development scenario (_SDS) which resembles a SSP1-26 decarbonization scenario with quick
transformation away from fossil fuels, access to clean energy for cooking and achieving
several other Sustainable Development Goals (SDGs). Charts below compare the CO2
emissions in"GAINS ECLIPSE scenarios to the key SSP cases and show CO2 emissions for the

aggregate of Arctic Council countries.




2043
2044
2045
2046
2047
2048
2049
2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060

National Data Check AMAP SLCF Assessment Chapter 2 (v0 - 180520)

Global anthropogenic CO2 emissions [Gt CO2] Arctic Council anthropogenic
70 CO2 emissions [Gt CO2]

60

...... istorical) 8
50 CMIP6 (historical)

o ECLIPSEvBb_base

= = « ECLIPSEV6b_CPS
40
----- ECLIPSEv6b_SDS
= 55P3-70 5

30 ——55P4-60

=—55P2-45

20 ——55P1-26 3
------- S5P1-19
10
0 0
1950 2000 2010 2020 2030 2040 2050 1990 2000 2010 2020 2030 2040 2050

With support of the European Commission Action on Black Carbon in the Arctic, the GAINS
model was updated to include statistical data for 2015, review assumptions on new policies
and their implementation, improve spatial gridding of emissions, and finally to develop and

implement several new scenarios for use in the assessment.

One particular aspect worth highlighting are improvements in spatial distribution of
emissions. The spatial proxies for many sources have been revised including residential
sector, shipping, power plants, oil'and gas operations including flaring, transportation. In all
cases new data was used either providing higher resolution or more up to date
representation of sourcelocation. Two particular elements that appear to make a visible
difference is new distribution of residential (heating) emissions as well as flaring of
associated gas. Fig 2.2.1'below shows not only higher granularity of emissions in many
regions but also identifies more emissions in high latitudes in sparsely populated areas,
which has been identified as a problem in the past (e.g., Winiger et al., 2019). The new
dataset has.implications for distribution of all species, not only BC as shown below, and

should allow for improved modelling.
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Figure 2.2.1 Spatial distribution of total 2015 BC emissions beyond 600N in ECLIPSE V5a set
(left, used in AMAP 2015 assessment) and the new ECLIPSE V6b (right).

The developed scenarios can be categorized into three types: (i) baseline, (ii) mitigation, and
(iii) failure.
e Baseline (CLE): Assumes base (see BOx 2.1) energy projection and efficient
implementation of the current air pollution legislation committed before 2018
e Mitigation: Dedicated reduction of all or specific pollutants is envisaged; there are
two categories here:

O Maximum technically feasible reduction (MFR) case where implementation of
best available technologies defined in the GAINS model is included. The
introduction of measures is not constrained by their costs but there are
limitations'on how quickly certain measures achieve high market
penetration, i.e. no premature scraping of equipment is assumed. Two
scenarios were developed (i) MFR for baseline activity data (base_MFR), and
(ii) MER for the sustainable development case (SDS_MFR)

O Mitigation of short-lived climate forcers (SLCF) case where focus is on further
(beyond CLE) reduction of emissions applying technologies which result in
lower climate forcing of net emissions after abatement. Principally, this
means MFR type of mitigation for CH4 and near MFR reduction of BC where

also additional reductions of cooling species (OC, SO2, and NOx) occur as
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these are necessary to achieve full BC mitigation. Additionally, CO and
NMVOC are reduced strongly, while ammonia (NH3) remains at the level of
CLE. This type of scenarios have been developed to allow comparison with
the mitigation simulations performed in the AMAP 2015 assessment as well
as to explore futures with less pronounced reduction of colling species while
warming SLCFs reach minimum. Two scenarios were developed: (i) SLCF
reduction for base case (base_SLCF), and (ii) SLCF for SDS case (SDS_SLCF).

e Failure: No further control (NFC) - this scenario attempts to-demonstrate the
importance of current policies and assumes a failure in implementation of policies in
recent years and so freezes the level of implementation of laws at the level of pre
2015 legislation. Two scenarios developed: (i) NFC for baseline (NPS_NFC), and (ii)
NFC for the higher fossil fuel case, the so called CPS (see BOx 2.1), assuming that
both national energy efficiency and structural goals established in the post Paris

process as well as recent air pollution laws are not implemented (CPS_NFC).

Further text provides analysis of the trends of emissions for Arctic Council and Observer

countries as well as available mitigation potential.

2.3 Recent trends in Arctic Council and observers’ SLCF emissions
- Shipping - both Arctic and global-and legislation on sulfur (reference to the detailed
section)
- Discussion includes baseline and how important it is to achieve baseline (failure
scenarios)
- Evaluation of development towards the AC BC goal
- Discuss CH4 - incl AC vision to significantly reduce emissions (which is not

happening according to CLE.

Figure 2.3.1 shows the different baseline developments of human made BC, SO2 and CH4
emissions in 2010 to 2050 in the Arctic Council and its Observer countries as estimated by
the IIASA institute’s GAINS model. All analysed emission scenarios indicate a declining trend

for black carbon emissions in the Arctic Council with the scenarios with existing policies and
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also point out that the voluntary Arctic Council black carbon goal can almost be achieved

already with current policies in the baselines.

The “v5a base”-scenario indicates the evaluation of the emission pathway with air pollutant
legislation as estimated in the AMAP 2015 assessment and the “base CLE”-scenario reflects
the evaluation of the emission pathway with current policies targeting air pollutants. A
comparison of these scenarios indicates legislative changes and adoption.of new policies
aimed at emission reductions of air pollutants. In the case of black carbon emissions, the
Arctic Council member countries the updated scenario (base CLE) follows relatively similar
emission development as the scenario used in the 2015 assessment (v5a base). However, in
the Arctic Council Observer countries the current evaluation-of the black carbon emission
scenario indicates that “base CLE”-scenario is significantly lower than the 2015 situation,
which is a result of the development of new clean air policies in Asia. The AC Observer

countries are on a declining emission pathway for black carbon in all baselines. SO2... CH4...

Base NFC and CPS_NFC show how failure to meet the already decided emission mitigations
will put the BC emission trajectory further from the Arctic Council 2025 target. This

highlights the importance of applying the decided commitments.

Arctic Council, BC Observer Countries, BC
0.6 3.5
0.5 3
. 04 N 25
@ AC 2025 target — 3 2
=03 = z
] i 1.5
= =
0.2 1
0.1 0.5
0 0
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
base_CLE base_NFC CPS_NFC V5a_base base_CLE base_NFC CPS_NFC V5a_base
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Figure 2.3.1 BC, SO2 and CH4 emissions in the baseline scenarios and ECLIPSE V5a baseline,
which was used in the AMAP assessment 2015.

[NFC and CPS lines will be connected to 2015 in the next version.]

Figure 2.3.2 shows the sectoral shares of BC, SO2 and CH4 emissions in 2015 for the current
and AMAP 2015 assessment baselines. For BC in Arctic Council countries, the traffic sector
has increased its share from the 2015 assessment, and the domestic sector reduced almost
with the same amount. In the AC Observer countries there has been a similar development,
although change in the traffic sector is smaller and in the domestic larger. Also, there is an
increase in the share of the waste sector. The reasons for these changes are..

SO2... CHA4...



National Data Check AMAP SLCF Assessment Chapter 2 (v0 - 180520)

Arctic Council
100 %
90 %
80 %
70 %
60 %
50 %
40 %
30 %
20 %
10 %
0%
(NN} @ (W} @ Ll [<F]
— w — w 1 4]
O, o 0, B 0, k]
g o g o ) o
L] s © e m A
O = 0 = o =
BC 502 CH4
2015
m Traffic m Domestic m Flaring = Energy
W industry ®EAWB B Agriculture B Waste
2146
Observer Countries
100 %
90 %
80 %
70 % '
60 %
50 %
40 % %
30 %
20 %
10 % |
0% y
L a Ll @ | ) a
—1 w — w 1 0
UI _g UI _g UI _g
] o g w' g o
m LN m L m LN
o = o = | ] =
BC 502 CH4
2015
m Traffic m Domestic @ Flaring = Energy
W industry ®EAWB M Agriculture B Waste
2147 V4

2148  Figure 2.3.2 Share of BC, SO2 and CH4 emissions by major sectors. In V5a (AMAP 2015
2149  assessment baseline) flaring is part of the energy sector.
2150  ["Traffic" could be renamed to "Surface transport" or similar.]

2151
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Figure 2.3.3 presents relative changes in the emissions in the baseline scenarios compared
to the base_CLE 2015 emissions. AMAP 2015 assessment baseline V5a_base is compared to
its own 2015 emissions. In the Arctic Council countries the net reduction in 2030 and 2050
for BC emissions was slightly larger than in the AMAP 2015 assessment in the base_CLE. In
base_NFC and CPS_NFC the net reductions were similar or slightly smaller.in 2030 and
slightly larger in 2050. The majority of the emission reduction comes forthe traffic sector. In
the AC Observer countries current scenarios show larger net reductions than AMAP 2015
assessment in 2030, and similar, although smaller difference, in 2050.-Main reductions
come from the domestic sector, and some from the traffic sector. The differences are
caused by...

SO2... CHA4...
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2168  Figure 2.3.3 Relative change in emissions from 2015 to 2030 and 2050 under the baseline
2169  scenarios. All changes are to base_CLE scenario 2015 emissions, except V5a_base, which is

2170  compared to its own 2015 emissions.
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2171 [“Net changes added as points later.”]

2172

2173  Global share of BC, SO2 and CH4 emissions are presented in table 2.3.1.

2174

2175 Table 2.3.1 Share of global BC, SO2 and CH4 emissions for the Arctic Council Member and
2176  Observer countries and the rest of the world for 2015, 2025 and 2050 in-base_CLE. Global
2177  share of AC Observer countries BC emissions are expected to reduce from 2015 to 2050 due
2178  to... AC Members country shares are expected to remain almost similar. SO2 and CH4

2179  emission shares are expected to remain similar to the 2015 situation without mitigation
2180  actions.

2181

2182  Although the share of Arctic Council member countries of the global BC emissions is a bit
2183  below 10 %, the emissions occur within and close to the Arctic area, increasing their impact
2184  on the Arctic climate to the emission from southern sources. Furthermore, Arctic Council

2185  has an important role in demonstrating the BC emission mitigation options and feasibility of

2186  said actions.
2187
Arctic Arctic
2015 Council Council Rest of the
Gga'l Members Observers world
BC 495 2511 3205
8% 40 % 52 %
S0O2 9239 27782 33170
13% 40 % 47 %
CH4 65523 99245 162865
20% 30 % 50 %
2188
2025 Arctic Arctic
Council Council Rest of the
Gga' Members Observers world
BC 400 1816 3313
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7% 33 % 60 %
SO2 6482 19859 23446

13% 40 % 47 %
CH4 70612 105966 181656

20% 30% 51%
2050 Arctic Arctic

Council Council Rest of the

Gga'l Members Observers world
BC 313 1209 3680

6 % 23 % 71%
SO2 6207 15261 28666

12 % 30% 57 %
CH4 73925 124179 236736

17 % 29 % 54 %

Graph on the failure scenario vs. baseline to highlight importance of baseline commitments.

2.4 High-Arctic emission sources and communities [could be a BOX?]

- ...general text about the importance and specific aspects of this region and particular
sources with a focus on: shipping, distributed electricity, lack of waste management,
oil and gas as an important economic sector. Mention the spatial distribution and
refer to the uncertainty discussion.

- Could consider also adding a map showing spatial distribution of shipping based on

the recent data

2.4.1 Arctic shipping

Since the last 2015 assessment there have been developed several emissions inventories,
which covers the Arctic. Common for these inventories is that the spatial and temporal

information about shipping are based on the Automatic Identification System (AIS) data for
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the assessment of shipping emissions. The AIS data are mainly retrieved from AlS satellite
receivers and for some inventories from terrestrial base stations. The AlS system is very
useful because it provides information about the ships and continuously automatic
information on the positions of the ships and their speeds. It is possible by combining this
information with ship engine power functions and emission factors for different ship types
to construct the emissions from individual ships in a realistic way in order to-make a reliable
bottom-up emission inventories. In the 2015 assessment the Arctic inventory described in
Winther et al. (2014), referred to as ‘W2014’, was made by using this-methodology.

Furthermore, there has been more focus on emissions factors, especially for BC.

In Johansson et al. (2017) ), referred to as 12017, a comprehensive global shipping emission
inventory and the global activities of ships for the year 2015 have been published. The
emissions were estimated using the Ship Traffic Emission Assessment Model (STEAM3) that
uses AlIS data. The STEAM3 model is a comprehensive model with special treatment of
input data, path generation of ship routes, taking into account meteorological conditions,
etc. This inventory has a relatively large emissions factor for BC of 0.47g/kg fuel, which has

been estimated from emissions of BC and CO,, compared to the other inventories.

ICCT published in 2017, referred to as ICCT2017, a report with a global emission inventory of
BC for shipping based on combined terrestrial and satellite based AlS data and IHS ship
registry data. Gaps in AlS were linear interpolated. The report has a detailed discussion of
the emissions factor for BC. The mean emission factor globally is 0.25 g/kg fuel. According to

report, 0.7% of the global BC emissions of 67kT/y are North 60°N

The global ECLIPSE_v6b emissions (see Klimont et al (in preparation), referred as K2017)
which are used in the model calculations in this assessment also include ship emissions. The
emissions for 2015 are based on activity data developed on the basis of FMI data with a BC
emission factor of about 0.11 g/kg for shipping outside ECA (similar to assumptions in
Winther et al (2017)) and <0.05 g/kg within ECA. Since emission factors are independently
assumed for various fuels (HFO, LFO, LNG) and their shares change over time and also are
different in the ECA the actual implied emission factors are regionally specific and change

over time.
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In the report by Winther et al (2017), referred to as W2017, there has been an update of the
original Arctic emission inventory on a domain defined as north of 60°N, and described in
W2014 and in the old 2015 assessment. In this work, AIS data for 2012 -2016 instead for
only 2012 have been used. There is some variability between the years, see fig 1. A mean
emissions inventory representing the year 2016 based on 5 years AlS data has been
constructed and this mean inventory has a total fuel consumption which.is 20% higher than
the original 2012. Furthermore, there has been a focus on updating the emissions factors
based on new studies, especially for BC. The mean BC emissions factor for 2016 is 0.10 g/kg
Fuel, which is a factor 3.5 lower than the old factor. Furthermore, the mean BC emissions
factor for the future scenario is decreasing to 0.074 g/kg fuel in 2050 due to expected
changes in the used fuel. In the old work, it was assumed that this factor was constant on

0.35 g/kg Fuel for all scenarios as in emissions inventories as described in Corbett (2010).

In fig. 1 the total fuel consumption for the area north of 60°N for the 5 years 2012-2016a re
shown. The trend shown at the figure is not significant. In PAME — Arctic Shipping Status
Report #1 (2020) there is published data about the current shipping in areas covered by the
Polar Code Area. The information about the shipping activities are based on PAME's Arctic
Ship Traffic Data (ASTD) project, which has been developed in response to a growing need
to collect and distribute accurate, reliable, and up-to-date information on shipping activities
in the Arctic. The ASTD System collects a wide range of historical information, including ship
tracks by ship type, information on number of ships in over 60 ports/communities across
the Arctic, detailed measurements on emissions by ships, shipping activity in specific areas.
In the report there are published data for the sailed distance for the period 2013-2019, and
they show a monotone increasing trend with a 75% increase between 2013 and 2019. This
is not completely consistent with results from W2017, which are shown in fig. 1. The reason
could be that Polar Code Area is a subdomain of the area north of 60°, which are used in
W2017, and there are large shipping activities outside the Polar Code Area. According to the
2015 assessment only 10-15% of total traffic amount north of 60°N took place inside the

Polar Code Area.
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Fuel y=0.281x+4.7758
R? = 0.3201
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Fig. 1. Total Fuel consumption for the area North of 60°N (see' W2017)

Fig. 2 shows emissions of SO2, NOx and BC in Mg/y for the year 2015 for K2017, J2017 and
ICCT2017 and for 2016 for W2017, for the area North of 60N.

For SO2 K2017 has the highest emission estimate with about 50% higher emissions than
W2017 and 85% higher than J2017. The SO2 emissions are lower than the emissions given in

the old 2015 assessment mainly due to.changed sulfur content in the fuel.

For the NOx emissions W2017 has the highest emissions with about 80-100% higher than
K2017 and J2017. The main reasons for this is that total estimated fuel consumption is 85%
higher compared to J2017 based on the CO, emissions. These NOx emissions are

comparable with results in 2015 assessment.

For BC emissions J2017 have the highest emission, approximately between 150-240% higher
than the other three mainly due to a relatively high emission factor for BC. K2017, W2017

and ICCT2017 are quite similar in their estimates of the Arctic BC emission. Compared to old
2015 assessment the BC emissions estimates have decreased considerably. The new W2017
BC emissions are a factor 3 lower than the previous estimate in W2014 and presented in old

2015 assessment.
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2280  Fig. 2 Emissions SOz, NOx and BC in Mg/y for the year 2015/2016 for the area north of 60N

2281 for the four different emissions inventories

2282  Only K2017 and W2017 have made projections of the shipping emissions for the 2020-2050.
2283  The projections of K2017 have been used in the model simulations in this assessment. Both
2284  projections are based on projections of the future shipping activities based on the activities

2285 in 2015.

2286  In W2017 there are used the same scenarios of different ship type activities as in C2010,
2287  which also was used in W2014. The only difference between W2014 is the using of a mean
2288 inventory for 2016 and the updated emissions factors. Two projections, Business-as-Usual
2289  and High-Growth, have been made. Here only results from the BAU scenario will be

2290 presented, because the current changes in shipping activities indicate that High-Growth is
2291  anunrealistic scenario. In the BAU scenario the total use of fuel will increase 14% between
2292 2016 and 2050 for the 2016 shipping activities, e.g. without additional fuel consumption

2293  from diversion, quite similar to the old W2014.

2294  In the emissions scenarios by K2017 the future shipping activities are increasing 60% from
2295 2015 to 2050 (reflecting the trend of international shipping in the WEQ2018 projections
2296  (IEA, 2018)),.and includes no additional shipping activities from diversion routes. More

2297 about that?
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It is expected that in the future an increase in shipping activity and emissions is due to the
shift in global traffic away from the traditional routes into Arctic waters when the Arctic are
getting more ice-free, which also was described in the 2015 assessment report. W2017 have
made an update of these emissions from shipping activities by using C2010 estimates of
total CO2 emissions combined with the updated emissions factors for 2020 to 2050 due to
expected changes in ships and changes in sulfur content in the fuel. The estimates of the
CO; emissions from the diversion by C2010 is based on the global shipping activities in 2004,
which was projected to 2050 by assumption of a constant increase of 2.:1%/year for the BAU
scenario. By using newer data for the global emissions for shipping, f.ex. from J2017 for the
year 2015, together with expected future shipping activities taken from K2017, the
emissions is expected to be reduced with 45% compared tothe updated diversion data in

W2017.

In fig 3 there shown are shown projected emission for the area North of 60°N of SO,, NOx
and BC in Mg/y for the year 2050 for K2017 and W2017 and also the expected emissions
from diversion in W2017 (W2017_div) and the updated emission based on J2017 global CO>

emissions and the projections of shipping activities in K2017( W2017_div_u).

The two projections of the current arcticshipping activities made by K2017 and W2017 are
quite similar for SO, NOx and BC. Furthermore the contribution from diversion based on
C2010 future BAU CO; emissions (W2017_div) will increase the emissions by about 100%

and with updated CO2 estimates about 50%.

Compared to the BAU scenario.in the old assessment the projected emissions for 2050 of
the current shipping activities are about 80% lower for SO, 50-75% lower for NOy and 80-
90% lower for BC.

Comparing the BAU scenarios including projected emissions form diversion the SO

emissions 90-95% lower, 80-85% lower for NOy and
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Fig 3. Emissions for the area North of 60N of SO,, NOy and BCin Mg/y for the year 2050 for
projections of the current shipping activities, K2017 and W2017, and the expected
emissions from diversion in W2017 (W2017_div) and the updated emission based on J2017
and the projections in K2017( W2017_div_u).

2.4.2 Oil and gas activities in the Arctic (Lena, Zig, Joshua, Carbon Limits) - probably in
separate section - might say a word about updated data for the last few years on oil and gas
production and new outlook from WEQ2018. Possibly a link to the report done by Carbon

Limits within the EU BC Action reviewing technical measures (published in 2020)

2.4.3 Any information on specific challenges in Arctic communities? (waste management,
heating and electricity incl. diesel generators, stoves, transport,...) Alternatively focus on
local community air pollution/exposure and include the text to the section on health
impacts. We could add here-a map with location of communities/townships that are off-grid
and discuss briefly what'the consequences or gaps in terms of emissions and impacts could

be; eventually something for further work

2.5 Policy scenarios
- Further mitigation scenarios (MFR, SDS/SDG, SLCF) - highlight what the SDS
(incl SDG) energy scenario is and what ‘structural’” measures are behind [l can

check the total region dimension in term of key species]
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- Measures/options in MFR/SDS/SLCF
- How the policy scenarios/recommendations compare to the 2015 report (or
earlier too?)? What is new? What has moved into the current policy basket?

Where challenges are better understood?

Significant BC emission reduction potential remains with already existing technologies. In the
Arctic Council additional efforts could be taken in several sectors indicated. in the slide and
particular attention should also be paid on sources emitting directly in the Arctic, particularly

flaring of APG and Arctic shipping activities.
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Arctic Council, CH4 Observer Countries, CH4
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2356
2357  Figure 2.5.1 BC, SO2 and CH4 emissions in the current legislation baseline and mitigation

2358  scenarios and ECLIPSE V5a SLCF mitigation scenario, which was used in the AMAP
2359  assessment 2015.
2360
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Figure 2.5.2 Relative change in emissions in 2030 and 2050 under the mitigation scenarios

compared to the base_CLE scenario. V5a_SLCF_Mit mitigation scenario is compared to

V5a_base emissions.
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[“Net changes added as points later.”]

Comparison to 2015 report. Maybe no graphs, just by text highlighting the main points.

2.6. Comparisons to other inventories and national LRTAP/UNFCCC reporting

2.6.1 Black carbon

Table 3.10 Total black carbon emissions for 2010 {unless marked otherwise) in kilotons.

Country CLRTAP EDGAR 432 TNO MACC-IIF* BCLIPSEv5a GAINS
Canada 43.00 26.1 48.0 49.7
China 13049 1914.3 1308.6
Denmark 56 24 79 g 48 46
Finland 63 5.1 153 W 2 6.9 7.6
France 483 2.9 75.0 60.7 56.4
Germany 20.8 18.6 452 30.3 27.5
Iceland 02 0.1 01 - 0.1 0.2
India 597.3 i 1030.7 1065.0
Ttaly 12.7 18.7 00 319 410
Japan 22.0° 231 "'§ 204 236
Republic of Korea 13.4b¢ 15.7 ) 4 291 212
Netherlands 5.4 2.8 7.0 6.3 5.7
Norway 46 35 - 8.1 38 6.5
Poland 233 189 ot 108.0 57.1 60.6
Russia 78, 7 187.1 171.2 152.8
Singapore 194 3.7 22
Spain 439 180 33.7 333 344
Sweden s - 3.0 117 49 45
Switzerland A o 21 5.6 L6 2.01
United Kingdom 72 S 140 233 204 282
United States 315.00 W 1379 200.8 2177
Total T 22643 36893 3098.6
Europe " 157.3 569.7 4334 319
Arctic Council D Nt 205.3 440.4 4435
Observers \NS 2058.9 32489 2655.2

22011 emissions; 2014 emissions; “from national reports for the Arctic Council.
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Figure 3.17 Total black carbon emissions. The data are for 2010, except for TNO MACC-III which used 2011 data and Canada and the Republic of Korea
under CLRTAP which are for 2014. The United States CLRTAP value for 2014 (315 kt) is.not shown on the graph.

[Table and graph from Review of Reporting Systems for National Black Carbon Emissions
Inventories:EU Action on Black Carbon in the Arctic - Technical Report 2.

Similar table and graph with updated numbers for BC and CH4 from CLRTAP/UNFCCC and
EDGAR v5.0 will be produced for this report.]

The Review of Reporting Systems for National Black Carbon Emissions Inventories (EU
Action on Black Carbon in the Arctic, 2019) report compared BC emissions from
independent inventories to CLRTAP national submissions. The comparison showed that
there was variation in the inclusion-and handling of important emission 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, commercial and
agricultural heating) the inventories showed a range of methods to estimate the activity
(amount of combusted fuel) and allocation between technologies, causing differences in the
emissions. CLRTAP reported emissions for residential combustion were close to ECLIPSEv6b
numbers used in this assessment. Flaring showed the largest variation between the

inventories.
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2395 2.6.2. Methane

2396  [Similar analysis as for BC.]
2397

2398

2399 2.7 Section on uncertainties

2400 - Joshua Fu provides text

2401 - Subsection on spatial distribution (How well we know where the emissions occur...?,
2402 Focus on high latitude relevant sectors)

2403

2404  2.x Natural releases of methane and selected other species

2405  Main focus on methane, but qualitatively also VOCs and DMS, iodic species (Henrik)

2406 - Is this covered in another chapter (discussions in Ann Arbor)

2407

2408 2.8 Discussion and summary

2409

2410  2.8.1 Remaining challenges and recommendations for further work

2411

2412  emissions of particular sectors, mitigation potential, spatial info

2413

2414  2.8.2 Follow-up of recommendations from the 2015 assessment

2415

2416  AMAP 2015 assessment included recommendations to support and guide further

2417  development of anthropogenic emission datasets particularly in the Arctic area. This section
2418  provides a follow-up on these recommendations and specifically how the datasets used in

2419  this assessment take these into account.

2420

2421 - Recommendation 1 (BC and O3 report): A comparison of several global emission
2422 inventories has shown that relative uncertainties in the total emissions per latitude
2423 band .increase with latitude and are largest in the Arctic. The global inventories thus
2424 need improvement, especially at high latitudes. This could be achieved by including
2425 information from regional and Arctic Council national inventories.

2426
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2427 The spatial representation of emissions in the Arctic area has been improved in the
2428 anthropogenic emission datasets used and assessed in this study. Since the AMAP
2429 2015 assessment a new population pattern has been introduced to allocate activities
2430 correctly to Arctic communities. Attention has been paid on datasets representing
2431 the Arctic shipping, including the within Arctic traffic and rivers. Road networks,
2432 pipelines, power plants and industrial facilities including oil and gas activities flaring
2433 APG,...

2434

2435 - Recommendation 2 (BC and O3 report): Further analysis of observed and modeled
2436 historical trends of SLCFs should be made.

2437

2438 This recommendation does not directly address anthropogenic emission datasets.
2439 However, emissions are a key driver in explaining the trends of SLCFs in atmospheric
2440 concentrations and thus such comparisons can provide important insight into further
2441 improvements of emission datasets. In this assessment we have continued, as in
2442 previous assessments, to analyse and compare observed and modeled historical
2443 trends of SLCFs. Chapter 5 of this assessment addresses trends in observations and
2444 Chapter 6 evaluates the performance of models used in this assessment against
2445 observations.

2446

2447 - Recommendation 3 (BC and-O3 report): Future work should develop emission

2448 scenarios that describe a strong increase in anthropogenic activities within the Arctic
2449 and quantify the projected impacts these activities would have on the Arctic climate
2450 and environment.

2451

2452 An emission scenario representing high-growth in activities in the Arctic area still
2453 remains an interesting topic for further work. However, the scenario representing
2454 the situation if no further controls would be introduced (NAME OF THE SCENARIO)
2455 addresses some potential aspects of such development.

2456 - Recommendation 1 (CH4 report): Undertake additional direct or on-site source

2457 measurements (at scales that support extrapolation), harmonize development and

2-27
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2458 application of emission factors internationally, and improve the temporal

2459 (interannual) resolution of reported emissions in order to improve estimation of
2460 anthropogenic methane emissions.

2461 To be filled in.

2462 - Recommendation 2 (CH4 report): Subsequent assessment efforts should focus on
2463 fugitive emissions from all aspects of oil and gas systems from exploration through
2464 production and distribution.

2465 To be filled in.

2466

2467
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3. Open biomass burning

(Jessica, Justin, Sabine, Nikos, Juha, Ari, Lin, Zig, Kaarle, Jesper, HC, Joshua; authors and
author order TBD) (klimont@iiasa.ac.at;sec@nilu.no;ne@nilu.no;Kaarle.Kupiainen@ym.fi;

jsfu@utk.edu; jmccarty@miamioh.edu; fainjj@miamioh.edu; juha.aalto@fmi.fi;

jc@envs.au.dk; hc@aces.su.se; lin.huang@canada.ca; Ari.Venalainen@fmi.fi)

Recent evidence suggests that northern and Arctic ecosystems will lbecome more
susceptible to biomass burning as the climate warms (York et al., 2017; Figure 1). Open
biomass burning is a known disturbance in the Arctic Council region. Krylov et al. (2014)
found that stand- replacement wildfires, fires that kill most aboveground vegetation and
trigger ecological succession, are ~66% of total forest disturbance in the Russian Federation.
In terms of burned area, 2015 was the largest fire year for the Alaskan tundra ecoregion
(Michaelides et al., 2019). Broadly speaking, wildfire regimes are driven by climate and
weather, fuels and fuel conditions, and people as ignition sources (Silva and Harrison, 2010;
de Groot et al., 2013). Human-caused fires are driven by management needs and sometimes
cultural practices (Granstrom & Niklasson, 2008; Bowman et al., 2011). Fuels and
anthropogenic ignition sources can be managed to reduce open biomass burning. Along
those lines, Astrup et al. (2018) argue that boreal forests should be managed to increase
broad-leaved stands to reduce wildfire risk, fire emissions, and increase surface albedo.
Management strategies should be defined by regional needs. This report will focus on three
biophysical regions of the Arctic: North America and Greenland, Fennoscandia and

European Russia, and Siberia'and the Russian Far East.
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Fire Risk

L]

Figure 1. A sample of peer-reviewed future Arctic fire risk-variables due to expected

ecological and meteorological transitions by mid- and late 21st century climate change for

Arctic Council member nations; ‘up arrows’ indicateincrease in fire risk and ‘down arrows’

indicate a decrease in fire risk; the dashed line indicates the start of the Siberia and Far East

region.

Figure 2. Conceptual framework

for drivers of fire risk in the Arctic

Council region: climate, fuels, and

people.

Open biomass burning, as defined in this chapter,
includes both wildland fires (i.e., wildfires, forest
fires) and fires in human-dominated landscapes.
Reported statistics and geospatial methods from
Earth observations were used to quantify and
differentiate open biomass burning as human-caused
fires, i.e., agricultural open burning, timber and
agroforestry, and natural fires, i.e., lightning-caused
fires. Fire risk in the Arctic regions is often driven by
climate and fire weather, fuels type, availability, and
condition, and presence of people as ignition sources

(Figure 2).
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Many future fire modelling approaches use Representative Concentration Pathways (RCPs)
developed for IPCC AR5, to contextualize the impact of climate change on future
temperature and precipitation - both influencing fuel conditions and availability of fuels for
ignition and subsequent burning (Veira et al., 2016). RCP4.5 (~650 ppm CO; eq.) and RCP8.5
(~1370 ppm CO; eq.) are commonly used for sub-national, national, and regional studies
(Krause et al., 2014; Sherstyukov and Sherstyukov, 2014; Girardin and Terrier, 2015;
Lehtonen et al., 2016; Wotton et al., 2017), often due to the lack of downscaled climate
scenarios for RCP2.6 and RCP6.0 needed for future fire modelling (Davis et al., 2017). While
the overall modelling work for this assessment relies on biomass-burning emissions
evolution represented in the newly developed Shared Socioeconomic Pathways (SSPs) for
IPCC AR6, comparable assessment for the biomass burning conditions and impacts have not
been published yet. For a detailed description of the SSPs, and their relation to the RCPs,
see Riahi et al. (2019).

The 2015 AMAP assessment on black carbon (BC)and ozone as Arctic forcers noted key
characteristics of open biomass burning. In this 2021 assessment, many of the open biomass
burning characteristics remain constant, including human influence on both ignition and
fuels management, significant interannual variation of fire events and emissions, and spatial
and seasonal clustering of burning related to active land management as well as fuel
conditions (AMAP, 2015). Since 2015, evidence of direct climate change influence on early
season megafires has increased (Wang et al., 2017) as well as fueling extreme wildfires in
more populated areas and not just remote boreal forests and Arctic tundra (Abatzoglou and
Williams, 2016; Kirchmeier-Young et al., 2019). An increasing trend in fires above 60°N is
documented in global fire emission databases for years 2005 to 2018, including a case study
of a novel fire regime in Greenland with two documented fire seasons in 2017 and 2019.
Further this assessment provides clarification of the concept of what is open biomass
burning for the Arctic Council region and specific language of fire emission sources,
attributing landscape-scale determination of fire types in the Arctic to wildland (boreal
forest, hemiboreal forest, taiga, tundra, grasslands and steppe, peatlands) or anthropogenic
(croplands, pasture and rangeland, timber and agroforestry). Ignition sources are classified

as natural or human-caused, providing needed context for policy recommendations. Finally,
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3064 current uncertainties of quantifying future emissions from open biomass burning in the
3065  Arctic Council region are noted.

3066

New Novel Arctic Fire Regime Case Study: Greenland

Unusual open fires were observed in western Greenland and also confirmed by satellites
between 31 July and 21 August 2017, after a period of warm, dry and sunny weather. The
fires burned > 2,000 ha of high carbon soils - most likely peat due'to smouldering and fire
spread behavior - that became vulnerable due to permafrost degradation (Daanen et al.,
2011). Work by Evangeliou et al. (2019) estimated the 2017 wildfire consumed a fuel amount
of about 117 kt C and emitted about 23.5 t of BC (Black Carbon) and 731 t of OC (Organic
Carbon), including 141 t of BrC (Brown Carbon). Although these fires were small compared to
fires burning at the same time in North America and Eurasia, a large fraction of the BC, OC
and BrC emissions (30%) was deposited on the Greenland ice sheet. Measurements of aerosol
optical depth in western Greenland showed that the air was strongly influenced by the
Canadian forest fires. Even so, the Greenland fires had an observable impact, doubling the
column concentrations of BC. The spatiotemporal evolution and, in particular, the top height
of the plume was also confirmed using the vertical cross section of total attenuated
backscatter (at 532 nm) from Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIOP) Lidar. The-maximum albedo change due to BC and BrC deposition from
the Greenland fires was 0.007 at maximum, while the average instantaneous BOA (Bottom Of
the Atmosphere) radiative forcing over Greenland at noon on 31 August 2017 (post-fire) was
between 0.03 and 0.04 W.-m-2, with locally occurring maxima up to 0.77 W m-2. The summer
2017 fires in Greenland had a small impact on the Greenland ice sheet, causing almost
negligible extra radiative forcing. This was due to the —in a global context — still rather small
size of the fires. However, the 30% fraction of the emissions was deposited on the Greenland
ice sheet, making the 2017 Greenland wildfires very efficient climate forcers on a per unit
emission basis. Thus, while the fires in 2017 were still relatively small on a global scale, if the
expected future warming of the Arctic (IPCC, 2013) produces more and larger fires in
Greenland (Keegan et al., 2014), this could indeed cause substantial albedo changes and, in

turn, contribute to accelerated melting of the Greenland ice sheet.
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3.1 Policy questions:

3.1.1 Impact of climate change on fire risk and fire emissions

Near-term warming means more ignitions from lightning (Veraverbeke et al., 2017) and
degraded permafrost increasing dry ground fuels and fire severity (Teufel and Sushama,
2019). By the end of the century, wildland fire risk is expected to increase, with length of fire
seasons - measured in terms of daily severe fire weather occurrence - predicted to expand
by much as 20 days globally (Flannigan et al., 2013). Similarly, Sherstyukov and Sherstyukov
(2014) predict an increase of > 50 days of high fire risk days for Russia-under RCP 8.5
scenario, with a potential to double annual forest fire burned area. Using CMIP5 model
intercomparisons, Lehtonen et al. (2016) estimate large (> 10 ha) boreal forest fires in
Finland to increase by 1.9 times under RCP 4.5 and 2.3 times.under RCP 8.5 by mid-century.
Robust predictions of future burned area in wildland and human-dominated landscapes for
the Arctic require an understanding and quantitative simulation of the major drivers of fire
(specifically climate and fire weather, ignition, fuels, and humans), including coupled

dynamics between and among these drivers (Riley-et al., 2019).

The climate-induced vegetation shifts, which would also drive fire risk and related
emissions, present a complex matrix for the Arctic Council member nations. Predictions of
boreal forest transition to deciduous forest stands would decrease fire risk in eastern
Canada and interior Alaska (Terrier et al., 2013; Foster et al., 2019; Mekonnen et al., 2019).
Wang et al. (2020) found these‘trends are already occurring in Alaska and Northwestern
Canada using three decades’worth of 30 m Landsat imagery, as climate drives grass and
shrub expansion in the Arctic.and wildfires drive most of the evergreen forest reduction and
expansion of deciduous forests in the Boreal. Further work in mature deciduous forests of
Interior Alaska show: that current canopy gaps are related to ecological shifts to evergreen
shrubs, lichens, and mosses, thus increasing fire risk of these gaps within low flammability
deciduous stands transitioning from high flammability coniferous species (Alexander and
Mack, 2017). Under RCP 8.5, Stralberg et al. (2018) estimated that by 2100, grasslands will
replace much of the upland conifer, mixed forests, and deciduous forests for a large area of
the boreal forest zone of northern Alberta. Shorter fire return intervals combined with

climate change-induced drought will reduce the resiliency of evergreen and broadleaf

3-5
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species to re-seed and/or establish after wildfires, leading to expansion of grassland
ecosystems in what is now Northern Canadian forests (Whitman et al., 2019). Increased
grass-dominated landscapes would create a new fire regime of frequent but low severity
fires, with the likelihood of SLCP/SLCFs transport to the Arctic most likely in the spring
months of March through May (Hall and Loboda, 2018). Grassland fires produce less energy,
with smoke plumes more similar to crop residue burning, and are unlikely to'breach the
tropopause for consistent transport of smoke to the Arctic (Hall and Loboda, 2017), unlike

the current observed deposition from boreal forest fires in the Arctic (Thomas et al., 2017).

3.1.2 Fire management and open biomass burning emissions in the Arctic

McWethy et al. (2019) argue that active “fuels management, prescribed fires and allowing
wildfires to burn under moderate fire weather conditions will protect and promote
ecological and cultural resources, and communities” more effectively than to through
management of fire risk via suppression and/or efforts to eliminate all fire from the
landscape, including novel fire landscapes caused by warming in the Arctic. In dried and
degraded peatlands of the Arctic region, fuels management will be more complicated
outside the boreal forest and forest-tundra gradient, where mulching treatments that
convert canopy and surface fuels to a masticated fuel bed can limit peat burn depth in Black
Spruce (Picea mariana) stands (Wilkinson et al., 2018). Privately-owned grassy tussock
tundra and dwarf shrub tundra vegetation types are more likely to burn than low shrub
tundra in Alaska (Hu et al., 2015), showing relatively rapid vegetation re-greening within a
decade after burning (Rocha et al.; 2012). Prescribed burning could be effective in fuels

management for tussock and dwarf shrub landscapes of the tundra.

Prescribed burning effectiveness for peatlands is less clear. Peat fire risk and burn depth,
however, is less influenced by canopy and ground vegetation and more by soil bulk density
(impacting air availability in soils), the water table depth, and precipitation (Kieft et al.,
2016). After the devastating 2010 fires in the Moscow region, the regional government
undertook an ambitious 70,000 ha peatland rewetting project to reduce fire risk (Sirin et al.,
2014), a landscape-scale process that can be monitored using existing Earth observation
sensors at the moderate resolution (30 m Landsat to 10 m Sentinel-2; Sirin et al., 2018). To

date, the effectiveness of this campaign is unclear but in practical terms should reduce fire

3-6



3131
3132
3133
3134
3135
3136
3137
3138
3139
3140
3141
3142
3143
3144
3145
3146
3147
3148
3149
3150
3151
31562
3153
3154
3155
3156
3157

3158
3159
3160
3161

National Data Check AMAP SLCF Assessment Chapter 3 (v0 - 180520)

risk. In the larger context of CHa, Glinther et al. (2020) used a radiative forcing model to
determine that methane emissions from peatland rewetting are less significant in the short-
term when compared to the CO; emissions from degraded or drained peatlands increasing

long-term warming when rewetting is postponed.

Adaptive management strategies of the timber industry in Fennoscandia could also reduce
fire risk. Intensive management via ditch network maintenance and fertilization of drained
peatlands will increase timber values while also rewetting the peat (Ahtikoski and Hokka,

2019). Prescribed burning for silvicultural retention and maintaining.and regenerating pure

stands can also reduce fuel loadings while increasing biodiversity (Lindberg et al., 2020).

The variable with the highest uncertainty is people - as ignition sources and determining
how demographic, migration, and/or development patterns into these changing landscapes
will impact fire activity and related emissions (Robinne et al. 2016; Reilly et al. 2019). For
example, consider agricultural landscapes as one source of fire. Expanding climate-driven
agricultural frontiers in the high northern latitudes under RCP 8.5 scenario for 2060-2080
could add 8.5 million km? of new croplandsiin Canada and Russia alone, expanding wheat
and maize production into areas with carbon-rich or peat soils (Lee et al., 2020). Further,
Parfenova et al. (2019) found crop growing conditions would be established in the
permafrost zone of West Siberia under RCP 2.6 and 8.5 by 2080, favorable for wheat and
maize production. These crops are commonly managed via open burning practices in
Canada, the U.S., eastern Europe, and Russia (Kutcher and Malhi, 2010; McCarty et al.,
2017; Theesfeld and Jelinek, 2017; Shiwakoti et al., 2019). Thus, seasonality of burns and
management of croplands, grasslands, and deciduous forests may occur at times when

transport to the Arctic is likely, i.e., late winter/early spring (Hall and Loboda, 2018).

3.1.3 Long term emissions from open biomass burning

Comparisonof five biomass burning emission models include the Global Fire Emissions
Database (GFED; van der Werf et al., 2017); the Fire Inventory from NCAR (FINN;
Wiedinmyer et al., 2011); the Global Fire Assimilation System (GFAS; Kaiser et al., 2012); the

Quick Fire Emissions Dataset (QFED; Koster et al., 2015); and the Fire Energetics and
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Emissions Research (FEER; Ichoku and Ellison, 2014) was completed for 2005 through 2018.
This builds on the previous work of the 2015 AMAP assessment of BC and ozone (AMAP,
2015), which included 2005 biomass burning emissions from GFAS, GFED, and FINN. It
should be noted that GFED is used in the CMIP5 and CMIP6 inventories and analyses (van
Marle et al., 2017). For each global fire emissions model, the area of interest was defined
roughly as 45° to 80° North (N) globally, split by latitude ranges of 45° to-50°N, 50° to 60° N,
60° to 70° N, and 70° to 80° N. Average annual emissions from open biomass burning from
all sources (agriculture, boreal forest, tundra, peat, etc.) were calculated for 2005-2018 for
black carbon (BC), methane (CHa), carbon monoxide (CO), and particulate matter (PMzs). A
custom AMAP open biomass burning emissions inventory was developed for this report by
co-authors McCarty and Fain (Supplemental Figure 3). VIIRS active fire from day and night
detections (Oliva and Schroeder, 2015) were assumed to completely burn each 375 m?
pixels. A ‘best-guess’ land cover was created from three different land cover products, with
a sample (n = 30 locations) validation of land cover type performed for each country.
Ultimately, the 750 m VIIRS Surface Type land cover product (Zhang et al., 2018) was used
for North America, Greenland, and the Russian Federation, augmented by the revised 1 km
Circumpolar Arctic Vegetation Map (Raster CAVM; Raynolds et al., 2019) for missing values
in the High Northern Latitudes. For Norway, Sweden, and Finland, the 10 m Land Cover Map
of Europe 2017 from the Sentinel-2 Global Land Cover Project (Gromny et al., 2019) was
used. All land cover maps were reclassified into the International Geosphere-Biosphere
Program (IGBP) classes (Loveland et al., 1999) for ease of emission calculations. Fuel
loadings and combustion completeness were taken from Van Leeuwen et al. (2014), with
tundra values used for Greenland. Emission factors were taken from Akagi et al. (2011), with

updates from Andreae (2019).

Most fire activity and emissions occur between 50° and 60° N, with very few open biomass
burning emissions between 70° and 80° N and zero satellite observations of fire above 80° N
(Figure 3). The latitude band of 50° to 60° N corresponds to the southern extents of the
Boreal region, an area experiencing increasing fires due to climate change (de Groot et al.,
2013) and includes the largest wildfires in British Columbia’s history, burning 1.2 million ha

in summer 2017 (Kirchmeier-Young et al., 2019).
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Figure 3. Annual black carbon (BC) emissions in Tg from three commonly used global fire
emissions models split by latitude ranges for the Arctic Council Region, 2005 - 2018; note
the y-axis has been standardized for each model for ease of comparison; dotted line is the

trend for BC emissions from open biomass burning for 50° to 70° N.

In the 14-year emissions estimates from GFAS, GFED, and FINN, a clear shift has occurred
since the mid-2000’s where more fire is occurring above 60° N than in the temperate zone
of 45° to 50° N, where large amounts of human-caused burning and wildfires throughout
North America, Europe, and Eurasia (Figure 3). This trend is more pronounced in GFED and
GFAS than in FINN, respectively, though all models show a positive trend (note the dotted
line in Figure 3). The 2005 to 2018 multi-model annual average black carbon emissions from
all open biomass burning sources in the Arctic (60° to 80° N) and adjacent regions known to

impact smoke transport into the Arctic (45° to 60° N) is 340,000 tonnes. The years with the
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3207  highest multi-model average are 2012, 2008, and 2015 with BC emissions of 450,000
3208 tonnes, 440,000 tonnes, and 410,000 tonnes, respectively. The lowest annual average BC
3209 emission from the five global fire emissions models are 2008 and 2013, with 270,000
3210  tonnes. The fire emissions model with the consistently highest BC emissions is QFED, with
3211  an annual average of 680,000 tonnes (Figure 3). FEER, GFAS, and GFED have more
3212  agreement, with annual BC emission averages of 320,000 (+ 70,000) tonnes, 300,000 ( +
3213  71,800) tonnes, and 250,000 (+ 61,000) tonnes, respectively. FINN hasthe lowest annual
3214  average BC emissions of 130,000 tonnes, with higher emissions in outlier years in 2012
3215 (197,000 tonnes) and 2008 (186,000 tonnes). The custom AMAP-model produced emission
3216  estimates slightly higher than FINN (Figure 4) for year 2018. The AMAP model predicts BC
3217  emissions of 129,000 metric tonnes and CH4 emissions of 1,390,000 metric tonnes,
3218 compared to FINN’s 105,000 metric tonnes of BC and 1,190,000 metric tonnes of CHa.
3219  Compared for 2018 only, GFED has marginally higher BC emissions than GFAS, while
3220 methane emission estimates from GFAS are substantially higher than GFED.
3221

CH4 BC

AMAP Model AMAP Model

FEERv1.0-G1.2 FEERv1.0-G1.2
QFEDv2.5r1 QFEDv2.5r1
GFASv1.2 GFASv1.2
FINNv1.5

FINNv1.5

GFEDv4s GFEDv4s

o
N
w
IS
o
o
o
[N
o
~
o
o

3222

3223  Figure 4. Annual 2018 BC and CH4 emissions in Tg from five global fire emissions models and
3224  acustom AMAP fire.emissions model for the Arctic Council Region.

3225

3226  Ground-based official statistics vary greatly by country or sub-region (i.e., Alaska and

3227  Greenland) for circa 2019 (Table 1). The Russian Federation has the highest burned area,
3228  with over 100,00 km? burned, resulting in ~25.6 tonnes of BC. In 2019, open biomass

3229  burning in European Russia - comprising Northwestern, Central, Southern, North Caucasus,
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and Volga Federal Districts - accounted for only 190 km? of burned area (®PBY
"ABMAZTECOOXPAHA", 2019). Approximately 98.2% of burned area in Russia occurred in the
Urals, Siberia, and Far East Federal Districts. In general, Fennoscandia and European Russia
is the region with the lowest burned area and open biomass burning emissions (Figure 5),
with all regions experiencing the most burning in 50° to 60°N and the second most burning
in the latitudinal band of 60° to 70°N. Alaska (USA) and Canada account for approximately
29,000 km? of total pan-Arctic biomass burning and 22% of the BC emissions. Greenland is a

novel fire regime in the Arctic, with two relatively significant wildfiresin 2017 and 2019, but

accounted for more burned area and emissions than Norway or Finland. In 2019, the

majority of open biomass burning and related emissions for the Arctic Council nations

originated in Siberia and the Russian Far East.

Country/ Year Official BC (metric | PM2s CH4 SO,
Region Burned tonne) (metric (metric (metric
Area (km?) tonne) tonne) tonne)

USA/ 2019 10,481° 2.660 81.40 31.71 5.85

Alaska

Canada 2019 18,389° 4.667 142.81 55.63 10.27

Denmark/ | 2019 8¢ 1.27E-04 2.88E-02 6.59E-02 1.27E-03

Greenland

Norway 2019 0.03¢ 7.61E-06 2.33E-04 9.08E-05 1.68E-05

Sweden 2018 250¢ 0.063 1.94 0.76 0.14

Finland 2019 6f 0.002 0.05 0.02 0.003

Russia 2019 100,7858 25.579 782.72 304.90 56.27
Total 129,919 32.97 1,008.95 393.09 72.53
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Table 1. Summary table of BC, PM3.5, CHs, and SO; emissions from reported statistics on
burned area in the Arctic member nations; sources for burned area from ?(Alaska Division of
Forestry, 2020); ®(CIFFC, 2020) ; ¢(Markuse, 2019); ¢ (DSB, 2020); ¢(Betidnkande av 2018 ars
skogsbrandsutredning, 2019); f(Ketola, 2020); 8(®EY "ABUAJIECOOXPAHA", 2019); fuel
loadings and combustion completeness from Van Leeuwen et al. (2014) for boreal forests,
with tundra values used for Greenland; emission factors taken from GFED with 0.5 g/kg

assigned to boreal forest ecosystems and 0.04 g/kg assigned to peat for Greenland.
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Fennoscandia &
European Russia
North America &
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Russian Far East
Fennoscandia &
European Russia
North America &
Greenland
Siberia &
Russian Far East

Figure 5. Average black carbon (BC) emissions in Tg for 2015 to 2018 from three global fire

emissions models split by latitude ranges for the three biomass burning regions.

Elemental Carbon Concentrations Case Study: Arctic & Boreal Canada

A case study of Arctic and boreal sites by Environment & Climate Change Canada (ECCC),
illustrates long-term observed elemental carbon (EC) concentrations at Alert (82°27'N,
62°31'W) and East Trout Lake (54°21'N,104°59'W). Figure 6 shows the relative locations of
these two sites, which were also compared with corresponding assembled GFED/CMIP6
biomass burning emissions for Northwest Canada over the same period. Alert is mainly
influenced by emission sources from Northern Eurasia and North America, depending on the
season (Hirdman, et al., 2010; Stohl et al., 2013; Xu, et al., 2017). Biomass burning from North

America influences Alert more during summer than winter. East Trout Lake is located, a
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boreal forest site, largely impacted in the summertime from the widespread fires across

Canada, particularly in western Canada.

Carbonaceous Aerosol Baseline Monitoring Network over Canada
(2006-2015): Constraining Regional Emissions in North.America

® Alert (GAW)

® EC/OCconcentration&
related carbonisotopein PM
on filters, co-located with light
absorption/scattering and flask-
air sampling for GHGs at the
same sites.

Estevan Point / Whistler Mt.

Figure 6. The carbonaceous aerosols sampling network for EC/OC and carbon isotope
measurements by ECCC for characterizing the impacts of the major emission or transported

sources over Canada; results from Alert and East Trout Lake are described in the text.

Comparing the time series and seasonal variation of EC from these two sites provides insight
on the impacts of biomass burning from North America on the EC transported to the
Canadian Arctic. Figure 7 shows EC six-month means time series (dark gray bars: November to
April; light gray bars: May to October) over 2006 to 2015 at Alert in the top panel,
corresponding results from East Trout Lake in the middle panel (dark gray bars: November to
April; light gray bars: May to October), and the six-month means time series of assembled
biomass burning from GFED emissions in CMIP6 (van Marle et al., 2017) from the upwind
area of East Trout Lake from 2006 to 2015 in the bottom panel. It is obvious that the inter-
annual variation of EC in the middle panel is well correlated with the changes of biomass
burning emissions in the bottom panel (R? = 0.89), indicating that about 90% of the inter-

annual changes in atmospheric EC at boreal East Trout Lake can be explained by the changes
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of biomass burning emissions from the upwind area, i.e., Northwestern Canada. It is also
noticeable that the inter-annual variations of EC at Alert from the top panel look largely
different than those observed at East Trout Lake in both winter-spring and summer-fall
seasons. This may imply that the inter-annual variations of EC at Alert were not due to the

biomass burning impacts from North America.
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Figure 7. Comparison between the observed EC inter-annual seasonal trends at Alert (top
panel) and at East Trout Lake (middle panel), with corresponding assembled GFED/CMIP6
emissions from upwind area (bottom panel) over the period of 2006-2015. Y in the regression
equation is EC concentrationsin the middle panel, whereas X in the equation is the BC

emission in the bottom panel.

Comparing the seasonal profile of EC monthly means from East Trout Lake with biomass
burning emissions, Figure 8 shows that the seasonal variation of atmospheric EC at this boreal
site is well correlated with the corresponding profile of GFED/CMIP6 biomass burning
emissions (R? =0.93). This suggests that more than 90% of the EC seasonal profile at East
Trout Lake was caused by the biomass mass emissions from the upland wind area. Seasonal

variation of EC at Alert (top panel) shows an opposite pattern from East Trout Lake (middle
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panel), with the relatively higher concentrations during winter-spring months and relatively
lower concentrations during summer-fall months. With a small peak in July implying that
while biomass burning-emitted EC from North America are not the main sources to the EC
concentration in the Arctic overall, the influence of the biomass burning-emitted EC during
summer seasons from North America could not be ruled out. To further guantify the relative
fraction of biomass burning transferred to the Arctic region, *C measurements are required

in conjunction with the Lagrangian dispersion model.
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Figure 8. The comparison of the observed EC mass seasonal variations at Alert (top panel) and
at ETL (mid panel) and the corresponding assembled GFED/CMIP6 emissions from up-wind
area (bottom panel) over the period of 2006-2015; Y in the regression equation is EC
concentrations in middle panel, whereas X in the equation is the BC emission in the bottom

panel, indicating that there is a good correlation between the two variables.
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3.1.4 Emissions from ‘natural’ fires

Lightning strikes, fire weather, and fuels conditions are the controlling processes for
‘natural’ fires, i.e. fires not caused directly by human activity. Box et al. (2019) note that
increased wildfires in the Arctic will likely be driven by drier conditions, increased
maximum temperatures, and lightning-caused ignitions. Increased convective cloud
formation has been documented in the Russian Arctic (Chernokulsky and-Esau, 2019) and
the North American boreal forest (Veraverbeke et al., 2017), with a 5% increase in
convective storms in Northern Europe by end of century (Pucik et al;;, 2017). Krause et al.
(2014) predict burned area to increase 40 to 50% in the high latitudes under climate-forcing
scenario 8.5 given predicted changes in fuel loads, fuel moisture, and increased lightning
frequency. End of century modeled fire-climate interactions under RCP 6.0 for Alaska found
that summer temperature and annual moisture are the most important climatic thresholds
driving the likelihood of new novel wildland fire regimes in tundra and the boreal forest-
tundra boundary (Young et al., 2016). In general, lightning frequency is expected to increase
over areas north of 50°N. The strongest relative increase is approximately 100% across far
northern Europe under RCP 8.5 scenario by the end of the century (Groenemeijer et al.,
2016). Moreover, since summers are expected to become drier in the future, the role of
lightning as an ignition source for wildfires may increase for northern Europe. These future
models align with lessons learned from historical controlling processes of natural fires in the
Arctic region. Paleofire meta analysis of boreal biomass burning during the Holocene (4,000
to 200 years BP) for the boreal zone of North America and Fennoscandia general trends in
boreal biomass burning were primarily controlled by climatic changes, mainly mean annual
precipitation in Alaska, northern Quebec, and northern Fennoscandia and summer
temperatures in central Canada and central Fennoscandia (Molinari et al., 2018). Boreal
needleleaf evergreen fuel composition at the landscape-level across Alaska and central and

southern Fennoscandia was secondary to climatic controls.

3.1.5 Human-caused open biomass burning emissions
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Open biomass burning from anthropogenic activities like agriculture, timber, and energy
extraction will increase in the Arctic as climate change expands human-dominated
landscapes northward, increasing potential ignition sources (Figure 1). For the case of
Greenland, the 2019 wildfire was caused when an outdoor smoke over ignited dry ground
near a public camping site of the world-renowned Arctic Circle Trail (McGwinn,2019),
indicating that tourism will need to adapt to increased fire risk in tundralandscapes.
Greenland wildfires in 2017 and 2019 occurred east of Sisimiut in tundra areas with low
vegetative cover and degraded permafrost, but high carbon soils, during warm, dry, and
sunny summers (Evangeliou et al., 2019). Timber extraction and site preparation currently
cause large wildfires in the Arctic region, including the 2014 Vastmanland fire - the largest
single wildfire event in Sweden’s history (Lidskog et al., 2019). Northward agricultural
expansion will likely increase human-caused open burning as wheat and maize establish in

previously permafrost areas of West Siberia (Parfenova et al., 2019).

3.1.6 Climate change will increase ‘natural’ fire emissions in the Arctic

An overall increase in natural fire risk is'expected in the Arctic, as well as associated
emissions. Natural fires, i.e., lightning-caused fires, are estimated to increase as lightning
strikes are predicted to increase (Pucik et al., 2017; Veraverbeke et al. 2017). Using the RCP
8.5 scenario, Teufel and Sushama (2019) estimate a 2.0°C threshold will be reached around
2031, causing 42% of pan-Arctic permafrost to abruptly degrade and increase fire severity in
Russia, Canada, and Alaska (Figure 1). Under RCPs 4.5 and 8.5, wildfire emissions could
exceed anthropogenic emissions in northeastern Europe by 2090, including Sweden and
Finland (Knorr et al., 2016). There is a clear consensus that longer fire seasons will increase
in the eastern boreal forests of Canada (Boulanger et al., 2013); central and northwestern
Canada (Boulanger et.al., 2014); and European Russia (particularly Karelia and
Leningradskaya), West Siberia, and the Far East (Sherstyukov and Sherstyukov, 2014). Wang
et al. (2017) note that a recent increase in the fire season in Canada has led to the increase
in the total number of fire spread days, leading to large increases in total fire size and
emissions for early season fires like the Fort McMurray megafire in Alberta. Lengthening the

fire season means increased potential for more and larger fire emissions throughout the fire
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season, starting earlier in spring and lasting later into autumn. Further, suppression of
wildfire in Canadian boreal communities has increased their likelihood of flammability
(Parisien et al., 2020), calling into question what other willand-urban interfaces in the Arctic

region may have similar risks due to long term aggressive fire suppression.

3.2 Uncertainties in future open biomass burning emissions

3.2.1 Satellite-based fire emissions

Uncertainties in emission inventories are driven by availability.and quality of fire activity
data from satellite- and ground-based sources. Current global fire emission inventories rely
on satellite-derived fire activity from active fire detections, burned area mapping, and fire
radiative power (Liu et al., 2020). Satellite-based observations of fire in the Arctic
underestimate open burning in agricultural landscapes, surface fires in boreal forests, and
smouldering peat fires. For example, current emission inventories, like GFEDv4, based on
satellite-derived products of burned area underestimate human-caused burning in
agricultural landscapes and mixed forests in Eurasia between 50° to 65° N by ~2,100 km?
annually for 12 regions of interest (Zhu et al., 2017), indicating that actual burned area from
anthropogenic sources in the Eurasian boreal zone is currently underestimated by as much

as 16%.

Surface fires under forest canopies dominate fire regimes in much of Northern Eurasia,
which are not well quantified.in current satellite-based burned area products (Duncan et al.,
2020) and thus emission inventories. Smouldering fires in carbon-rich humus and peat
landscapes will be difficult to detect, as smouldering combustion occurs at much lower
temperatures than flaming combustion; 500 °C to 700 °C versus 1500 °C to 1800 °C,
respectively (Rein et al. 2008). Daily, global observations of low-intensity fire from existing
satellite systems are limited currently to the Visible Infrared Imaging Spectroradiometer
(VIIRS) (Johnston et al., 2018). Smouldering fires in the Arctic can be mapped via regionally-
tuned algorithms designed to ingest daily active fire detections from multispectral VIIRS

(Waigl et al., 2017) and hyperspectral Hyperion (Waigl et al., 2019). In general, satellite and
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drone detections (Burke et al., 2019) of smouldering peat fires are difficult because these
ground fires are low temperature and can burn underground and re-emerge in new
locations (Rein, 2016), with additional existing detection constraints from coarse resolution
(> 1 km) global satellite sensors, canopy cover, and cloud cover (Johnston et al., 2018). A
further complication is that peat fires can smoulder for months, years, and.even decades
(Hu et al., 2018), burning laterally and vertically below surface, appearing to be
extinguished, but releasing smoke at the surface in a different location.than the original
ignition site. In Alaska, this phenomenon is referred to as holdover; overwintered, and/or
zombie fires, difficult to allocate as a single - but complex - fire event from cumulative
satellite active fire and burned area pixels. For example, in April 2020, the Alaska Division of
Forestry was monitoring several active smoldering peat firesfrom the ~ 5 km? Deshka
Landing Fire of August 2019 that had overwintered near. Willow, Alaska despite heavy snow
melt (Alaska Wildland Fire Information, 2020). Preliminary results by Scholten and
Veraverbeke (2020), indicate that overwintering fires are more likely to be holdovers from

high severity fires, emerging more frequently in lowland black spruce-dominated forests.

3.2.2 Lack of agreement between official statistics and satellite-based emission

inventories

Earth observations from satellite products are powerful tools for forecasting (Pickell et al.,
2017), improving rapid response post-fire modelling (Miller et al., 2017), and quantifying fire
in the boreal and Arctic regions (Hislop et al., 2020). Consistently, however, there has been
little correlation between satellite-derived and official estimates of burned area (Fusco et
al., 2019). Loepfe et al. (2012) found that multiple satellite fire products had high correlation
with official reports of burned areas for Sweden, but little to no correlation with official
statistics for Finland. Agreement of official Russian burned area statistics from fires in
Siberian forests was less than 10% when compared to four satellite-based burned area
products (Kukavskaya et al., 2013). The Global Wildfire Information System (GWIS;

https://gwis.jrc.ec.europa.eu/), a joint program between the Group on Earth Observations

(GEO; https://www.earthobservations.org/geoss wp.php), the Copernicus

(https://www.copernicus.eu/en/services/emergency), and NASA (https://www.nasa.gov/),

uses the MODIS MODG64A1 Collection 6 Burned Area product (Giglio et al., 2018) to create
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country-level burned area statistics. GWIS satellite-derived burned area overestimates open
biomass burning in both Norway and Finland by 199% and 129%, respectively, when
compared to official statistics. GWIS underestimates by approximately 48% for total open
biomass burning in Sweden. Future open biomass burning emissions will need improved
satellite fire methodologies for the Arctic region and also shorter latency in ground reports

and statistics from official agencies.

Country Year Official GWIS BC (metric BC (metric
Burned Burned Area | tonne) from tonne) from
Area (km?) [ (km?) official stats GWIS
Norway 2019 0.03 13 7.61E-06 3.30E-03
Sweden 2018 250 154 0.063 0.039
Finland 2019 6 28 0.002 0.007

Table 2. Burned area and black carbon emissions.from official burned area statistics

compared to GWIS satellite-derived burned area and calculated BC emissions; emission

calculations use the same fuel loadings; emission factor, and combustion completeness

from Table 1.

3.2.3 Climate-driven ignitions, vegetation shifts, and fuel conditions

Ignition likelihood is often modeled by considering the moisture conditions of ground fuels
(i.e., litter) and the organic layer (i.e., forest canopy), whereby humans are the most likely
source of fire on the ground and lightning the source for canopy fires (Wotton et al. 2003).
Veraverbeke et al. (2017) introduced a positive feedback loop between climate, lightning,
fires and northward forest expansion, whereby surface energy fluxes from forests
appeared to be statistically increasing the probability of lightning in Alaska: “warming may

increase treeline lightning and fires; increased treeline fires may facilitate northward
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expansion of forest; increased high-latitude forest may feedback to further increase local

lightning.”

Climate change may have both positive and negative impacts on boreal forests and forestry
(Reyer et al., 2017). In the near future, these changes may be positive but become negative
in the mid- and long-term. In general, climate change accelerates forest growth at high
northern latitudes due to a longer growing season. Moreover, elevated CO; concentration
decreases transpiration and increases photosynthetic rate and thus enhances forest growth
(Peltola et al., 2002; Ellsworth et al., 2012; Kellom4&ki et al., 2018). However, abiotic and
biotic damages in particular may have opposite effects on forest growth (Seidl et al., 2014).
For example, drought increases the risk of forest fires, but also negatively impacting the
growth of Norway spruce (Picea abies) and exposing trees to biotic damages. Snow damages
are estimated to increase in northeastern Europe but decrease elsewhere in Europe by end-
of-century under scenarios 4.5 and 8.5 (Gronemeijer.etal., 2016). Wind damage risk is

expected to increase due to the shortening of soil frost period (Venéldinen et al., 2020).

Future climate conditions are expected to become more favourable for forest fires in the
Boreal zone, even highly managed regions. By integrating the seasonal severity rating index
(SRI) with the Canadian Fire Weather Index, Lehtonen et al. (2016) found that climate
change increases the probability of large forest fires in Finland under scenario RCP 4.5.
Finland can expect an increase in the number of days of very flammable conditions by
approximately 13% for 2019-2039, 40% for 2040-2069, and 55% for 2070-2100 when
compared with 1980 to 2010. Here, the increase of fire risk is expected to be caused only by

climate warming.

Many forest insects responsible for bug kill of trees will benefit from climate change due to
established linkage of increased habitat range and increased winter temperatures
(Pureswaran et al., 2018). Climate-driven bug kill increases the amount of easily burnable
material in forests and can influence fire risk. For example, a large-scale bark beetle invasion
could increase the amount of fuels via dead wood, increasing ignition risk and crown fire risk
as well as increasing the need, danger, and cost of fuels and fire management of insect

attacked forests (Jenkins et al., 2014). According to Venéldinen et al. (2020), a warming
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climate is likely to increase the risk of bark beetle outbreaks and wood decay caused by
Heterobasidion spp. root rot in Finland’s coniferous forests. Moreover, the probability of
forest-damaging cascading and compounding events, i.e., large-scale wind damage followed
by a widespread bark beetle outbreak, may increase remarkably in the future for the High

Northern Latitudes.

3.2.4 Constraining fire intensity and plume injection height for fire emissions

Future fire emissions in the boreal zone must consider fire intensity. Wotton et al. (2017)
found that by mid- and late-century under both RCP 4.5 and RCP 8.5, the number of days
where fire intensity of wildfires (i.e., crown fires) in the Canadian boreal zone will be
practically unmanageable by ground crews and/or aerial support, like water bombers. For
instance, Canadian wildland firefighters operationally. use several key thresholds to guide
fire operations based on fire intensity. Wotton et al.(2017) report that at 2 MW m™ fire line
intensity, ground resources request aerial firesupport to hold fireline; at 4 MW m™ aerial
fire suppression via air tankers lose effectiveness at directly controlling a fire line; at 10 MW
m~! heavy air tankers are not effective for holding or suppressing a fire line. Emissions from
functionally uncontrollable fires, i.e., megafires, in boreal forests are not well quantified due
to uncertainties in combustion efficiency observations and estimates (Xu et al., 2020) and
lack of fine-scale burned area products.that account for small waterbodies, with a capacity
to map combustion in “wet”, intermediate drainage soils with high soil carbon often
dominated by species like black spruce (Picea mariana) (Walker et al., 2018). However, fire
intensity does not always prohibit vegetation recovery. Shvetsov et al. (2019) found that
high fire frequency in the Zabaikal region of southern Siberia, when combined with positive
surface temperature anomalies, is more likely to negatively impact the post-fire
reforestation process than severe burns - which actually had higher vegetation recovery

rates.

Smoke injection height and smoke detrainment height is critical to estimate the transport of
smoke plumes (Sokolik et al., 2019). Detrainment occurs when turbulence moves smoke
particles beyond plume boundaries or when the smoke plume is weak enough to be torn
apart by turbulence of the surrounding air. Current satellite-based injection height models
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must model smoke detrainment (Val Martin et al., 2018), whereas direct observations of
detrainment height are important to determine the transport and deposition capacity of a
smoke plume to (Sokolik et al., 2019). Yu et al. (2019) found that an August 2017 wildfire fire
in British Columbia, Canada produced a pyrocumulonimbus (pyroCb) event that injected
smoke into the stratosphere, with an initial smoke injection height of 12 km but eventually

rising to 23 km in the atmosphere due to solar heating of BC over a two month period.

3.2.5 More future fires in Arctic peatlands, but where and how much?

Peat smouldering can emit large quantities of smoke, contributing to hazardous air quality
(Hu et al., 2018). Current global fire emissions inventories underestimate peat fires, as
forest fuel types currently drive fuels maps and profiles (Liu et al., 2020). Boreal zone
peatland fires are not well quantified in terms of fuel loadings (Van Leuwen et al., 2014).
High uncertainty in emission factors for boreal peat fires (Hu et al., 2018) has led to
improved laboratory-derived emission factors from.sampled peat from Russia and Alaska

(Watson et al., 2019).

With a warming climate, there is a risk of increasing peatland and “legacy carbon” fires
(Ingram et al., 2019) in boreal forests, particularly in stands younger than 60 years where
drying limits the resilience of the carbon rich soils (Walker et al., 2019) and in drying fen
watersheds near large settlements, like the costliest wildfire in Canada’s history - the May
2016 Horse River/Fort McMurray fire (Elmes et al., 2018). Future emission estimates from
peat fires will need to know where and in what condition these carbon-rich soils are,
particularly as predicted moderate and severe drought in boreal peatlands western Canada
are expected to increase fire size by over 500% (Thompson et al., 2019). Pan-Arctic maps of

peatlands are still incomplete (Yu et al., 2010; Wu et al., 2017; Xu et al., 2018).

Climate mitigation efforts, like restoration or rewetting of peatlands, do not eliminate the
role of fire as.a management tool (Davies et al., 2016) nor the risk of wildland fire in peat
landscapes. Thus, future fire emission inventories will need to include complex peat fuels
conditions and loadings. For example, restoration of peat is not a linear process, with
previous results in Canada showing one to two decades needed for restoration and
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rewetting of degraded peatlands that have residual peat and vegetation to ‘seed’ the sites
(Nugent et al., 2019). Until these restored peatlands have sufficient moisture and vegetation
cover, they are still susceptible to fire risk (Gewin, 2020). Burn depth in peat can be limited
in naturally wet and rewetted peatlands if the surface maintains a high moisture content via
hydrological and vegetation processes (Granath et al., 2016). Maintaining these needed
hydrogelogical processes is difficult for degraded, unmanaged peatlands..In‘Alberta,
wildland peat sites lacking constant sources of water and depositionalinputs experienced
severe burning on margins (Ingram et al., 2019) while Wilkinson et.al.(2019) found forested
peatland margins were extremely vulnerable to peat smouldering combustion, especially in
previously burned areas with > 60 years since fire. Ronkainen et al. (2013) expect a warmer
climate to lower water tables via evapotranspiration for unmanaged peatlands in Finland,
thus increasing wildfire risk. Producing more complete fuel loadings for peatlands across the
Arctic region can follow methodologies set by Johnston et al. (2015) to augment the

dynamic boreal and taiga fuel loadings, e.g. Ivanova.etal. (2019).

3.2.6 Uncertainties in permafrost degradation

While not all permafrost is confined to peatlands, many discontinuous permafrost sites are
dominated by peatlands in Canada (Estop-Aragonés et al., 2018; Gibson et al., 2018), Russia
(Hugelius et al., 2014), and Sweden (Chang et al., 2019). Further, current climate models
may be missing the link between melting soil ice, sometimes referred to as thermokarst
processes, and potential permafrost degradation of the currently stable and carbon-rich
northeast Siberian Arctic lowlands (NESAL). Nitzbon et al. (2020) indicate that we can expect
a threefold increase of permafrost melt in the NESAL region under RCP 4.5 by 2100 when
thermokarst processes are combined with increased temperature projections in numerical
modelling, potentially.increasing the amount of peat fuels in an already high fire activity
region. Combining current peatland distribution maps with newer modeled datasets of
predicted mid-century and late-century permafrost extent and geohazard indices under
climate-forcing scenarios (Karjalainen et al., 2019) can reduce uncertainties to determine

where 1) increased peat fire risk and locations due to permafrost melt and 2) decreased
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capability to deploy ground-level wildland firefighting, thus limiting ability to control future

peat fires and fire emissions in the Pan-Arctic.

Permafrost areas, especially at their southern distributions, are being disturbed by wildfires
(Holloway et al., 2020). In Alaska and northwestern Canada the impacts of wildfire
disturbances on permafrost has been well quantified. For instance, post-fire-permafrost
change in Alaska showed surface warming greater in boreal sites thantundra, with surface
temperatures higher for previously burned sites than at unburned sites, even after
vegetation recovered for one to four decades (Jiang et al., 2017)..Though the vast majority
of fires in the continuous and discontinuous permafrost zones occur in deciduous needleleaf
forests (Loranty et al., 2016), knowledge gaps on post-fire permafrost resiliency exist for
larch-dominated forests (Larix spp.) in Siberia. Likewise, uncertainties persist for post-fire
permafrost resiliency in the boreal forests of eastern Canadian, like Quebec and Labrador

(Holloway et al., 2020).

3.2.7 The role of people in future Arctic fire regimes

Determining the impact of humans on fire risk is dependent on local- to national-scale
actions that may increase fire and emissions via deforestation, transportation networks,
energy extraction, and agricultural open burning as well as decrease fire and fire
emissions via active suppression. Riley et al. (2019) note that humans on a global scale have
been able to disrupt and sometimes uncouple the direct relationship between temperature
and biomass burning, asking “[I]s there a threshold in the magnitude of climate change after

which humans will no longer be able to affect this relationship?”

On a practical level, people are the main ignition sources for fires in the Arctic region, while
lightning ignitions tend to lead to larger fire sizes. In interior Alaska, where lightning-
caused fires account for 95% of total burned area (Veraverbeke et al. 2017), 52% of total
ignitions were human in origin but occured in areas of high fire suppression resulting in only
5% of total burned area from 1990 to 2016 (Calef et al. 2017). Archard et al. (2008)
estimated 65% of all forest fires in the Russian Federation to be caused by human ignition,
and a more recent study finding approximately half of all fires in Sakha Republic are caused
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by anthropogenic activities (Kirillina et al., 2020). Throughout boreal Canada, anthropogenic
factors increase fire probability (Parisien et al., 2016), with humans igniting most fires close
to roads while lightning-caused fires are responsible for the majority of burned area in
remote areas (Gralewicz et al., 2012). Blouin et al. (2016) found that 45% of wildfires in
Alberta were started by lightning, but responsible for 71% of burned area. In Finland,
lightning-caused fires account for less than 15% of forest fires (Larjavaara etal., 2005).
Machines used for forestry operations in stony areas of Sweden account for 330 to 480
annual ignitions and 40% of total burned area (Sjostrom et al., 2019). For the 19 European
countries reporting fires and ignition sources to the European Forest Fire Information

System (EFFIS; https://effis.jrc.ec.europa.eu/), de Rigo et al. (2017) determined only 4% of

fires were from natural sources, with half of the fire records‘lacking a verified cause.
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Supplemental Materials for Chapter 3. Open biomass burning

Country/ Year Official Fuel Black Combustion Black
Region Burned Loading Carbon Completeness | Carbon
Area (km?) | (kg/km?) Emission | (%) Emission (g
Factor converted to
(g/kg) metric
tonne)

USA/ 2019 10,481° 1080 0.5 47 2.660

Alaska

Canada 2019 18,389° 1080 0.5 47 4.667

Denmark/ 2019 8¢ 1650 0.04 24 1.27E-04

Greenland

Norway 2019 0.03¢ 1080 0.5 47 7.61E-06

Sweden 2018 250¢ 1080 0.5 47 0.063

Finland 2019 6 1080 0.5 47 0.002

Russia 2019 100,7858 1080 0.5 47 25.579

Supplementary Table 1. Black carbon emissions from reported statistics on burned area in

the Arctic member nations; sources for burned area from 2(Alaska Division of Forestry,

2020); ®(CIFFC, 2020)

. C
’

(Markuse, 2019); ¢ (DSB, 2020); ¢(Betdnkande av 2018 &rs

skogsbrandsutredning, 2019); f(Ketola, 2020); 8(®EY "ABUAJIECOOXPAHA", 2019); fuel

loadings and combustion completeness from Van Leeuwen et al. (2014) for boreal forests,

with tundra values used for Greenland; emission factors for BC taken from GFEDv4s with 0.5

g/kg assigned to boreal forest ecosystems and 0.04 g/kg assigned to peat for Greenland.
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Comparison of five biomass burning emission models, including the Global Fire Emissions
Database (GFED; van der Werf et al., 2017); the Fire Inventory from NCAR (FINN;
Wiedinmyer et al., 2011); the Global Fire Assimilation System (GFAS; Kaiser et al., 2012); the
Quick Fire Emissions Dataset (QFED; Koster et al., 2015); and the Fire Energetics and
Emissions Research (FEER; Ichoku and Ellison, 2014), was completed for the entire Pan-
Arctic region. Supplemental Figures 1 - 4 show details of the variation of these peer-
reviewed satellite-based emissions inventories. It should be noted that GFED is used in the

current CMIP runs and analyses (van Marle et al., 2017).
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Supplementary Figure 1. Boxplot summaries of total annual emissions of BC in teragrams
for 45° to 80° N from 2005 to 2018. Emissions from GFED, FINN, GFAS, QFED, and FEER plus
an average of the fivemodels is included. The horizontal bar is the median, with the mean
indicated as a diamond. The box shows the 25th to the 75th percentile, and the whiskers
show 1.5 times the interquartile range. Points outside the interquartile range are shown as

dots; the FINN outliers are for years 2008 and 2012.
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Supplementary Figure 2. Boxplot summaries of total annual emissions of BC in teragrams
for 45° to 80° N from 2005 to 2018 as calculated by GFED, FINN, GFAS,and an average of the
three fire emissions models. The horizontal bar is the median, with the mean indicated as a
diamond. The box shows the 25th to the 75th percentile, and the whiskers show 1.5 times
the interquartile range. Points outside the interquartile range are shown as dots; the FINN

outliers are for years 2008 and 2012.
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Supplementary Figure 3. Density plot of the 2018 annual emissions (Tg) for CH4, CO, BC, and
PM2.s from six satellite-based global biomass burning emission models: GFED v.4s, GFAS

v1.2, FEER v1.0-G1.2, FINN v1.5, and a custom AMAP SLCF model produced by chapter co-
authors McCarty and Fain (2020) for 45° to 80°N.

The current satellite-based fire emissions models are not consistent in their ranking of which
produces the highest overall emission estimates, particularly when considering emissions
from CHs, CO, and PM_s (Supplementary Figure 3). Fire emission calculations are not linear
calculations and thus we expect to see these differences. Consistently, FINN is the model

with the lowest emission estimates.
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Supplementary Figure 4. Area plots of annual BC emissions in teragrams (Tg) from five
global fire emissions models split by latitude ranges, 2005 - 2018; note each latitude break is

a cumulative sum and each panel has different y-axis.
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4. Advances in measurement techniques and observational capacity
(note — this draft is a compilation of files located in the assessment C4 google drive)

Policy-relevant science question:
e Are the current monitoring activities (of atmospheric concentrations) sufficient to
capture anticipated source changes?
e Why do we need long-term observations?

4.0 Introduction
(Julia et al.) : Why do we need long-term observations? ... Is the eurrent network sufficient to

be representative...

4.1 Particulate matter

(Kondo et al.)

4.1.1 BC in the atmosphere

(Kondo and Koike; Last revised on April 7, 2020)

This section provides an overview of methods used to measure mass concentration of BC.
Accurate measurements of BC are crucial for understanding of behaviors of BC,

assessing and improving emission inventories and transport models, and mitigation
strategies designed to reduce the warming of the Arctic. Development and assessment of BC
measurements need to be made not only for the Arctic but from viewpoint of global BC

studies.

4.1.1.1 BC measurements using SP2

Size distribution of BC have been measured by single particle soot photometer (SP2), based
on the laser induced incandescence (LIl) technique with a typical accuracy of about 10%.
More details.of SP2 are given in section 4.1.1.2. SP2 is regarded to have a number of
advantages over other techniques (Bond et al., 2013). 1) It is not influenced by the mixing
state of BC. 2) It is not influenced by non-BC particles. 3) Calibration standard is well
established. 4) By integrating size distributions, total mass concentrations of BC (Mgc) can be

4-1
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derived accurately. Considering these advantages, SP2 is recognized as the most reliable in
measuring BC mass concentrations. SP2 instruments have been used for ground based, ship-
borne, and airborne measurements. These measurements were made mainly on a campaign

basis due to a difficulty in the maintenance of the system.

In addition to mass of individual BC particles, SP2 can provide information on the mixing

state of BC, namely coating thickness and way of internal mixing (coating or attached).

4.1.1.2 Measurements of BC by instruments other than SP2

Most autonomous and continuous measurements of BC mass.concentrations in ambient air
(Msc) have been made by filter- based optical technique (AMAP 2015). At many locations,
particle soot absorption photometer (PSAP; Radiance Research, Seattle, WA, USA),
Aethalometer (Magee Scientific, Berkeley, CA, USA).and multi-angle absorption photometer
(MAAP; Thermo ESM Andersen Instruments, Erlangen, Germany) (Petzold and Schonlinner,
2004) have been used. However, the accuracies of the MBC values derived from these
measurements have not been critically evaluated in the Arctic. There are two major
uncertainties in these filter-based absorptiontechniques that are caused by non-BC aerosol

compounds.

First, absorption coefficients bass (M=) must be derived from measured attenuation
(absorption and scattering) of light by subtracting the scattering contributions from non-BC
aerosols in the filter medium based on the empirical relationship using independent
measurements of aerosol scattering coefficients (bscat). For MAAP, measuring reflectance at
two angles as well as transmittance with which radiative transfer is solved across the filter,
insensitivity to the co-existing light-scattering particles has been evaluated (Petzold and

Schonlinner, 2004).

Second, Mge (g m3) is derived as Mgc = baps /MAC, where MAC (m? g™!) is the mass
absorption cross section of BC. The MAC value is affected by non-BC aerosol compounds

coating the BC particles, which produce a lensing effect. Previous studies have
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recommended a wide range of MAC values (10 — 29 m? g!) for individual locations and

seasons (Eleftheriadis et al., 2009; Hirdman et al., 2010; Sharma et al., 2006).

The COSMOS instrument was designed to overcome these deficits of the previous filter-
based optical technique (Kondo et al., 2011). It uses a heated inlet to evaporate major
fractions of non-BC aerosol components in the incoming air sample. As a-result, one does
not need to subtract a scattering contribution of non-BC particles and can use a constant
MAC value of about 10 m? g%, which depends only (and slightly) on the size distribution of
bare BC particles. In fact, an agreement within 10% was found between COSMOS and SP2
measurements at Ny-Alesund and Asia (Ohata et al., 2019), indicating that COSMOS is

traceable to SP2.

In general, Msc (PSAP) was highly correlated with Mac (COSMOS) at Barrow, Ny-Alesund, and
Alert (Sinha et al., 2017; Sharma et al., in preparation) and Msc (MAAP) at Pallas in Finland
(Hyvérinen et al., in preparation). Rescaling of the Msc (PSAP) and Msc (MAAP) data by Mac
(COSMOS) is possible at these sites. However, some cautions are needed in this scaling
procedures. Correlations between Mgc (COSMQOS) and Mz (PSAP) have not been evaluated
in regions outside the Arctic. Second, individual bgys for PSAP, Aethalometer, and MAAP
instruments are not fully calibrated (WMO/GAW, 2016), whereas baps for each COSMOS is
calibrated using atmospheric BC particles (Kondo et al., 2011). Therefore, it is desirable to

determine MAC of PSAP, Aethalometer, and MAAP by comparison of COSMOS.

Mg, so called EC, were measured also by the thermal-optical transmittance (TOT) methods
in the Arctic (Sharma et al., 2017; Sinha et al., 2017). Further comparisons with other
techniques such as SP2 and COSMOS will provide improved estimates of the accuracy of this

method.

4.1.2. Measurement method of BC in snow/ice and rain

(Kondo andKoike (Last revised: April 8, 2020)

Because BC in snowpack lowers their albedo and potentially accelerates ice-albedo

feedback, accurate measurements are crucial for understanding of evaluation of their

4-3
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impacts and improving transport models. As described in section 4.1, currently most reliable
measurement technique of atmospheric BC is SP2. Progresses have been made on the use

of SP2 for measurements of BC in snowpack and precipitation since the last AMAP report.

4.1.2.1 Measurements of BC by instruments other than SP2

Mass concentrations of BC in snow (Cwmac) in Arctic regions have been measured mainly by
the Integrating Sphere/Integrating Sandwich spectrometer (ISSW) method (AMAP 2015:
Doherty et al., 2010). In this method, Cvsc measured by ISSW is estimated from spectrally
resolved measurements of the absorption coefficient of solid particles collected on a filter,
by assuming a unitary absorption Angstrom exponent for BC-and associating most long-
wavelength (650—-700 nm) absorption to BC. However, these techniques have large
measurement uncertainties attributed mainly to interference from co-existing non-BC solid
particles, such as mineral dust, and filter undercatch (Doherty et al., 2010, 2016; Schwarz et

al., 2012).

Cwvec has also been measured by the thermal-optical transmittance (TOT) method (Aamaas
et al., 2011; Forsstrom et al., 2009, 2013). Lim et al. (2014) reported both overestimations
and underestimations of Cmec measured by the TOT method, depending on the sample

origin.

4.1.2.2 Measurements of BC by SP2

Recent studies have shown that the size distributions of BC in snow and rain water can be
measured accurately by a single-particle soot photometer (SP2) based on a laser-induced
incandescence technique, combined with a nebulizer (Jaobi et al., 2019; Kaspari et al., 2011;
Lim et al., 2014; Macdonald et al., 2017; McConnell et al., 2007; Mori et al., 2016, 2019;
Sinha et al., 2018; Wendl et al., 2014).

Melted snow samples are injected into a concentric pneumatic nebulizer to generate
airborne BC particles, which are introduced into an SP2 for the detection of BC. The

detectable mass equivalent diameter of BC is typically 70-600 nm (Lim et al., 2014). The
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upper limit of detectable BC size has been expanded to about 4170 nm and the overall
accuracy of the measured BC concentrations in water was estimated to be about 16% (Mori
et al., 2016). BC size distributions in snow samples obtained in the Arctic have been shown
to be stable for 10-42 months after they were melted and stored in glass bottles at about
4°C. This indicates that BC losses due to adhesion on the inner walls of the glass bottles are

small.

Cwmec measured by ISSW from Alaska, Greenland, and Ny-Alesund are higher than those
measured by SP2 by a factor of 13 (Mori et al., 2019), suggesting that these values were
significantly overestimated, although the two studies differ in their sampling locations and
dates, consistent with laboratory measurements (Schwarz et-al., 2012). The magnitude of
the discrepancy revealed in this study indicates that the SP2 should be preferred for

measuring BC in snowpack.

4.2 Mineral dust

(Outi, Antti et al.)

4.2.1 Single-particle measurement of FeOy

(Kondo and Koike; Last revised on Aprit8, 2020)

The laser-induced incandescence (LIl) method utilizes incandescent light from strongly light-
absorbing and refractory particles passing through the laser beam, such as refractory BC,
silicon, nickel, and tungsten. The single-particle soot photometer (SP2) is an instrument
implementing LIl technique with an intracavity Nd:YAG laser (A = 1064 nm). Among
incandescent particles, BC has been shown to be generally the most numerous in the
atmosphere. Thus, the SP2 has been used for the measurement of BC. Moreover, because
the SP2 detects.individual particles in real-time, it can be used for rapid real-time

measurements of BC mass and mixing state (Schwarz et al., 2015).
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However, iron oxide (FeOy) is also refractory, and some species, such as magnetite and
hematite, are strong light-absorbers. Recent studies have demonstrated that the LII
technique can be used to measure light-absorbing iron oxide particles quantitatively
(Moteki et al., 2017; Yoshida et al., 2016, 2020). Detailed analyses of the light signals
obtained by the LIl have shown that individual light-absorbing iron oxide particles can be
identified and quantified. LIl signals can be used to distinguish iron oxide particles arising
either from natural or anthropogenic sources. An evaluation of the mixing state of iron

oxide particles is also possible.

The LIl technique have important advantages over the filtration technique for FeOy
measurements. 1) Time resolutions for number and mass concentration are greatly
improved. 2) Size distributions can be obtained. The fundamental limitation of the LII
technique compared with filtration techniques is difficulty of unambiguous chemical
speciation of ambient FeOx. In smaller particle size, FeOx incandescence efficiency may
decrease from ~100% in a way depending on the operating laser power and FeOx
composition. In particle size larger than ~1000 nm, FeOx measurement by LIl technique will
be primarily limited by the size dependent transmission efficiency of FeOy particles thorough
the aerosol sampling system. Depending.onthe purpose, a complemental use of the LII

technique and filtration techniques is recommended for ambient FeOx observations.

4.3 Ozone

4.3.1 Introduction

This section discusses different measurements of ozone and its precursors, in particular
NOx, CO and VOCs including in-situ techniques used to make observations at the surface
and vertical profiles.using airborne platforms and sondes. Remote sensing measurements by
lidar and from satellite are also discussed. Methane is a key precursor for tropospheric
ozone, via its oxidation in the presence of sufficient. Anthropogenic CH4 emissions have
been estimated to be responsible for around half of pre-industrial to present-day 03

radiative forcing (Stevenson et al. 2013). The current status of observational capacity to
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provide adequate information about the distribution of ozone and its precursors, and

changes in ozone concentrations (trends) and budgets is also addressed.

Radiative properties (to be moved to Report Introduction): Ozone radiative forcing in the
Arctic is highly sensitive to the altitude at which ozone produced from a particular emission
source or region perturbs the O3 profile. Different sources/regions will contribute different
magnitudes at different altitudes to ozone abundances and forcing (Wespes et al., 2012;
Monks et al., 2015). Radiative forcing responses to emission perturbations in different
regions are dependent on source attribution (i.e. how much mid-latitude emission reaches
the Arctic or is produced from a local Arctic emission) as well as photochemical O3
production sensitivities to emissions from different regions. Forcing due to changes in Arctic
surface O3 may be most sensitive to European or local sources, whereas emissions from
North American and Asian sources are more important in the mid- and upper troposphere
(Monks et al., 2015; Wespes et al., 2012).. The presence of temperature inversions in the
Arctic lower troposphere may result in negative local forcing (Rap et al., 2015), in particular
for local sources such as shipping (Marelle et al., 2018). Based on parameterised source-
receptor sensitivities for a range of CMIP6 SSP scenarios, Turnock et al. (2019) illustrated the
significant contribution of methane to future O3 concentration reductions globally

(including the high latitudes) and global radiative forcing (see Fig. X).

4.3.2 Measurement techniques

4.3.2.1 In-situ ozone and precursors: surface data

Surface O3 is generally measured using optical methods, where air samples are continuously
drawn through a UV-lamp chamber, where it is measured by UV absorption at 254 nm. The
stability of the instruments is ensured by addition of known concentrations of ozone from
an internal ozone generator traceable to a primary standard. The uncertainty of the UV is
within 7 % on a 95% confident interval following EN 14625 standard (e.g. Skov et al. 2020).
Lately, the absorption cross section of O3 has been evaluated and most likely the absorption
cross section will be decreased by 1.23% leading to higher O3 concentrations (Tarasick et al.,

2019 and references in there). The UV absorption instruments are robust and provide
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accurate measurements with only minor interferences from other compounds (e.g. Ollison
et al. 2013). Other types of instruments are less frequently used in the Arctic. In the past,
the chemiluminescence of O3 with methylene has been used. Differential Optical absorption
spectroscopy (DOAS) is also used in the Arctic. It uses an open pass of typically of a few

kilometers path length and Xe lamp as light source (e.g. Lorenzen-Schmidt et al. 1998).

Ozone precursors:

In the Arctic, NOx and NMVOC concentrations are generally low, posing additional
difficulties compared to more southerly latitudes, where pollution levels are higher. NOx is
most often measured with monitors using chemiluminescence. Sample air is split into two
sub-streams, where the first leads directly to the analytical chamber where NO is detected
by the chemiluminescence reaction of NO with O3. The other sample stream passes over a
catalyst (e.g. gold) where NO2 is reduced to NO and followed by the detection of the sum of
NO and NO2 (NOx). The catalysts are not specific for NO2 but reduces also PAN, N205,
HOONO2 and other reactive nitrogen species (e.g. Skov et al. 1996). Instruments are
available that can measure with low interference from other compounds e.g. NOx monitors
using a photolytical converter, DOAS, cavity ring down, Cavity Attenuated Phase Shift (e.g.
Kebabian et al. (2005). CO has been measured by NOAA at Alert, Barrow and Ny Alesund by
grap sampling approximate once a week in 1989, 1992 and 1994 onwards (www.
esrl.noaa.gov ). Online technologies for CO measurement are available today e.g. FTIR using
a white cell, cavity ring down techniques or on-line gas chromatography (www.
ebas.nilu.no). Gautrois et al. (2003) reported long-term VOC concentrations for Alert,
where a 7 year time-series of VOC mixing ratios was determined using off-line techniques
(GC-MS) and with a time resolution of 9 days. A few campaigns at specific stations focused
on measurements with high time resolution of VOCs (Gao et al., 2012; Hornbrook et. al,
2016; Mungall et al., 2017; Mungall et al., 2018) and shipborne measurements (Sjosted et
al., 2012). Lately, oxidized and aromatic VOCs were measured with high time resolution
(April 2018 to October 2018) (Pernov et al. 2020) using Proton Transfer Reaction Time of

Flight Mass Spectrometer.

4.3.2.2 Vertical profiles (ozonesondes, lidar, aircraft)
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Ozone soundings provide a long-term record of Arctic O3 through the depth of the
troposphere. Since 1990 regular soundings for longer time periods (years) are available from
~10 stations north of 602N. The measurements are mainly conducted using the balloon-
borne Electrochemical Concentration Cell (ECC) ozonesonde, reaching an altitude of about
30 km. Biases in tropospheric measurements are reported to be 1.0+4.4% in the lower
troposphere and 5.31+4.4% in the upper troposphere (Tarasick et al., 2019).

Tropospheric measurements of ozone using ground-based differential'absorption lidar
(DIAL) has become available for shorter periods in the Arctic, e.g. at Eureka (Seabrook and
Whiteway,2016). DIAL measurements offer temporal resolution down to minutes and
vertical resolution comparable to ozonesonde measurements depending on operation
setup. Precision and bias in tropospheric measurements are reported to be better than 10%
and 1+8% respectively (Tarasick et al., 2019).

Similar techniques as used in ground based monitoring are also deployed on aircraft based
observation platforms. Since AMAP (2015) additional observation campaigns with aircraft
data in the Arctic are available including the campaigns AToM (Brune et al., 2019) and

PAMARCMIP 2018 (ref?).

4.3.2.3 Satellite data

An increasing number of space-borne sensors retrieve tropospheric trace-gas distributions,
offering regular, continuous coverage in poorly observed regions, such as the Arctic. Polar
orbiting and sun-synchronous orbiting satellites give global coverage with regular overpass
times. Many instruments have accumulated long-term multiannual datasets with which to
assess inter-annual variability and trends in tropospheric composition. Tropospheric ozone
column amounts and some profile information are available from sensors in the ultra-violet
(UV)/visible (GOME-1, GOME-2, OMI) and infra-red (IR) (TES) wavelength ranges. Limb
sounders such as'the IR AIRS and TES instruments and MLS microwave instrument offer
improved vertical profile resolution at the expense of spatial coverage and horizontal
resolution (Pittman et al., 2009). In addition, satellite sensors retrieve information on ozone
precursor species and oxidants, including NO2, CO, CH4 and BrO. The recently launched
TROPOMI instrument allows broad spectral retrieval across UV, visible and infra-red

wavelengths, allowing measurement of a range of pollutants (NO2, 03, HCHO, methane,
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CO) with a spatial resolution of less than 7km. Profiles of PAN have been retrieved from the
MIPAS and TES IR instruments (Pope et al., 2016; Zhu et al., 2015), and the ACE FTIR
instrument provides information on a wide range of species (see model evaluation in
Chapter XX) in the upper troposphere (UT) region.

Despite the potential for extensive Arctic data coverage from satellite sensors; there are
challenges in the reliable use of satellite observations to inform our understanding of
tropospheric ozone and precursor distributions at high latitudes. Vertical sensitivity is
limited, and varies according to environmental factors, meaning that fully resolving vertical
profiles and layers of different composition and source influence:is difficult. At Arctic
latitudes, the sampled altitude range of limb instruments can often be within the lower
stratosphere, limiting information available on troposphericozone and precursors. UV /
visible wavelength instruments are unable to retrieve data in darkness, negating their use
during polar winter. Retrievals may also have limited reliability at high latitudes, due to
problems with lower surface-atmosphere thermal contrast for IR retrievals (Clerbaux et al.,
22009), extensive Arctic cloud cover, and high surface albedo. Finally, a paucity of in-situ
observations for satellite data evaluation may lead to poor confidence in retrieved
abundances in the Arctic troposphere, and make it difficult to assess the impacts of
instrument drift and inter-comparability between satellite platforms for the region (for

example between different ozone sensors).

4.3.3 Recommendations

e Only a very limited number of stations provide long-term monitoring of surface
ozone and related precursors/oxidants, and in many cases records are not
continuous and large data gaps exist, especially in the eastern Arctic, Arctic Ocean
and terrestrial locations. In particular, measurements of CO, NOx, VOCs, PAN and
halogenated species are needed to allow better source characterization especially in
a changing Arctic where local emission sources are increasing. Long-term monitoring
of atmospheric composition at existing stations is essential for accurate
determination of trends and needs to be continued and integrated into a Pan-Arctic
observation network, building e.g. on IASOA and WMO GAW. Opportunities exist to

make continuous measurements on commercial shipping.
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e Sites collecting vertical ozone profiles using ozonesondes/lidar are limited and in
many cases, records are not continuous. There is still a lack of vertical ozone
measurements in the eastern part of the Arctic. The development of new techniques
provides additional opportunities for regular monitoring (e.g., tethered balloons,
unmanned aerial vehicles, measurements on commercial aircraft). Airborne
campaigns provide detailed vertical information about Arctic chemical composition,
origins and processes. However, very few campaigns have focused on ozone since
AMAP 2015.

e Satellite data can provide spatial information about ozone and certain
precursors/oxidants, and some limited vertical information, but more attention is
needed to improve retrievals, understand biases and instrument limitations at high

latitudes.

4.4 Methane

(Frans-Jan, Lise Lotte et al.)

4.5 Cloud properties from satellite observations

(Abhay Devasthale, Manu Anna Thomas, Joakim-Langner, Makoto Koike, Yutaka Kondo et al.)

4.5.1 Introduction

The impact of clouds on the Arctic climate is multifaceted (Kay et al., 2016). Clouds exercise
radiative and dynamical control on the Arctic environment and also interact with other
components of the Arctic'climate system. The importance of monitoring clouds and
evaluating them in the chemistry transport and climate models in the context of AMAP can

be justified due to the following reasons.

a) Cloud properties and cloud radiative effects respond to the changes in aerosols and their
precursor gases. Indirect effects of aerosols on clouds and also aerosol processing by clouds
in a pristine Arctic environment is highly sensitive to the changes in concentration and type
of cloud condensation or ice nuclei (CN) (Garrett and Zhao, 2006; Lubin and Vogelmann,

2006; Mauritsen et al., 2011; Loewe et al., 2017; Lohmann, 2017; Zamora et al., 2017; Eirud
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et al., 2019). The availability of CNs is primarily driven by the transport of pollutants from
the southerly latitudes when the Arctic Ocean is locked by sea-ice during polar winters,
while the CN contribution from the ocean additionally plays a role when the sea-ice melts

during polar summers.

b) The net surface radiative impact of clouds in the Arctic is positive (i.e..warming) due to
the dominance of longwave warming, except during few summer months (Kay and L’Ecuyer,
2013). This implies that the changes in clouds (and thus the surface longwave warming)
could have an impact on seasonal sea-ice evolution in the Arctic Ocean and snow-covered
land surfaces, which in turn has an impact on aerosol availability, optics and dynamics. This
intrinsic coupling of clouds to the large-scale atmospheric dynamics (primary driver for
cloud distribution), local meteorology (e.g. control by temperature and humidity inversions),
aerosols (CCN-limited regimes), and other climate components demands that clouds should

be monitored along with other climate variables in the context of AMAP.

c) Through liquid and ice precipitation processes, clouds influence wet deposition of

pollutants in the Arctic (Yamagata et al., 2009).

4.5.2 Available suite of satellite based cloud climate data records

Monitoring clouds in the Arctic using the network of in-situ measurement stations or from
the dedicated campaign measurements is challenging due to harsh environmental
conditions and due to the fact that the central Arctic consists of ocean. The space based
satellite observations therefore offer a practical and economically viable alternative in this
context. An enormous progress has been made in the last decade in improving our
understanding of clouds globally, including in the Arctic, from the space based observations.
The polar orbiting meteorological satellites carrying passive imaging sensors that are
capable of providing cloud description have been flying since 1978. These primarily NOAA
and EUMETSAT satellites have flown the Advanced Very High Resolution Radiometer
(AVHRR) instrument onboard, the data from which are currently available for nearly four
decades. This has led to the compilation of several global cloud climate data records

(CDRs).
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Here, the Arctic cloud properties from the four longest CDRs are presented. The
climatological averages are obtained over the 35-year period from 1982 to 2016. The first
CDR investigated is the most recent version from the pioneering International Satellite
Cloud Climatology Project (ISCCP-HGM, Young et al., 2018). The second CDR is'the second
edition of EUMETSATSs Climate Monitoring Satellite Application Facility (CM SAF) Cloud,
Albedo and surface Radiation dataset from AVHRR data (CLARA-A2, Karlsson et al., 2017).
The third CDR is from the NOAAs Pathfinder Atmosphere Extended Program (PATMOS-x,
Heidinger et al., 2014). The fourth CDR is from the framework of the European Space
Agency (ESA) Climate Change Initiative (CCl) program (Stengel et al., 2017). It is to be noted
that CLARA-A2, Cloud-CCl and PATMOS-x are AVHRR-based CDRs and employ the same
AVHRR (inter)calibration. However, they differ in their cloud property retrieval approach.
The active lidar and radar sensors onboard CALIPSO and CloudSat satellites, which are a part
of the NASA’s A-Train constellation, have proven instrumental in training, evaluating and
improving these CDRs in the last decade. These active sensors have revolutionized our views
of clouds globally. However, the data records from the active sensors are still not long
enough to provide a climatological perspective: The strengths and limitations of the four
CDRs and their retrieval approaches are documented in the respective publications
(Heidinger et al., 2014; Karlsson et al., 2017; Stengel et al., 2017; Young et al., 2018) and
their global intercomparison is documented in Karlsson and Devasthale (2018). Note that
the uncertainties and differences in.the retrievals of cloud microphysical properties,
including liquid and ice water paths, among these CDRs which are based on passive sensors

are high in the central Arctic, limiting the quantitative climate quality comparisons.

4.5.2.1 Climatological overview of cloud amount and cloud top pressure

The large-scale atmospheric circulation patterns primarily govern the spatial distribution
and variability of clouds in the Arctic (Cesana et al., 2012; Kay et al., 2016; Lenaerts et al.,
2017; Devasthale et al., 2020). The transport of heat and moisture in to the Arctic occurs
mainly from the Atlantic and pacific sectors, bringing about changes in the thermodynamical
conditions that influence cloud processes over the ocean areas. This transport often favours

high cloudiness throughout the year over the Atlantic and Pacific sectors, as visible in the

4-13



5414
5415
5416
5417
5418
5419
5420
5421
5422
5423
5424

5425
5426

5427
5428
5429
5430
5431
5432
5433

National Data Check AMAP SLCF Assessment Chapter 4 (v0 - 180520)

climatological distribution of cloud fraction in all four CDRs (Fig. 4.1). The cloudiness in the
parts of Greenland and Norwegian Seas is about 80-90% in annual average. The persistent
cloudiness is also usually observed over the Barents and Kara Seas. The Canadian
Archipelago and Beaufort Sea, on the other hand, show the lowest cloudiness, which is also
represented in all four CDRs. Over the Central Arctic (north of 70N), the local
thermodynamical conditions (e.g. temperature and humidity inversions).govern cloudiness.
The cloudiness there is generally in the order of 60-70%. However, the areas that have
highly reflective and cold surfaces (e.g. permanently sea covered parts.of the Arctic Ocean,
Greenland, parts of Siberia etc) present challenge while detecting clouds from the passive
sensors and thus the CDRs have largest uncertainties and differences in cloudiness over

these areas.

Fig. 4.1 Climatological mean total cloud fraction (in %) from the four satellite based CDRs.

One of the dominant meteorological phenomena in the Arctic is temperature inversion
(Bradley et al., 1992; Serreze et al., 1992; Kahl et al., 1996; Devasthale et al., 2010).
Inversions.are persistent in all seasons, including in the summer, and exert control on the
cloud top properties (Sedlar and Tjernstrom, 2009; Sedlar et al., 2012; Shupe et al., 2013).
The majority of clouds in the Arctic are low level stratus and stratocumulus, often capped by

inversions as the boundary layer height, cloud top entrainment and vertical mixing are
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limited by these inversions. Over the ice-free parts of the oceans, all four CDRs broadly
agree with one another and show cloud top pressures larger than 700 hPa in the regions
dominated by the stratus and stratocumulus clouds (Fig. 4.2). Over the ice-covered regions,
however, the differences among the four CDRs are larger. The cloud top heights (pressures)
in PATMOS-x and ISCCP CDRs are clearly higher (lower) compared to the othertwo CDRs.
This is due to many reasons. For example, the fraction of high clouds is higher in PATMOS-x
and ISCCP as the separability between the cold surfaces and cloud tops.as well as cloud
typing in the retrieval algorithms is different over the ice-covered regions. The handling of
the cold surface temperatures and the reliance and the usage of atmospheric temperature
profiles from the reanalyses is also different among these CDRs. The evaluation of CDRs
using active sensors shows that the passive retrievals in general overestimate cloud top
heights in the Arctic. In the lower troposphere, the presence of near isothermal vertical
structure often poses a challenge which assigning accurate cloud top heights in the

retrievals.

ESA Cloud CCI V3

Ton a0n 00

Fig. 4.2 Climatological mean cloud top pressure (in hPa) from the four CDRs.

4.5.2.2 Cloud radiative effects
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The seasonality in incoming solar radiation primarily drives the seasonality in cloud radiative
effects in the Arctic. As the optically thick low clouds are dominant over the ocean areas,
their high reflection of insolation over otherwise optically black ocean areas results into the
net cooling effect at the surface during the summer months, when the sea-ice is also
retreating towards the seasonal minimum in September. In the absence of insolation, the
longwave radiative effects dominate (Curry et al., 1996; Walsh and Chapman, 1998; Shupe
and Intrieri, 2004; Wang and Key, 2005; Kay and L’'Ecuyer, 2013; Kay et.al., 2016, Lenaerts et
a., 2017). The optically thick clouds capped by stronger inversions absorb and reradiate
longwave radiation to the surface, thus exerting positive CRE at the surface during the
majority of the year (Fig. 4.3).

The monthly spatial distribution of net CREs at the surface (Fig. 4.4) shows that over the
permanently ice covered ocean areas and Greenland, the CREs remain positive throughout
the year. Over the marginal sea-ice zones and open water northward of 60N, net CREs at the
surface are follow seasonality in the insolation. The estimates of CREs constrained by the
active CALIOP and CPR/CloudSat sensors show that the clouds only over the ocean areas in
the Arctic warm the surface by 10 W/m2 in annual average and cool the top of the

atmosphere (TOA) by -12 W/m2 (Kay and L’Ecuyer, 2013).

Surface CRE [Wim2)

|
50
J

Month
Fig. 4.3 Monthly CREs at the surface and top of the atmosphere over the Arctic (60N-90N).

The numbers. show annual average of CRE at the TOA and the surface. The results are based

on 15 years of data (2003-2017) from the NASA’s CERES instrument onboard Aqua satellite.
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Fig. 4.4: Climatological spatial distribution of CREs.at the surface. The results are based on

15 years of data (2003-2017) from the NASA’s CERES instrument onboard Aqua satellite.

4.5.3 In-situ measurements of cloud microphysical properties

Changes in anthropogenic aerosol emissions can affect clouds in the Arctic that play
fundamental roles for the Arctic climate. Reductions of Arctic sea ice and ice cover on the
land surface can also increase-emissions of natural aerosols which affect clouds. In the
Arctic, in situ measurements.of cloud microphysical properties have been made using the
light scattering, imaging, and hot-wire techniques, which have also been used for other
parts of the world (Baumgardner et al., 2017; McFarquhar et al., 2017). Although a
continuous in situ measurement is a challenge in the Arctic, the first year-round in situ
measurements of cloud microphysical properties in the Arctic were made at a mountain site
(Koike et al., 2019). More advanced cloud probes have also been developed in recent years,
primarily to discriminate between liquid and ice particles as well as to derive information of
morphologies of ice particles. Some of them have been used in Arctic researches. They

include probes measuring polarization in scattered light (CAS-DPOL, Baumgardner et al.,
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2014, Costa et al., 2017), spatial intensity distribution of near-forward scattered light (SID-3
or PPD-HS, Vochezer et al., 2016; Mahrt et al., 2019), polar light scattering function and
stereo images (PHIPS-HALO, Abdelmonem et al., 2011; Schnaiter et al., 2018), holographic
images (HOLODEC or HOLIMO II, Fugal and Shaw, 2009; Henneberger et al., 2013), and

interferometric laser image (ILIDS, Porcheron et al., 2015).

In addition to in situ measurements, vertical profiles of cloud microphysical properties were
estimated using combined measurements of 94 GHz cloud radar, ceilometer, and
microwave radiometer using Cloudnet algorithm (Nomokonova et al., 2019). The ground-
based remote sensing is a powerful tool also for validating satellite measurements over the

Arctic.

In the Arctic, in situ measurements of cloud microphysical properties have been made using
the light scattering, imaging, and hot-wire techniques, which have also been used for other
parts of the world (Baumgardner et al., 2017; McFarquhar et al., 2017). Although a
continuous in situ measurement is a challenge in the Arctic, the first year-round in situ
measurements of cloud microphysical properties in the Arctic were made at a mountain site
(Koike et al., 2019). More advanced cloud probes have also been developed in recent years,
primarily to discriminate between liquid and ice particles as well as to derive information of
morphologies of ice particles. Some of them have been used in Arctic researches. They
include probes measuring polarization in scattered light (CAS-DPOL, Baumgardner et al.,
2014, Costa et al., 2017), spatial intensity distribution of near-forward scattered light (SID-3
or PPD-HS, Vochezer et al., 2016; Mahrt et al., 2019), polar light scattering function and
stereo images (PHIPS-HALO, Abdelmonem et al., 2011; Schnaiter et al., 2018), holographic
images (HOLODEC or HOLIMO II, Fugal and Shaw, 2009; Henneberger et al., 2013), and
interferometric laserimage (ILIDS, Porcheron et al., 2015).

In addition to in situmeasurements, vertical profiles of cloud microphysical properties were
estimated using combined measurements of 94 GHz cloud radar, ceilometer, and
microwave radiometer using Cloudnet algorithm (Nomokonova et al., 2019). The ground-
based remote sensing is a powerful tool also for validating satellite measurements over the

Arctic.
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5. Observations, origins and trends of Arctic aerosols

Policy-relevant science questions:

What are the current abundance of short-lived climate forcers such as black carbon and
other particulates and ozone in the Arctic atmosphere? Or What is our-current

understanding of the abundance of these components?

What role do the natural sources play in emissions and concentrations?

Are the current monitoring activities (of atmospheric concentrations) sufficient to capture
anticipated source changes?

5.1 Particulate matter: black carbon, dust, inorganic and organic aerosols

(main authors) Julia Schmale, Sangeeta Sharma, Andreas Massling, Marco Zanatta, Outi
Meinander, Stefano Decesari, David Cappelletti, Hans Christen Hansson.
(contributing authors) Lin Huang, Joe, McConnell, Yutaka Kondo, Peter Tunved, Rita Traversi,

Silvia Becagli, Christian Zdanowicz, Elena Barbaro.

5.1.1. Significance of aerosols for the Arctic and new observations since the last report

Arctic amplification, a phenomenon observed as enhanced atmospheric warming compared
to other parts of the world, is.expected to be also strongly influenced by short-lived climate
forcers as aerosols, specifically black carbon and dust and their depositions on snow- and
ice-covered surfaces. In‘addition, various feedback mechanisms e.g. surface albedo
feedback or temperature feedback have been identified as strong contributors to Arctic
warming (Boy et al. 2019). Also, the contribution of climate feedback to the net aerosol
radiative effectin the Arctic is expected to increase in the future as the rate of climate

change accelerates amplifying feedback mechanisms.
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The availability of full yearly records of BC concentrations for observatories located in both
the western and eastern regions of the Arctic has now increased (Tgrseth et al., 2020) and
has enabled models to better constrain key parameters controlling aerosol transport, cloud

scavenging and deposition (Eckhardt et al., 2015).

The increasing emissions of dust particles caused by the retreat of snow surfaces over land
has become a frontier research topic. Extensive data on this topic are still missing and
important as dust significantly can modify the surface albedo of ice- and snow-covered
surfaces and thus contribute to the radiative balance of the Arctic atmosphere. Dust and BC
after atmospheric ageing are also potentially strong contributors to changes in cloud cover.
New observations have been carried out and continued on-other inorganic aerosol
compounds including anthropogenic substances co-emitted with BC. But year-round
particulate organic carbon (OC) measurements are only available for specific sites, although
the modification of biogenic aerosol production as a.consequence of marine and terrestrial
ecosystem changes needs further intense research to clear the picture of how feedbacks of

Arctic temperature change affect regional aerosol production.

Aerosol physical parameters as particle number size distributions, scattering and absorption
coefficients, number of CCN or INP active particles have only partly been established in
monitoring programs (Freud et al., 2017; Schmeisser et al., 2018; Jung et al., 2018). Long
term series of these parameters are key to evaluate the role of aerosols as short-lived

climate forcers on the climatic changes of the sensitive Arctic regions.

A detailed overview of aerosols observed in Arctic environments with a great potential for
climate effects is given below. The description includes BC, dust, aerosols of inorganic and
organic composition and their physical properties responsible for anticipated radiative
changes of the atmosphere. The subchapter divides into atmospheric near-surface and
vertical observations as well as such in ice and snow spanning from their origin and seasonal

cycles to historical and present day trends.

5.1.2. Concentrations, seasonal cycles and origin
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The stratified burden in aerosols concentrations measured in the Arctic are long range
transported along the pathways of isentropic synoptic scale circulation from the
anthropogenic emissions source regions in the south (Barrie 1986; Stone et al., 2014;
Sharma et al., 2013; Law and Stohl, 2007). Seasonal variation with lower aerosol
measurements during the summer are due to decrease in the frequency of this'synoptic
transport from the south, as the pressure systems change between October-April (Arctic
haze) and May-September (summer). The depositional losses also increase with efficient
wet scavenging during summer. During the Arctic haze, surface locations have direct
influence from anthropogenic sources in the Eurasian regions i.e. Siberia, > 2km from
Europe and North America and from deserts, biomass burning regions and Asia aloft, > 3km.
(Koch and Hansen 2005; Sharma et. al., 2013; others?). Local-natural sources become
dominant during the summer at the surface and long range transport of dust (Dagsson-
Waldhauserova et al., 2014; Groot Zwaaftink et al., 2017) and forest fires aloft (Evangeliou
et. al., 2019).

5.1.2.1 Surface aerosol observations

The state of black carbon (BC) observations has been recently thoroughly reviewed in a
dedicated technical report of the EU Action on Black Carbon in the Arctic (Tgrseth et al.,
2020). Figure 5.1.2.1.1 shows the monthly mean concentrations of equivalent black carbon
(eBC) at the five observatories in the high Arctic carrying on year-round long-term
monitoring. Nevertheless, continuous eBC measurements in Tiksi (Russia) have been
performed since 2009 while periodical observations are hosted at Cape Baranova. At Villum
in North Greenland measurements of eBC started in 2017. The Siberian observatories are
located relatively close to strong emission sources and exposed to low-level atmospheric
transport from the continent toward the Arctic ocean during winter. The monthly mean eBC
concentrations in Tiksi exceed 100 ng m™ in winter, more than four times higher than in the
western and European Arctic. Conversely, in the summer months mean BC levels range
between 5 and 12 ng/m3 at all stations indicating comparable effects of large-scale
transport and efficient wet scavenging in all geographical regions. Average BC
concentrations peak in late winter or early spring in correspondence with the Arctic haze

advection (Eckhardt et al., 2015; Gilardoni et al. 2019) with the exception of Summit which —
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by reason of its elevation — is normally not impacted by low-level transport. However, the
highest concentrations at Summit (>95-percentiles) are also observed in winter and early
spring, indicating that Arctic haze can occasionally reach the top of the Greenland plateau.
The climatology of the highest 5% of BC monthly concentrations show a second peak in mid-
summer at all observatories which can linked to fire activity. The other main patterns in the
yearly cycle of BC concentrations — as summarized by Eckhardt et al. (2015) = are the more
pronounced seasonality at Alert with respect to the other stations in the western Arctic, and
the delayed ramp-up period in late fall and winter at Zeppelin, indicating that for most of
the dark season the Svalbard are relatively well protected inside the polar dome from the
advection of pollutants from southerly regions. In addition to the stations considered here,
Te@rseth et al. (2020) report eBC measurements performed.over periods of 1 to 3 years at
other eight stations in North America and Europe. Periodical observations of eBC and EC are
also hosted at Cape Baranova (Popovicheva et al., 2019) and complemented by further eBC
measurements in the Russian Arctic seas in research ship experiments (Popovicheva et al.,
2017). Additional BC measurements in the central Arctic ocean are provided by the
MOCCHA research cruise (https://polarforskningsportalen.se/en/arctic/expeditions/arctic-

ocean-2018) and are carried out in the frame of MOSAIC.

The determination of source-diagnostics for BC represents a new frontier of BC monitoring
in the Arctic. The best established techniques for BC source attribution are based on the
analysis of carbon isotopes (613C and A14C) in elemental carbon (EC) samples. According to
the radiocarbon data discussed by Winiger et al. (2016, 2019), the biomass burning fraction
of EC in the pan-Arctic region was on average 39 + 10%. All sites are characterized by a
pronounced seasonality with a higher biomass burning fraction in the summer when fire
activity in the boreal forest is the highest (Mouteva et al., 2015). The stable isotopic carbon
fingerprints (613C) presented by Winiger et al. (2019) indicate that the combustion of liquid
fuel represented the major fraction of fossil EC at all sites for the period considered (2011 —
2015) (Fig. 5.1.2.1.2). However, on the basis of the long-term record of 613C determinations

carried out at Alert, a significant contribution to EC from gas flaring cannot be ruled out.
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7123
7124  Figure 5.1.2.1.1. Seasonal cycles of eBC at five observatories in the high Arctic. A mass

7125  absorption coefficient of 10 m?/g was used to convert absorption coefficients into mass of

7126  BC when not internally set by the BC instruments. Data source: EBAS.
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7127
7128  Figure 5.1.2.1.2. Source attribution of EC (mass-based analogue of BC) by dual carbon

7129  isotopic analysis (Winiger et al., 2019).

7130

7131  The recent observations of atmospheric dust have highlighted the importance of previously
7132  neglected sources at high latitudes. The locations of such high latitude dust (HLD) sources
7133  were identified in Bullard et al. (2016), as presented in Fig. 5.1.2.1.3. The authors have
7134  identified and compared the main sources and drivers of dust emissions in the Northern
7135  hemisphere including Alaska, Canada, Greenland, and Iceland. They found an overlap

7136  between HLD areas and cold deserts (Passarge, 1921) or Polar deserts which Péwé (1974)
7137  defines as areas where the mean airtemperature of the warmest month is <10°C and mean

7138 annual rainfall <250 mm.



7139
7140

7141

7142

7143

7144

7145

7146

7147

7148

7149

7150

7151

7152

7153

7154

7155

7156

7157

7158

7159

7160

National Data Check AMAP SLCF Assessment Chapter 5.1 (v0-180520)

= 0 5 0
- i, T
rastpel’
e o
B e
o Fumpa il
| MO .
B
& . I
. : L]
b=,
. o !
Y
v
& i -
ray
o Fooea Do
=g | o
| mm 4w
| .
1
|
| 5 b o
1
| LN x
g J S
'!' i s
1 : L i -
| [ Mkt Cry ‘niyn
e
L= — =] x . . . S s .
- o or o [ = r ar L L o = &t

Figure 5.1.2.1.3. “Global observations of high-latitude dust where filled circles indicate dust
storm frequency based on visibility data, and black triangles indicate georeferenced
published observations of dust storms (see text for details). Areas where the precipitation:
potential evapotranspiration ratio <0.65 (aridity index) [United Nations Environment
Programme, 1997] and subtropical dust emission zones are included for reference.” (Figure

3 of Bullard et al. 2016).

Dust has temporal and spatial variability, as well as episodic nature (Kaspari et al. 2014; Di
Mauro et al. 2015). For example, in lceland, the median annual PM1o dust concentration
during the dust events in northeast Iceland in 1949-2011 was calculated as 106 pug m=3, with
maxima of 122 ug m=3in May and September (Dagsson-Waldhauserova et al. 2017). About
50 % of the annual dust events in the southern part of Iceland take place at sub-zero
temperatures, when dark dust may be mixed with snow (Dagsson-Waldhauserova et al.
2015). Icelandic dust contains iron (Fe). Iron aerosols are emitted to the atmosphere by
both natural and anthropogenic processes. Natural aerosols with iron content (mineral dust)
are emitted by wind erosion (surface creep, saltation, and suspension) of soil in arid and
semi-arid regions (Acosta-Martinez et al., 2015) but iron is also used for production and
power generation. Long-term measurements of geogenic elements (like Al, Fe and Ca)
provide important information on the concentrations and variability of atmospheric dust in
the high Arctic. The corresponding datasets are at least partially available on EBAS or other

databases (such as NAtChem) for the stations of Villum, Alert and Zeppelin. The climatology
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of Al concentrations compiled for Villum by Fan (2013) indicates a seasonal cycle with
maxima in spring and fall and overlapping with the months of highest frequency of dust
storms in Iceland (Dagsson-Waldhauserova et al., 2014). Similarly, the concentrations of
geogenic elements in Ny Alesund show a maximum in March and April, when'the ground is
almost covered by snow and dust must be transported from lower latitudes (Conca et al.,
2019). In summertime, local sources (resuspension from bare glacial soils) can sustain dust
concentrations (Tobo et al. 2019). Finally, observations of aerosol iron, which can be used as
a tracer for light-absorbing dust, have been performed over the Arctic.ocean during

intensive field campaigns (Gao et al., 2019; Yoshida et al., 2020).

Aerosol sulfate and nitrate found in the Arctic environment-are transported from industrial
and transportation sources situated in the south. However, sulfate also has a natural
component such as the Volcanos and release of dimethyl sulfide (DMS) gas from oceans,
oxidation of DMS in the atmosphere to give sulfate and primary production by sea-salt.
Gaseous SOy and NOy oxidize in the atmosphere forming H.SO4 and HNOs, respectively.
These could readily condense onto pre-existing airborne particles or react with other
compounds to form new particles. The contribution of sources of sulfate and nitrate are
important towards the energy balance for understanding Arctic climate change.
Meteorology governs the seasonality in.the Arctic aerosol sulfate and nitrate concentrations
measured at 6 Arctic surface stationsthat includes Alert, Utqiagvik and Zeppelin and
Gruvebadet in Ny-Alesund, Thule and Villum (Figure 5.1.2.1.4 a and b). The patterns in
seasonality for aerosol nitrate and sulfate concentrations are followed at all locations.
Concentrations of sulfate and nitrate maximize in April due to buildup of Arctic haze, start to

decline and minimize during the summer.
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Figure 5.1.2.1.4: Seasonal variation of decadal or longer median aerosol nitrate(a) and
sulfate (b) concentrations at Alert, Utqiagvik, Zeppelin and Gruvebadet in Ny-Alesund, Thule
and Villum measurement stations (Villum to be added here!). The error bars are 5th and
95th percentile concentrations. (data source: EBAS and personal communication with Pl of

the station).

The comparison in concentrations among all measurements at all locations are very visible.
Aerosol nitrate and sulfate median concentrations measure higher at locations Alert, Thule
and Gruvebadet with the exception of Zeppelin which is at an altitude of 500m asl.

Measurements of nitrate and sulfate are minimum at Utqgiagvik.

Several studies have estimated the source apportionment of various sulfate sources.
Anthropogenic sources are predominant during winter/spring the anthropogenic input at
Ny-Alesund location (calculated as the differences between total sulfate and the sum of sea-
salt, crustal and biogenic contributes) was found to be the most relevant contribution to the
sulfate budget in summer and, especially, in spring 2014; crustal, sea-salt, biogenic and

anthropogenic sources accounted for 3.3, 12.0, 11.5 and 74.8 % (Yang et al., 2018).

However, the biogenic sulfate fractions up to 70%, become dominant during the summer as
the anthropogenic component declines at various locations in the Arctic including Alert
(Norman et al., 1999). During July 2014, results along the ship track of Amundsen showed
70% of fine aerosols (<0.49 um) and 86% of SO, were from biogenic sources

(Ghahremaninezhad et al., 2016).
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Organic aerosols (OAs) are characterized by a large diversity of sources, atmospheric
transformations and compositions. By reason of such complexity, the current knowledge of
the atmospheric lifecycle of organic aerosols in the Arctic is still very limited. Nevertheless,
observations of concentrations and properties of OA have significantly intensified in the
recent years. Organic compounds are deemed to be important in several processes
involving climate feedbacks on the biogenic emissions to the atmosphere, with a potential
impact on new particle formation, CCN number and cloud formation (Abbatt et al., 2018;
Boy et al., 2019). Organic aerosols are also associated with wildfire emissions and other

anthropogenic sources and can serve to trace BC emissions as well (Stohl et al., 2006).

Currently, the only long-term record of aerosol total organic carbon (OC) measurements in
the high Arctic stations is available — since 2006 — for Alert (Leaitch et al., 2018), but multi-
year observations are also available for Ny Alesund. (from 2011 to 2015 at Gruvebadet and
since 2017 at Mt. Zeppelin) and since 2008 at Villum. The seasonal trends of OC highlight
anthropogenic inputs during Arctic haze months (Figure 5.1.2.1.5). However, the summer
minimum is much less deep than for BC (Figure 5.1.2.1.1). On the contrary, OC
concentrations are sustained or even find a second maximum in mid-summer and find the
minimum only in September. The contribution to OC provided in summertime by sources
other than fossil fuel combustion (hence biomass burning or biogenic) is supported by
recent studies conducted in Tiksi and-at Utgiagvik on the basis of seasonal changes in the
OC/EC ratios (Popovicheva et al., 2019) and, for Utqgiagvik, also in the OC A14C fingerprints
(Barrett and Sheesley 2017).
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Figure 5.1.2.1.5. OC concentrations (monthly) means from Alert and Gruvebadet (Ny
Alesund). Data from Gruvebadet are not available for the dark season (Oct to Jan). Source:

unpublished data by Lin Huang (Climate Change Canada) and Rita Traversi (Uni. Florence).

Apportionment of OC mass to specific sources can be attempted with the employ of
chemical tracers such as levoglucosan and phenolic compounds for biomass burning
(Zangrando et al., 2013; Stohl et al., 2006; Yttri et al.. 2014; von Schneidemesser et al. 2009)
and, more recently, by means of online aerosol mass spectrometry (Jaatinen et al. 2014;
Willis et al., 2017; Tremblay et al. 2019; Nielsen et al. 2019). Most of the available
observations of organic chemical composition have been carried out in the frame of
intensive field campaigns at the observatories or involving measurements onboard research
ships (Fu et al., 2009, 2013, 2015; Hu et al., 2013; Fu et al., 2013; Ferrero et al., 2019). The
results have highlighted the seasonal change of OA composition from the haze period —
when the oxidation state of organic matter points to a long-range transport and organic
markers are clearly of anthropogenic origin — to the late spring and early summer season
when biogenic sources become dominant (Fu et al. 2015; Nielsen et al. 2019). The analysis
of the seasonal cycles of methanesulfonate (MSA) based on eight years of observations in
Ny Alesund (Svalbard) and Thule (Greenland) (Becagli et al., 2019) provides confirmation of
significant OA sources in the open ocean as well as from the biota colonizing the sea ice in
its marginal zone (Mungall et al., 2017; Dall’Osto et al., 2017, 2018). Recently, continuous
measurements of organic tracers and OA concentrations have been established at Mt.

Zeppelin (Karl et al., 2019).
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Measurements of chemical components started in the Arctic in the early 1980’s while
physical aerosol properties started during the late 1990ties. There is about 5 sites, Ny
Alesund with the Zeppelin Mountain site at Svalbard, Tiksi in the Lena river delta, Barrow in
Alaska, Eureka and Alert in Canada and Villum Research Station (Station Nord) in
northernmost Greenland around the Arctic, However only NyAlesund has been'measuring
particle size distribution since about 2000 without any longer interruption while others are
established later or has longer periods of interruption. From Ny Alesund measurements
(Tunved et. al, 2013, see figure 3.1.5.1) the seasonality is clearly observable with large
submicrometer particles, accumulation mode, in the spring that during the summer is
exchanged with about the same number but very much smaller, Aitken mode particles.
Which is followed by a slow buildup of accumulation mode particle concentration during
winter to the peak during the spring. The spring peak is since long identified as the Arctic
Haze period due to long distance transported air pollution mainly from the Eurasian
continent. The summer aerosol has lately been identified as regionally most likely natural

particle formed through new particle formation in the atmosphere.

For the period 2013-2015 Freud et al., 2017, found quite similar seasonality for the other
sites circumference the Arctic. However .with some consistent differences between the sites
that are beyond the year-to-year variability due to differences in the proximity to
anthropogenic source regions and to the Arctic Ocean sea-ice edge, as well as in the
exposure to free tropospheric air and‘in precipitation patterns. One important conclusion is
that aerosol observations from asingle Arctic site cannot fully represent the entire Arctic
region. Addressing the question of the natural Arctic aerosol sources Dall’Osto et al., 2019,
finds 6 different types of size distributions are related to natural sources and processes
while only 2 related to anthropogenic sources. Natural particles dominate the summer while
the anthropogenic contribution grow during the fall to dominate during the winter and
spring as shown in Figure 5.1.2.1.7. Schmeisser et al, 2018, analyzed observations of annual
mean scattering.and absorption coefficients at 6 Arctic sites finding a seasonality for all sites
clearly related to the seasonal variation of particle mass and chemistry (Figure 5.1.2.1.8).
Studying the particle influence on clouds. Jung et al, 2018, presents 5 years of
measurements from Zeppelin at Svalbard of the number of cloud condensation nuclei at

different supersaturation. A clear seasonal dependence is seen, however different at a low
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7288  and a high supersaturation (Figure 5.1.2.1.9). At low supersaturation the Arctic Haze period
7289  with high concentrations of accumulation particle rich in sulfate show the highest number of
7290 CCN, while at higher supersaturation the equally high concentrations during the summer of
7291  much smaller particles of mainly biogenic origin show equally high CCN concentrations.

7292  lLange et al, 2019 conclude from a similar study on the hygroscopic properties that the long
7293  distance pollution aerosol dominate the CCN in Arctic cloud formation during the winter
7294  while the natural dominate the summer (see figure 5.1.2.10).

7295

ey
o
o

daNidogD, e

g
o

o 50 100 150 200 250 300 350
Day of year (2000-2010)

7296
7297  Figure 5.1.2.1.6. Spectral plot of daily average aerosol number size distributions, March

7298  2000-December 2010, measured at the Zeppelin mountain site in Ny Alsund, Svalbard. Units
7299  on x-axis as day of year. (Tunved et al., 2013)
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7301  Figure 5.1.2.1.7. Cluster particle size distributions found by k-means analysis. The top left

7302  panel are ultrafine aerosol clusters (as reported in Dall'Osto, Geels, et al., 2018), while the
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accumulation aerosol clusters. The haze and aged aerosol is interpreted as of air pollution

origin while the others are natural.
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Figure 5.1.2.1.8. Seasonality of the aerosol light-scattering and absorption coefficients (g

and oap) at 550 nm at Alert (Canada), Barrow (Alaska), Pallas (Finland), Summit (Greenland),

Tiksi (Russia) and Zeppelin (Svalbard) shown by monthly medians of scattering and

absorption per megameter (Mm). Schmeisser et al., 2018
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Figure 5.1.2.1.9. Box plot of Monthly median CCN number concentration at various

supersaturations (SS): April 2007—March 2013. Jung et al, 2018
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Figure 5.1.2.1.10. Extrapolated monthly contribution of natural and anthropogenic clusters
to total ambient cloud condensation nuclei concentration at 0.4% supersaturation. Lange et

al., 2019

5.1.2.2 Vertical distribution

Integrated along the entire atmospheric column, aerosol particle load and size distribution
not only change as function of location and season, but have been showing decadal
changes, indicating a variable influence of emerging sources and transport patterns (Stone
et al., 2014). The marked vertical variability of the Arctic Amplification is in part controlled
by distribution of the different atmospheric forcers, including aerosol particles (Stjern et al.,
2019). It is thus important to understand the processes controlling the distribution of the
Arctic aerosol along the atmospheric column. Remote sensing observations, both satellite
and ground based, indicate that the highest aerosol concentration in all sectors of the High
Arctic and all seasons is observed in‘the lowest kilometer of the atmosphere (Devasthale et
al., 2011; Tomasi et al., 2015; Shibata et al., 2018). However, the seasonal peak of aerosol
concentration changes as a-function of altitude, indicating the influence of different sources
and transport at different altitudes (Pierro et al., 2013; Tomasi et al., 2015; Shibata et al.,
2018; Thomas et al., 2019). If remote sensing observations are fundamental tools to monitor
the vertical variability of atmospheric aerosol on large spatial and long temporal scale, in-
situ airborne aerosol observations provide insights on aerosol physics and chemistry.
Validation of remote sensing (lidar) data with in-situ (tethered balloons) experiments has
been recently proposed (Ferrero et al. 2019) and paved the way for future developments.
More than 20 airborne campaigns focusing on aerosol have been performed since 2007

across the Arctic (Table S1). The spatial coverage of such observations includes the
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European Arctic, Greenland, The Canadian Arctic, Alaska, the Arctic Ocean, Iceland and
Russia. However, the spatial coverage is not homogeneous, with most of the surveys
covering the European and North American Arctic sectors. Only two airborne observations
are currently available for the Russian Arctic and Subarctic. Besides the spatial coverage,
also the temporal coverage is quite inhomogeneous, with the majority of the observations
occurring in April and March. 9 airborne surveys are performed between May and

September, while only 3 observations are available in the winter period.

During the Arctic haze period, black carbon concentration tendsto increase with altitude
already within the first kilometer (Ferrero et al., 2016; Markowicz et al., 2017) showing
consistent plumes at mid altitudes (McNaughton et al., 2011; Schulz et al., 2019). These
plumes, however, appear to have a significantly smaller magnitude and vertical extent
compared with the first airborne campaigns performed in the 80’ (Stone et al., 2014). It
must be noted that improvement of BC-measuring instruments might significantly bias any
comparison between recent and more dated observations. The correlation of BC with
sulfate and organic aerosol decrease and increase, respectively with altitude (Marelle et al.,
2015; Willis et al., 2019) and might indicate differences in source regions. As a matter of
fact, long range transport from easterner and southern Asia influences preferentially BC
concentration in the mid and high troposphere, while transport from northern Asia (Siberia)
increases at lower altitude (Liu et al., 2015; Xu et al., 2017). Moreover, the same studies
report that almost the entirety of BC concentration was associated with anthropogenic
emission located in the Asian continent rather than open biomass burning. This recent
finding is partially in contrast with previous studies reporting open biomass burning
episodes to be more important during the Arctic spring (Stohl A., 2006; Kondo et al., 2011;
Matsui H. et al., 2011). In fact, biomass burning episodes might control the aerosol
concentration and chemical composition at mid altitudes in the European Arctic (Marelle et
al., 2015). The mass concentration and number fraction of BC decreases abruptly along the
troposphere from spring to summer (Schulz et al., 2019). This is caused by a combination of
processes including preferential wet scavenging of BC between source regions and the
Arctic (Liu et al., 2015) and inhibited transport from mid latitudes (Bozem et al., 2019). As a
consequence, Arctic sources, both anthropogenic and natural, might control the summer BC

population. Arctic anthropogenic sources such as shipping and oil-gas extraction have been
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shown to enhance BC concentration above the natural background in the lowest
atmospheric layer on local and regional scale (Roiger et al., 2015; Ferrero et al., 2016; Law et

al., 2017).

Nevertheless, injection of biomass burning in the free troposphere can episodically lead to
elevated BC concentration at high altitudes (Roiger et al., 2015; Kéllner et al.,; 2017; Sobhani
et al., 2018). Only two aircraft campaigns in the Pacific Arctic sector (HIPPO1 and HIPPO2;
Schwarz et al., 2013) and tethered balloon measurements in Svalbard (BC3D; Cappelletti et
al., 2020) provides insufficient data to fully assess the influence of source type-region or

transport in the Arctic winter.

Mineral dust is a ubiquitous species of the Arctic aerosol population and can be observed
from the lowest to the highest layers of the troposphere. In spring, the mass concentration
of mineral dust tends to increase with altitude, contributing by more than 80% to the total
aerosol mass concentration above 4 km of altitude in'the Western Arctic (McNaughton et
al., 2011). A similar vertical increase is reported for the winter season in the Svalbard region
(Biagio et al., 2018). This vertical trend is mostly caused by the efficient high altitude
transport of mid latitude desert dust suspended above Africa and Asia (Groot Zwaaftink et
al., 2016). Pure mineral dust plumes have been observed in the north Atlantic above 2.5 km
(McAuliffe and Ruth, 2013) and associated with Saharan dust injections above 6 km of
altitude over Africa and subsequent.northward transport (Francis et al., 2018). Besides long
range transport, Arctic and marginal-Arctic dust sources such as glacial and volcanic
sediments are becoming more important in recent years (Crusius et al., 2011; Bullard et al.,
2016; Groot Zwaaftink et al., 2016). Due to its relatively northern latitude and to its vast
desert surface, Iceland represents one of the major sources of high latitude dust
(Blechschmidt et al., 2012). Contrary to transported dust, Icelandic aeolian dust, not injected
in the free troposphere during volcanic eruptions, has been observed to control the aerosol
number concentration in the lowest kilometer of the atmosphere on local scale and regional
(Blechschmidt et al., 2012; Groot Zwaaftink et al., 2016, 2017). These Icelandic winter dust
storms can lead to dust concentration similar to Saharan conditions (Dagsson-
Waldhauserova et al., 2019). However, the largest dust particles, and thus most of their

mass, remain confined in the lowest atmospheric layer. Moreover, the episodic occurrence
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of rain or snow precipitation can drastically change the intensity and vertical distribution of
these dust storms (Dagsson-Waldhauserova et al., 2019). Icelandic dust can, nevertheless,
be transported over long distances within the Atlantic Arctic sector (Groot Zwaaftink et al.,
2017) and be observed in the lowest atmospheric kilometer over Svalbard (Moroni et al.,

2018).

Similar to black carbon, organic aerosol (OA) shows a strong vertical variability in both
summer and spring. Here are reported the latest results obtained from-airborne
observations in the Canadian Arctic during the NETCARE project..In spring the concentration
of OA increases with altitude, with the mass fraction of OA increasing from approximately
20% at the surface to 40% in the high polar dome (Willis etal., 2019). The correlation of OA
with BC also increased from the surface to the free troposphere suggesting the combustion
nature of high-altitude OA in spring. Nevertheless, it is impaossible, at the moment, to clearly
distinguish the influence of source region, source type, chemical processing and wet
removal or cloud processing during transport in the spring period (Abbatt et al., 2018).
Although recent studies indicates that natural Arctic emissions represent an important
contributor to surface aerosol population in summer (Collins et al., 2017; Dall’Osto et al.,
2017, 2018; Leaitch et al., 2018; Croft et al., 2019), little is known about the vertical extend
of such emission. In pristine summer conditions, the enhanced concentration of ultrafine
particles (Burkart et al., 2017) and organic aerosol, trimethylamine and methane sulfonic
acid (Willis et al., 2016) in the marine ‘boundary suggests the local and marine origin of these
particles. As a matter of fact, dimethyl sulfide, the oxidation product of methane sulfonic
acid, and trimethylamine are found to be enriched in the low marine boundary layer and to
be associated with air masses with long residence time within the Arctic region
(Ghahremaninezhad et al., 2017; Kéllner et al., 2017). In the absence of coarse mode
aerosol, organic-rich ultrafine particles are found to correlate with the concentration of
cloud condensation nuclei, suggesting that particles of marine origin might play a relevant
role into cloud activation (Willis et al., 2016; Leaitch et al., 2016; Burkart et al., 2017).

Currently, no vertical observations of organic aerosol are available in winter time.

The vertical observations of aerosol physical properties such as size distribution,

absorption and scattering coefficient, water and ice activation are not performed
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systematically but mostly focus on case studies. Is, hence, difficult to differentiate the
influence of anthropogenic and natural sources. Here, an overview of both old and recent
studies reporting observations of aerosol physical properties are summarized. Remote
sensing indicate that vertical distribution of aerosol particle diameter changes drastically
during seasons (Shibata et al., 2018). Although, in spring, strong variability is observed
already in the first kilometer as function of atmospheric stability (Ferrero.etal., 2016), the
mean diameter of both total aerosol and black carbon slightly decreases with altitude
(Shantz et al., 2014; Schulz et al., 2019). Nevertheless, the episodicinfluence of biomass
burning plumes leads to a shift of size distribution to larger diameters at high altitude (Brock
et al., 2011; Matsui et al., 2011; Moore et al., 2011; Quennehen et al., 2012), while bimodal
distributions have been reported for anthropogenic plumes, some with enhanced Aitken
mode particles (Quennehen et al., 2012) other with enhanced coarse particles (Matsui et
al., 2011). In summer, the combination of new particle formation and wet removal might be
responsible for the enhancement and depletion of ultrafine and coarse mode particles in
the boundary layer, respectively (Kupiszewski etal., 2013; Burkart et al., 2017). Although
very limited, the studies investigating the vertical distribution of cloud activation nuclei
(CCN) generally indicate a concentration increase with altitude in spring and early summer
(Hegg et al., 1995; Yum and Hudson, 2001; Moore et al., 2011). The aerosol activated
fraction is found to increase above 1 km altitude during the occurrence of pollution plumes
of both anthropogenic and natural origin (Moore et al., 2011) and fresh biomass burning
plumes (Lathem et al., 2013). Although Arctic aerosol of marine origin has been shown to be
ice active, the observation of vertical distribution of arctic ice nucleating particles are
currently limited to few airborne observations in Alaska and do not allow differentiate nor
quantify the impact of anthropogenic and natural sources (Rogers et al., 2001; Prenni et al.,

2009; McFarquhar et al., 2010).

5.1.2.3 Observations of aerosol components in snow

BC and dustmeasurements are of crucial interest in the snowpack and in ice as the
interaction between the cryosphere and atmosphere is of high importance (Flanner et al.
2007, Boy et al. 2019) and can only be understood when relevant data in both

compartments are available. Current understanding of the abundance and effects can be
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put on firmer grounds also using modeling (Chapter 6 of this report), e.g., for their albedo
and melt effects as well as for their origin (e.g., Evangeliou et al. 2018, Meinander et al.
2020), as assessed recently by IPCC (2019). One should also consider that BC and mineral
dust may mutually interfere in various measurement techniques which poses‘a question on
the ability to disentangle their individual effects and relative abundances. There is evidence
for a high spatiotemporal variability in the observed concentrations of BC and dust in the
Arctic cryosphere (Meinander et al. 2020, Spolaor et al. 2017). Mass concentration of BC in
snowpack can be measured by the Integrating Sphere/Integrating Sandwich spectrometer
(ISSW) method, by the SP2 combined with a nebulizer, or by recording the mass fraction of
C evolved from sample filters (Elemental Carbon, EC) using the thermo-optical
transmittance method (see Chapter 4 for a description of the methodologies). A systematic
harmonization of the techniques and dataset is still missing and is highly recommended

(Svensson et al. 2019) since the method-to-method variability can be as high as a factor 2.

Snow sampling for BC content has only been carried out at a limited number of locations. In
North Greenland at Villum Research Station snow sampling has started in 2016 and carried
out on a weekly basis to investigate for EC content. Starting in 2007, the NPI Stockholm
University, have a program of snow monitoring for elemental carbon (EC) in snow at two
locations on the outskirts of Ny Alesund which was extended in the 2016 at 22 sites on 7
glaciers of Spitsbergen and Nordauslandet (Zdanowicz et al., in preparation). No long-term
trends between 2011-2018 were found. CE, near Ny Alesund can be reasonably
predicted from BC aerosol data from Zeppelin Observatory by using modeled precipitation
and BC snowfall washout ratios between 10—-300, which are broadly consistent with values
reported by Gogoi et al. (2018) for the area. The calculated mass loadings of EC in the late
winter snowpack (LES, ) were 0.1-16.2 mg m2, and close to, or lower than, those found by
Forsstrom et al. (2009, 2013) at many of the same sites in 2007-09. There were no
systematic variations.in CES,, with latitude or longitude across Svalbard. Mass accumulation
of EC in snow appeared to be equal in autumn and spring months, and increased non-
linearly with.elevation and snow accumulation, with dry deposition likely playing only a
minor role. The estimated area-averaged EC load across Svalbard was 1.8 mg EC m™, and the

monthly mean accumulation rate was ~0.2 mg EC m2 mo! for the winter 2015-16

(September to April). Comparing findings (see Figure 5.1.2.3.1, Zdanowicz et al., in
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preparation) from this survey and from the NPl snow monitoring program near Ny Alesund
with data from earlier, comparable studies confirmed the existence of a longitudinal
gradient in EC deposition across the Arctic and sub-Arctic, with the lowest CES , found in
the western Arctic (Alaska, Yukon) and central Greenland, and the highest in northwestern
Russia and Siberia. (***Pallas, Finland, a ten year record of continuous snow
sampling???*** ref. Svensson et al.?) In Sodankyl3, Finland, a five years record of weekly
snow sampling and analysis of BC in surface snow is available (Meinander et al. 2020). These
data, with a median value of 21 pg L™}, show a large variability in surface snow BC
concentrations from week to week and seasonally, due to deposition of long-range
transported black carbon and post-depositional snow processes. In turn, the size
distribution of BC in snowpack has been measured with the' SP2 method . Systematic
campaigns with SP2 were carried out in six Arctic regions (Finland, Alaska, North and South
Siberia, Greenland, and Spitsbergen) in early spring during 2012-2016 (Fig. 5.1.2.3.2, Mori
et al., 2019). Size distribution of BC in Greenland depended little on altitude and its lateral

distribution of CMBC was largely uniform (average 0.81 + 0.46 pg L™2).
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Figure 5.1.2.3.1. in winter/spring snow of Svalbard reported in (Zdanowicz et al., 2020) (bold
headers; values >1 ng g'), compared with winter/spring snowpack data from other circum-
Arctic sites, color-coded by region. Inset at far right: mean EC/OC (+ s.d.) in snow from
regions identified in the plot: Greenland (Gr), Yukon (Yk), Svalbard (Sv), Sweden (Se), Finland
(Fi) and Russia (Ru). Only data obtained by thermo-optical analysis are included, although
protocols differ between studies. Published data sources for Svalbard glaciers: Forsstrom et
al. (2009, 2013) and Ruppel et al. (2017); Ny Alesund and Longyearbyen: Aamaas et al.
(2011); Greenland: Hagler et al. (2007); Alaska: Dou et al. (2007); northern Scandinavia:
Forsstrom et al. (2013), Meinander et al. (2013), Svensson et al. (2013, 2018), and
Zdanowicz, unpublished data; Russia and Siberia: Evangeliou et al. (2018); Yukon and
Sweden: Zdanowicz, unpublished data. Data from Greenland-and the Yukon span 3-6 years
of accumulation in snow, while data from Holtedahlfonna span an estimated ~8 years (2006-
14). Five samples with > 140 ng g taken near Russian towns (Tomsk, Archangelsk) were

excluded from the dataset by Evangeliou et al. (2018).
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Figure 5.1.2.3.2. Map showing locations of snow samples. Circle color represents BC mass
concentration in snowpack, CMBC. Median values of CMBC are also shown for each region.
From Fig. 1 of Mori et al. (2019). Details of snow sampling conditions are given in Table 4 of

Mori et al. (2019).

Kylling et al. (2018) estimate a surface radiative effect of 0.292 W m~2 caused by dust
deposition (largely transported from Asia) to Arctic snow approximately half of the black
carbon central scenario estimate of Flanner et al. (2007). Due to the temporal and spatial
variability, light absorbing dust particles can contribute to interannual fluctuations of
seasonal snow melt rate (Painter et al. 2018). Dust-cryosphere interactions in the Arctic
have recently gained more and more attention (Boy et al. 2019, Dagsson-Waldhauserova &
Meinander 2019, Dagsson-Waldhauserova & Meinander 2020, Dagsson-Waldhauserova et
al. 2015, Meinander et al. 2014, Peltoniemi et al. 2015, Svensson et al. ), where dust on
snow most often increases melt, but can also insulate and decrease melt (Wittmann et al.
2016, Moller et al. 2016). Additionally, a reduction in'snow density of surface snow due to
light absorbing impurities has been documented (Meinander et al., 2014; Skiles and Painter
2017). In addition to natural dust, dust in Arctic snow can originate from anthropogenic
sources, such as from an active mine (Khan et al., 2017). According to Dumont et al. (2014),
the observed decline of Greenland's albedo over the past decade has been attributed to an
enhanced growth of snow grains as aresult of atmospheric warming but their analysis of
remote sensing data indicates that the springtime darkening since 2009 stems from a
widespread increase in the amount of light-absorbing impurities in snow, as well as in the
atmosphere. They suggest that the transport of dust from snow-free areas in the Arctic that
are experiencing earlier melting of seasonal snow cover as climate warms may contribute to
sources of impurities. Medium evidence and high agreement to support the melt rate effect

of light absorbing particles of BC, OC and dust has been recently recognized (IPCC 2019).

5.1.3. Historical and present day trends

5.1.3.1 Present day trends

(include a reference to the supplementary)
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Long-term time series of eBC are available for stations, i.e. Utgiagvik, Alert, Kevo and
Zeppelin shown in Fig. 4.1.1. All four stations show a decline of eBC concentrations, mainly
due to decline in emissions in the source regions specifically, Eurasian regions. Most evident
changes have been measured at Alert and Kevo with 110 ng m=3in 28 years (52%) and 188
ng m3in 47 years (72%) change during the haze season (January to April). The eBC
measurements at Kevo are the longest since 1964 and measured highest among all
locations. In the mid-sixties, higher concentrations of BC were due to-wood burning,
concentrations decreased sharply from 1970-1980 and systematic decline in the BC values
until 2010 (Dutkiewicz et al., 2014). Kevo is also in closer proximity to the source regions
than Alert and has greater influence from southern Russia and Kola Peninsula, regions of
former soviet union and Europe (Dutkiewicz et al., 2014). Sharma et al. (2019) reported a 52
% decline in eBC concentrations since 1989. At Barrow, the decrease is about 39 ng m=in 28
years for the same season. It must be noted, however, that from 2008 onwards the eBC
concentrations seemed to increase again at Barrow only. Concentration levels are still much
below the ones in the 90s, but markedly higher than during the early 2000s. Haze period
levels vary between 35 and 85 ng m~ at all locations. These observations are in line with
more vigorous emission reductions in the Former Soviet Union (FSU) and Europe in early 90s
rather than later in the 2000s. Summer concentrations have decreased mildly at Barrow
with 12 ng m3 in 28 years. The increase.in BC emission in Asia until 2010 due to increased
economic development (reference).does not influence the eBC levels at all surface sites due
to its influence in the upper layers. The aerosol burden as a measure of AOD showed
declining trends over per year and values are around 10 ng m™3. (Stone et al., 2014)

At Alert no significant change in eBC levels during summer can be observed. At Kevo, the
decline is at 3 ng m™ peryear. At Zeppelin, there is no decline in eBC during the haze season
between 2001 and 2017, with values ranging around 35 ng m3. Summer values decreased
by about 1.5 ng m-3.per year, now staying below 10 ng m3. The eBC concentrations are
generally lower at Zeppelin compared to Barrow and Alert. At Gruvebadet, the time series
of eBC are short but we still calculated trends. But the eBC concentrations measured around
70 ng m3, while summer values are around 30 ng m3. Values at Zeppelin are much lower
despite the close proximity of Zeppelin to Gruvebadet but the former is about 400 m higher.

Potentially more local influence can be observed at Gruvebadet. For Tiksi, we also provided
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temporal trends in spite of the short time series. What is noteworthy are the generally
higher concentration of eBC (note the different scale) and seasonal differences are most
pronounced at this station. Summer levels are between 10 and 40 ng m3, comparable to the

haze levels at the other stations.
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Figure 5.1.3.1.1: Long term trends in eBC at various Arctic locations (data source: EBAS +...).
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The long-term frequency of atmospheric dust observations in Iceland during 1949-2011,
based on conventionally used synoptic codes for dust observations together with re-
suspension of volcanic materials and dust haze (Dagsson-Waldhauserova et al. 2014),
indicated 135 dust days annually (Fig. 5.1.3.1.2). The position of the Icelandic Low
determined whether dust events occurred in the NE (16.4 dust days annually) or in the
southern (S) part of Iceland (about 18 dust days annually). The decade with the most
frequent dust days in S Iceland was the 1960s, but the 2000s in NE Iceland. A total of 32
severe dust storms (visibility < 500 m) were observed in Iceland with the highest frequency
of events during the 2000s in S Iceland. The Arctic dust events (NE lceland) were typically
warm, occurring during summer/autumn (May-September) and during mild southwesterly
winds. The subarctic dust events (S Iceland) were mainly cold, occurring during
winter/spring (March-May) and during strong northeasterly winds. About half of the dust
events in S Iceland occurred in winter or at sub-zero temperatures. The study showed that
Iceland is among the dustiest areas of the world and.that dust is emitted year-round

(Dagsson-Waldhauserova et al. 2014).
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Figure 5.1.3.1.2. Icelandic data on dust events for 1949-2011.Left panel: total number of
dust days, all stations combined (blue bars for southern and northwestern Iceland, brown
bars for northeastern Iceland). Lines represent mean visibility (blue for S, brown for NE
Iceland). Right panel: individual stations in south Iceland sorted by decade. (Fig.2 of

Dagsson-Waldhauserova et al. 2014).
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During the haze season, particulate sulfate concentrations, Figure 4.1.3.1 at Alert have
decreased steadily until the end of the nineties, in line with North American and Eurasian
emission policies (Sharma et al., 2019) and then kept constant between 0.6 and 1.0 ug m™3
since then. Overall, particulate sulfate has decreased by about 0.035 ug m=3 peryear (49%)
since 1980. Other locations have also shown declined sulfate levels by assmuch as 53% at
Zeppelin with the greatest change occurring in the 2000s. Other changes are by -37%
Utiquavig and Villum since the 1990s and around -20% at Gruvebadet-and Thule locations.
Summer time sulfate values have also declined at Alert(-12%), Thule (-39%) and Villum (-
54%) while the trend in sulfate was positive at Utquagvik (18%), Gruvebadet (27%) and
Zeppelin(10%). Note that the enhancement of sulfate in 2014 at Alert and Barrow originated
from a Holuhraun Fissure volcanic eruption in Iceland that started in Sept and lasted until
May 2015. At Villum research station concentrations are similar to Barrow and there seems

to be a decline for the haze season since 2008.
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7646  Figure 5.1.3.1.2: Long term trends in the aerosol sulfate concentrations at various Arctic
7647  stations with different time-periods. Data source: EBAS and personal communication with
7648  the Pl of the station.

7649

7650  Particulate nitrate measured a positive trend different from sulfate and eBC at Alert, as
7651  shown in Figure 4.1.3.2. There was a change at Alert of +25% and Utqgagvik of +47.5% in

7652  nitrate during the haze season. These positive trends in nitrate were also measured during
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the summer time at all locations except for at Thule. While emissions of nitrogen oxides
have declined by 40% since the early 80s in Eurasia, the higher particulate nitrate can be
explained by decreasing aerosol acidity, i.e. less particulate sulfate, and hence enhanced
partitioning of gaseous nitric acid into the particle phase (e.g. Sharma et al., 2019). Also
during the cold season, nitrate partitions more readily onto the particle phase than during
the warmer season because of volatility dependence on the temperature. At'Villum the
overall trend is positive and nitrate levels began to decline slightly since 2008 from early

2000 values.

A consequent change in aerosols acidity due decline in sulfate aerosol concentrations and
ammonium concentrations have significant influence on theneutralization capability of the
Arctic atmosphere (e.g. Sharma et al., 2019). There has been a shift in neutralization from
sulfuric acid to ammonium sulfate particles, due to decline in SO, emissions relative to

ammonium emissions in the source regions.



National Data Check AMAP SLCF Assessment Chapter 5.1 (v0-180520)

03 JFWA
= Smooth trend
0.2 4 _Js;Jnﬁtn trend +26% Alert
+53%
0.0 !vll’l'/"-"!f, 144l 1 vy lJvAT vy '(AYAFVVINML A KA VT ¥y Vl\
1980 1985 199[} 1995 2000 2005 2.@- 2015 2020
0.2 4
+18% Barrow
0.1 g
""\_IA'—
v+ "Tl"lTH"
1980 1985 1990 1995 2000 2005 2010 2015 2020
« 020 —
§0_15 1 Gruvebadet
= -17%
50.10 -
©0.05 - +30% : l
EODD e — lﬂ:"l'l ¥ |‘1|\ll Irl|I
0 215980 1985 1990 1995 2000 2005 2010 2015 2020
o0 | Villum
o
] +45%
0.10 -
0.05 - q | P— . i, -
0.00 , i n%i[lqﬂ"“"’ i |1'IY1r lr.'l"]’
1980 1985 1990 1995 2000 2005 2010 2015 2020
0.25 -
Thule
0.20 | 379
0.15 |
0.10 | -38%
0.05 | b
0.00 . . . . . Ll 2o G UARE

1980 1985 1980 1995 ~ 2000 2005 2010 2016 2020 2025
7667

7668  Figure 5.1.3.1.3 Trends in the aerosol nitrate concentrations at various Arctic stations. (data
7669  source: EBAS and personal communication with the Pl of the stations as mentioned in the
7670  acknowledgement).

7671

7672  Mt. Zeppelin provides.a unique long time record for aerosol size distribution since 2000
7673  which can be used for long term trends. It shows a clear decrease of particles slight larger
7674  than 100 nm, i.e..accumulation mode particles typical for an aged pollution aerosol, during
7675  the Arctic Haze period, showing a decrease of up to 9% year. This reflects the significant
7676  decrease in sulfur emissions from the Eurasian sources also seen in the sulfur

7677  concentrations. Similar but less decrease show in the winter aerosol reflecting as well a

7678  decrease in emissions. While during the summer an increase in the nucleation and Aitken
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size particles, i.e. particles less than 50 nm in size. This is interpreted as an increase of
production of natural particles probably due to larger open sea areas providing precursor
gases and particles. Sharma et al., 2012 observed increasing MSA concentrations at Ny
Alesund, Alert and Barrow since about 2000 implying higher production of sulfuric acid

which is an important agent for new particle formation.

Winter
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Figure 5.1.3.1.4 analysis of 20+ years of data from Zeppelin (unpublished data by Peter

Tunved).

Aerosol optical properties are relevant parameters that determine the radiative forcing of
the particulate matter. In-situ ground based measurements of the longest time series of
light absorption, aerosol scattering, and single scattering albedo - the ratio of light scattered
to total light extinction are presented here. The scattering values depend on the aerosol
physical properties, chemistry and relative humidity while absorption depends on the
amount of absorbing components present (black carbon, dust and other absorbing
components) in the sample as it is the filter based measurement.

20 years of observations at ZEP of scattering and the Angstrom exponent reveals an increase
in scattering and a decrease in the angstrom exponent ( Figure xxx). This exponent depends

on the size distribution such the small it is the more of coarse particles contribute to the
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scattering. So the observed trends show that more particle and especially more large

probably super micron particles contribute to the scattering.
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Figure 5.1.3.1.5. Long-term trends of the seasonal medians for a) the particle light scattering
coefficient (_ =550 nm) b) the particle light backscattering coefficient (_ =550 nm) c) the
hemispheric backscattering fraction (_ = 550 nm) d) the scattering Angstréom exponent (_1 =
450 nm, _2.=550 nm). The seasonal medians are denoted by their respective symbols. The
error bars denote the length of the 25th and 75th percentile values. The seasonal mean is
given by the cross. The solid and dashed red lines represent the least mean square (LMS)

and Theil-Sen slope (TS) of the seasonal medians, respectively. The red shaded area denotes

5-32



7712

7713

7714

7715

7716

7717

7718

7719

7720

7721

7722

7723

7724

7725

7726

7727

7728

7729

7730

7731

7732

7733

7734

7735

7736

National Data Check AMAP SLCF Assessment Chapter 5.1 (v0-180520)

the associated 90% confidence interval of the TS slope. (Heslin-Rees et al., 2020, From a
polar to a marine environment: has a changing Arctic led to a shift in aerosol optical

properties? Manuscript to be published)

Heslin-Rees et al, 2020, have through a trajectory analysis for the same time period found a
shift to higher windspeeds and more prevalent SW winds found an possible explanation for
the increase in supermicron particles in that the air masses pass over more open sea area
picking up more sea spray. This shift in air mass history fits with a more ‘prevalent air mass
transport into the Arctic with climate change as suggested by climate models (Krishnan et

al., 2020).

The seasonal scattering coefficients are measured (Figure 4.5.1) higher during the Arctic
haze season at Utqgiagvik (Barrow), Tiksi, and Alert, while found higher in the summer at
Pallas and Summit. At Summit, the influence of forest fires could be a plausible cause (ref)
and at Pallas, one hypothesis is signal enhancement from increased secondary organic
aerosol production from the boreal forest with warmer temperatures in recent years (need

a ref).

Aerosols scattering have had decreasing trends in the haze season (JFMA) at all locations
except at Zeppelin and Summit stations over the past decade, Figure 4.1.5.1. Both of these
stations are at higher elevation (500m and 3000m). Positive (up to 28%) and statistically
significant (ss) trends are found for all the stations during summer except for Pallas location.
Collaud Coen et al. (2020) recently showed different trends in scattering measured over
global stations that showed positive trends are in the minority, that makes change in

scattering and hence aerosol properties important in the Arctic.
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Figure 5.1.3.1.5. Seasonal scattering coefficients for six Arctic stations at 550 nm in Mm™.

Haze is Jan — Apr and summer Jun — Sep. (Data source: EBAS and personal communication

with the PI of station).

The seasonal amplitude of absorption coefficients as shown in Figure 4.1.5.2 vary at all
locations and have a maximum during JFMA and minimum during the summer JJAS for all
stations except for Summit possibly due to forest fires influence which is dominant at an
altitude between 3-4 km (ref). At Zeppelin, the seasonal cycle has become less intense since
2007 and there are hence smaller absorptions coefficients measured now and greatest

change during summer (-43%) than about 10 years ago.

5-34



National Data Check AMAP SLCF Assessment Chapter 5.1 (v0-180520)

7748  Our analysis indicate that ss trends in absorption coefficients are negative during haze
7749  season at Alt, Utgiagvik, Summit (-27%, -22%, and -3%) while positive trends Tiksi location
7750  (10%). During summer (JJAS) period absorption has decreased at all locations with largest
7751  decline at Zeppelin station.

7752

7753  For all year data, Collaud Cohen et al. (Submitted) showed that trends are negative at

7754  Barrow between -0.02 and -0.002 Mm m per year and positive for Alert between 0.002 and
7755  0.02 Mm m* per year. Globally, Alert was the only location with a statistically significant
7756  positive trend not related to any separately seasonal trends in support. At Tiksi, absorption
7757  trends were negative (-0.08 (Mm)* per year).
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Figure 5.1.3.1.5: Seasonal trends in aerosol absorption coefficients at 550 nm measured at
various Arctic locations.( Data source: EBAS and personal communications with the Pl of the

station).

The measurements of single scattering albedo (SSA) determine how absorbing'an aerosol is
with respect to its scattering components. A white aerosol measures SSA.of 1 and this value
decreases as the aerosol becomes more absorptive. Figure 4.1.5.3 shows trends in SSA for
the haze and summer periods. The aerosols are less absorptive during Arctic haze period
than in the summer time at all locations with an exception of Summit where the seasonality
is opposite to other locations. The decadal change over the haze period is ss positive at
Utqgiagvik, Alert, Summit and Zeppelin (0.0019, 0.033, 0.0013, 0.0115) and only show
positive trends at Alert and Summit (0.0031 and 0.0035). This suggests that aerosol are
becoming less absorptive at the four locations. In term of trends in 34 year so aerosol
chemistry (Sharma et al.,2019), all aerosol components-have decline at Alert except for NOs
and sea-salt (NaCl) where there are increasing trends in both. This indicates that chemistry
of the Arctic aerosol might be changing with decreasing acidity and increased sea-salt. This

consequently could change the optical properties of the aerosol.

Collaud Cohen et al. (in prep) found a positive summer trend of SSA for the past 10 years,
which seems to average too much about the marked variability in the past years. At Alert,
the trend is positive for both seasons; and the eruption signal of the Holuraun volcano in
2014 stands out (Sept. 2014 to May 2015). Zeppelin shows extremely high variability in the
SSA between 2001 and 2016 with rather lower values between 2004 and 2006. Summer SSA

values are generally higher than haze period SSA values.
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Figure 5.1.3.1.5: Seasonal trends in single scattering albedo of the aerosol at various Arctic

measurement stations. (Datasource same as for absorption and scattering measurements)

5.1.3.2Ice cores

(include a reference to the table and map in the Supplementary)

Data from recent publications provide a regionally differentiated perspective on BC and
sulfate deposition (Osmont et al., 2018;Zdanowicz et al., 2018;Ruppel et al., 2014;McConnell
et al., 2007) across the Arctic. Figure 5.1.3.2.1 shows trends in concentrations (ng.g-1) and

Figure 5.1.3.2.2 depositional fluxes in sulfate and refractory BC. Figure xx indicates the
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geographical locations of the ice cores in Greenland (6 ice-cores), on Svalbard (1) and on

Devon Island, Canada (1).

The ice-core concentrations of BC were more variable than sulfate during 1750 to 2000. All
ice-cores from Greenland have similar common shape between 1880 and 1950-where BC
concentrations increased followed by a sharp drop in BC concentrationsuntil 2000, with
exceptions for ACT11D where onset of higher BC concentrations were'in early 1800s and
NGT_B19 where levels remained higher until the 2000. The Summit 2010 and ACT2 ice cores
feature a comparable trend. Humboldt core also had similar trends but with much smaller
amplitude. The Lomonosovfonna ice core on Svalbard reveals a different pattern with
increased BC concentrations between 1860 and 1910, and between 1940 until the early
2000s. Osmont et al (2018) hypothesize that the minimum at the beginning of the 20t
century might be due to the Arctic warming in the early 20t century and hence artefacts
from melting can play a role. Independently, the decline in concentrations after the end of
the 20 century marks an important difference to the Greenland records. In the Canadian
Arctic, the increase in BC concentrations were much more moderate between the late 19t
and early 20" century and dropped much earlier. Melt-freeze cycles at Devon Ice Cap might
have led to an underestimation of the rBC and make an overall interpretation more difficult.
All cores show sporadic peaks in BC due to large forest or land deforestation fire events
during the pre-industrial times. All cores however indicate that concentrations close to
present day have decreased to a level similar to the preindustrial time, i.e. around 1800. The
only exception is a record of EC concentration from the Holtedahlfonna ice core where a
steady increase between 1970 and 2004 was found, while a similar peak deposition period
was identified between 1850 and 1960. Ruppel et al. (2014) suggest that increased flaring
emissions and enhanced wet scavenging of EC can explain this increase, while also taking
into account the difference between the measurement methods (SP2 for rBC and thermos-
optical detection for EC). Furthermore, four lake sediment records from an intense flaring
region in arctic northwestern Russia show a consistent increase in BC deposition from 1850
to 2014, suggesting potentially underestimated and inaccurately portrayed BC emission
trends for Russia in emission inventories, particularly after the fall of the USSR (Ruppel et al.,
in prep). Consequently, BC deposition trends variate in different parts of the Arctic and

more data are urgently needed to get a more comprehensive view on geographical patterns.

5-38



7829

7830

7831

7832

7833

7834

7835

7836

7837

7838

7839

7840

7841

7842

7843

7844

7845

7846

7847

7848

7849

7850

7851

7852

7853

7854

7855

7856

7857

7858

7859

7860

National Data Check AMAP SLCF Assessment Chapter 5.1 (v0-180520)

The patterns in depositional values of BC and sulfate are different from the concentrations
measured in the ice-core due to inclusion of amount of snowfall. Figure 5.1.3.2.2 show
depositional fluxes of rBC and sulfate that exhibit very consistent trends among all ice-cores;
some have higher depositional values i.e., D4, ACT2 and ACT11D while HUMBOLD, NEEM,
NGT_B19 and TUNU2013 show lower magnitudes. The black carbon and sulfate depositions
increased in early 1900s but black carbon started declining earlier than sulfate i.e., in 1950s
at at all locations while sulfate deposition started decreasing in 1970s'at D4, ACT2,ACT11D

whereas remained consistent at other locations.

Generally, the different temporal patterns of BC and EC and sulfate depositions across the
Arctic need to be associated to different source regions and-atmospheric transport and
scavenging patterns for interpretation. The Greenland cores reflect more long-range
transported BC from North America. The Svalbard core is likely more representative of
Eurasian activities, and the Canadian site is sensitive to.emission from north-central and
northwestern North America as well as from Russia and central Asia. In addition, during
summer, a substantial contribution of BC comes from biomass burning which is partly a
natural contribution and partly an anthropogenic source. It is possible that biomass burning
will be responsible for most of the radiative forcing in the future (see section 3 on open

biomass burning).

The trends in particulate sulfate concentrations are different from that of BC. Sulfate
concentrations showed the similar trends with increase at the start of the 20™" century
peaking around 1920, followed by a small decrease after the great depression and another
increase peaking in different decades depending on location. In Svalbard data the peak
occurred before the 1970s, in Greenland in the 1970s and in Canada in the 1980s. Since
then a decline is visible in agreement with the general anthropogenic emission trends.
Sporadic peaks are due to natural volcanic eruptions that took place in various instances i.e.,
1783 eruption of Laki volcano in Iceland; 1810 VEI-6 in South Pacific; 1815 Mount Tambora
in Indonesia etc.

The CMIP6 data (Hoesly et al., 2018) provide long-term temporal BC and sulfur dioxide
(precursor of sulfate) emissions information by region. In figure x the annual BC emissions

for the Western and Easter Arctic are shown, as well as for the Rest of Europe, Asia and the
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Rest of the World. Anthropogenic BC emissions from the Rest of Europe and Western Arctic
started increasing around 1850 and peaked between 1900 and 1950 are now on the decline.
Eastern Arctic emissions peaked around 1950 to 1990, while Asian emissions are still on the
rise. This is consistent with the ice core records and atmospheric transport patterns. BC
emissions from biomass burning are also shown, but given their sporadic nature and the
need for favorable atmospheric transport a trend in the contribution to BC detected in ice

cores is difficult to determine.

The here presented data suggest that trends in BC concentrations might be subject to
greater regional variability across the Arctic than particulate sulfate. This is an important
observation because it means that either emission patterns-are more variable, or
atmospheric processing plays a crucial role. Hence, comparing model performance against
multiple ice core records becomes critical. Ice core records of BC and particulate sulfate can
be used to constrain climate models (Fyfe et al. 2013) from which RF through direct
radiation interactions of these aerosol components in the atmosphere and when deposited
can be calculated. Deriving information for RF from aerosol-cloud interaction is much more
difficult. Here, knowing the potential cloud ,condensation nuclei (CCN) and ice nucleating
particles (INP) is important to correctly simulate the cloud water phase, which is an
important factor for cloud radiative properties. There is only one study to date that has
looked into the historical variability of INP in the Arctic from a Greenland and a Svalbard ice
core (Hartmann et al., 2019). Analysis shows that no trend in INP concentrations could be
observed for the time period between 1450 and 2000. INP are thought to be mostly made of
mineral dust or biogenic material, hence from natural sources that could change in emission

strength with a changing climate and retreating cryosphere (see section on mineral dust).
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7888  Figure 5.1.3.2.1: Trends in black carbon sulfate concentrations in various ice-cores in the
7889  Arctic. (Data source: Joe McConnell personal communication for all locations except for
7890  Devon PI (Christian Zdanowicz, Upsala U, Sweden) and Lomo09_11 (PIl: Margit Schwikowski,
7891  PSI)
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7894  Figure 5.1.3.2.2: Trends in depositional fluxes of black carbon and sulfate at various Arctic
7895 locations. (Data source: McConnell et al., Science, 2007; McConnell and Edwards, PNAS,
7896 2008 and personal communication with Joe McConnell; Devon Ice-core (Christian

7897  Zdanowicz, Upsala U, Sweden) and Lomo09_11 (Pl: Margit Schwikowski, PSI)
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Figure 5.1.3.2.3: CMIP6 emission data after (Hoesly et al., 2018) split into regions used

throughout this report.

The episodic nature of Icelandic dust events is demonstrated, for example, in a study by
Wittmann (2017) using two 4.5 m deep firn cores on Bruarjokull, Iceland, drilled in 2015.
The cores reached down to the year 2006 and showed distinct dust layers for the years
2008, 2011, 2012 and 2014 and only very small amounts for the years 2007 and 2013.
McConnell ice-core concentrations and fluxes data include dust (Fig. 4.2.2.1). The
concentrations are very different and it is important to include the depositional fluxes which

includes the precipitation (snow) amount.
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7913  Figure 5.1.3.2.4. McConnell ice-core concentrations and fluxes data include dust (Fig.
7914  4.2.2.1). The concentrations are very different and it is important to include the depositional

7915  fluxes which includes the precipitation (snow) amount. (Data source: McConnell et., PNAS,

7916  2019)
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The study of organic tracers in Arctic ice cores has provided detailed information on the
variability of biomass burning in the boreal regions and on its dependence on large-scale
climate anomalies (Legrand et al. 2016; Rubino et al. 2016). Specific organic markers for
biomass burning encompass levoglucosan, phenolic compounds and dehydroabietic acid
(Kehrwald et al., 2012; Kawamura et al., 2012). The analysis of ice core records-from
Svalbard (Grieman et al., 2018a), Greenland (Zennaro et al., 2014; Grieman et al., 2018b),
Alaska (Pokhrel et al., 2020) and Russia (Grieman et al., 2017) indicate that fire activity in
boreal regions in the last centuries was modulated by temperature and especially
precipitation anomalies. Evidence for the general decline of biomass burning in the northern
Hemisphere during XX century (Marlon et al, 2008) is scant in Arctic ice core records. This
probably reflects the different trends in demographic growth, land use change and fire-
management activities between the boreal regions and other areas of the Northern

Hemisphere.

5.1.4 Summary, outlook and recommendations based on policy questions

The observations of the major aerosol components as inorganic and organic atmospheric
components show dust, BC, S, NO3 and organics are abundant in low concentrations
depended on natural and anthropogenic.sources, but also meteorology. The atmospheric
Arctic aerosol during the winter is still dominated by long distance transported air pollution
while the summer seem to be similarly. dominated by an natural aerosol mainly comprised
of biogenic particles and sea spray which is clearly reflected in the optical and cloud
formation properties. Long term observations of pollutants like S and BC have decreased for
considerable time, more so during the first decades than the last decade. Nitrate is
increasing due to changing atmospheric chemistry in spite of decreasing anthropogenic
sources. The total aerosol concentrations and size distribution is also changing with a
decreasing of aged submicron particle but increasing nanosized particles due to decreasing
long distance pollution aerosol during winter and spring and with increasing natural particle
formation during. summer. The optical scattering observations show however an increasing
trend both scattering and Angstrom exponent implying higher coarse particle
concentrations suggested due to an increased fraction of westerly air mass transport over

open water into the Arctic giving higher concentration of supermicron seaspray particles
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adding to the scattering. This is supported by increasing Na concentrations as measured at

Alert (Sharma et al., 2019).

A first climatology of aerosol organic carbon (OC) concentrations in the high Arctic is
emerging showing OC account for a significant fraction of aerosol mass especially in the
summertime when they occur in large excess with respect to BC due to boreal forest fires

and biogenic emissions.

The vertical distribution of aerosol are strongly dependent on the sources geographical
position with long distant transported tending to show higher concentrations in elevated air
masses. Black carbon particles are mostly transported from-anthropogenic sources located
at mid-latitudes causing intense plumes at mid altitudes. The seasonal and altitudinal
influence of biomass burning is still controversial. Emerging anthropogenic sources within
the Arctic have been causing intense summer plumes confined in the boundary layers and in

proximity of the emission hotspot.

Observations of dust have increased as the/influence on climate through scattering and
snow melt has been recognized mainly showing an episodic but significant inflow and a

possible increase with increasing snowfree land.

For a further understanding of BC and dust in snow and ice and corresponding interactions
it is necessary to extend the snow-sampling to more Arctic locations where in addition
atmospheric data is available. A regular sampling and especially a scheme that covers the
seasonality of this parameter is crucial to enhance the scientific background understanding
of cryosphere - atmosphere interactions. In addition, a standardization of the analysis

methods for BC and dust concentration in the snow and ice is needed.

The observations.capacity has increased but also some of the time records now cover up to
20 years allowing not only a trend analysis but also to better see variability in seasonal
behavior, thus revealing sources better. However it is also obvious that there is lacking
coverage of the Arctic especially in the eastern and central parts revealed by the variability

between existing sites. Besides the few well equipped observation sites, there is a major
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need for expanding observations especially long term with new components as organics and

dust.

Airborne in-situ observations of all aerosol species are still scattered both in space and time.
While remote sensing observations provide the spatial and temporal coverage necessary to
assess the vertical phenomenology of Arctic aerosol concentration, the chemical speciation
and physical characterization of Arctic aerosol is still based on in-situ observations. Despite
the technical challenge of measuring aerosol vertical distribution in the Arctic region, both
remote sensing and in-situ measurements of aerosol vertical profiles indicate a very
complex vertical phenomenology of Arctic aerosol. The clear outcome of the airborne
studies is that ground observations are not representative of the atmospheric layers aloft.
Moreover, the vertical distribution of aerosol particles varies as function of aerosol type,

season and distance from the surface.

Recommendations:
GENERAL

In general, we propose more extense observations that allow to evaluate the changes
in the occurrence of natural Arctic aerosols which might be affected by climate change
throughout complex feedback mechanisms.
BC

Continuation of monitoring activities of BC mass concentrations at Arctic sites is
strongly recommended.

Improvement of monitoring of BC in snow samples to more Arctic sites and on more
regular schemes is essential.
DUST

Climatic significance of dust compared to BC as SLCF including seasonal variability in
long-range transport of dust is important.

Identification of dust sources, various methods of in situ observations, laboratory
analysis (element composition and mineralogy), modeling and satellite approaches must

contribute to narrowing down uncertainties.
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Wet and dry deposition rates and amounts (including accumulation in the cryosphere)
must be determined.

Effects of dust must be considered: influence on clouds as ice nucleation particles,
cryospheric effects, health effects and its function as source of nutrients to ecosystems.
I0+0ORG

Continuation of existing monitoring activities of inorganic and organic aerosols is
essential. A global comparison shows that Arctic stations are differentand hence
observations are key to understand the changes.

PHYSICS

Enlarge the network for aerosol particle number size distribution measurements at
Arctic stations worldwide especially in the eastern Arctic.

Chemical records along with optical properties are the best combination to understand
the drivers (natural or anthropogenic) of the changed Arctic atmospheric composition and
corresponding consequences.

Upgrade to monitoring of both (scattering and absorption) at stations where this is not
yet the case is recommended. (Recent publications suggest changes in the SSA due to
different aerosol properties in the North American Arctic - more absorbing aerosol - in
contrast to the Southern European Arctic - more scattering - which might be linked to
enhanced forest emissions.)

More observations and especially.time series on CCN (and maybe INP) numbers are
relevant to understand the role of anthropogenic and natural (affected in a changing

climate) aerosols on cloud and fog formation and corresponding climate effects.
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Table S1 List of in-situ aerosol measurements performed on airborne platforms including

aircrafts and tethered balloons in the Arctic regions.

Year Month Arctic region Project Reference
2007 Mar-Apr European ASTAR (Engvall et al., 2009)
Arctic
2008 Mar-Apr Alaska ARCTAS (Jacob et al., 2010)
Mar-Apr Alaska ARCPAC (Brock et al., 2011)
Mar-Aprl European POLARCAT (Law et al., 2014)
Arctic
Jun-Jul Western POLARCAT (Law et al., 2014)
Greenland
Jul Siberia YAK-AEROSIB (Paris et al., 2009)
2009 Jan Alaska HIPPO-01 (Schwarz et al., 2013b)
North Pole
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Apr Svalbard PAMARCMIP (Herber et al., 2012)

Canadian

Arctic

Alaska

Nov Alaska HIPPO-02 (Schwarz et al., 2013b)

North Pole

2010 Mar-Apr Alaska HIPPO-03 (Schwarz et al., 2013b)

North Pole

2011 Mar-Apr Alaska PAMARCMIP (Herber et al., 2012)

Canadian

Arctic

Svalbard

Jun-Jul Alaska HIPPO-04 (Schwarz et al., 2013b)

North Pole

Aug-Sep Alaska HIPPO-05 (Schwarz et al., 2013b)

North Pole
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March- Svalbard CIcCl (Ferrero et al., 2016)
May
2012 Mar-Apr Svalbard PAMARCMIP (Herberet al., 2012)
Canadian
Arctic
Jul European ACCESS (Roiger et al., 2015)
Arctic
Svalbard
June-July [ Svalbard Ciccli (Ferrero et al., 2016)
2013 Apr Svalbard PAMARCMIP (Herber et al., 2012)
Mar Svalbard ACCACIA (Liu et al., 2015)
2014 Apr-May Canadian RACEPAC (Herenz et al., 2018)
Arctic
Jul Canadian NETCARE (Abbatt et al., 2018)
Arctic
Sept-Oct Svalbard AGAP (Mazzola et al., 2016)
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Oct Russian Arctic | Tu-134 2014 (Antokhina et al., 2018)
2015 Apr Canadian NETCARE (Abbatt et-al., 2018)
Arctic
Jun-Sep Alaska ACME-V (Biraud et al., 2016)
April-May | Svalbard AGAP (Moroni et al. 2016)
April-May | Svalbard iIAREA (Markowitz et al., 2017)
2016 Jan Iceland HLD-Iceland (Dagsson-Waldhauserova
et al., 2019)
April-May | Svalbard AGAP (Moroni et al. 2016)
April-May | Svalbard iIAREA (Markowitz et al., 2017)
2017 Mar-Apr Svalbard PAMARCMIP (Herber et al., 2012)
Northern
Greenland
Canadian
Arctic
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Alaska

Station Variable 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Instrument
Llert Scat coeff T 7 PRALD Meph, TSI 2563
abs coeff P10 PSAP, converted to 550
504 ICfilter
MO3 ICfilter
MNH4 ICfilter
H+ ICfilter
eBC Leth /Sangeeta
Barrow Scat coeff |3 Meph, TSI 2563
abs coeff Tl L PSAP/CLAP, cany. 550
504 ask for update by Lucia ICfilter
NO3 ICfilter
Seth+PSAP-1w, 3w,
AEIL, AE33/ Betsy+
eBC Sangeeta
Zeppelin scat coeff P10 Neph, TSI_3963
abs coeff aerosol matrix PRALD PS&P, conv, To 550
504 ICfilter
MNO3 993 ICfilter
eBC Aeth, 880 nirm
Gruvebadst PSP, 660 A
A
illum 504
NO3
MH4 ‘
Pallas Scat coeff aerosol matrix PRILOD Neph, TSI_3563
abs coeff
504
MNO3
eBC
abs coeff CLAP, cony. To 550
504
MNO3
eBC
abs coeff 2eth, conv, To 550
504
hNO3
=8c IR oo

Table:

Locations of ice-cores used in this report

Core

Location

Devo

n Island, DV99.1 (rBC) 75.32_N, 81.64_W Zdanowicz

Devo

n Island, DV98.3 (ions) 75.34 N, 82.1 W Zdanowicz

Summit 2010 72.5N, 38.3 W from Mernild et

al. 2015

ACT2

66.0 N, 45.2 W from Mernild et
al. 2015
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ACT11D 66.5 N, 46.3 W from Mernild et
al. 2015
NGT_B19 78 N, 36.4 W link
Humboldt 78.5N,56.8 W from Mernild et
al. 2015
D4 71.4,44.0 W from Mernild et al.
2015
Lomo09 78°49°24" N, 17°25’5” E (Wend|
et al., 2015)
HDF 79°80’ N, 13°16’ E (Wendl et al.,
2015)
8856
" Zeppelin  QA3depH
O q
8857 W
8858
8859
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5.3 Ozone and precursors

(total 4-5 pages including figures, 2000 words)

This section reviews recent work on the origins of Arctic Oz including natural and
anthropogenic sources and O3 sinks and discusses observed distributions of ozone (O3) and

its precursors and observed Ostrends in the Arctic troposphere.
5.3.1 Ozone sources and sinks

Ozone (0s3) is produced photochemically from anthropogenic and natural precursor
emissions (see Section 3.X). Downward transport of O3 fromthe stratosphere is a
substantial direct source of Osto the troposphere (Shapiro et al. 1987). It is destroyed by

photochemistry and by dry deposition to the Earth’s surface.

5.3.1.1 Ozone sources (incomplete — missing natural sources, VOCs):

Methane oxidation is a major source of tropospheric ozone contributing ~50 Tg to the
annual mean global burden (~15%) (Fiore et al.; 2008), and as such makes a substantial
contribution to Arctic ozone abundance (working on including numbers for this).
Enhancements also result from import of ozone and its precursors from lower latitudes
during episodes of long-range transport.of both anthropogenic and fire plumes to the Arctic
(refs — mainly same as last report?)..In addition, there has been recent progress in improving
knowledge of local ozone precursor sources. Surface ozone in summer is already impacted
by shipping NOx emissions along the northern Norwegian coast (Marelle et al., 2016;
Marelle et al., 2018) and the Northwest Passage (Aliabadi et al., 2015). Marelle et al., (2018)
showed that for a 2050 scenario that includes diversion shipping in the Arctic, shipping
would become the main surface ozone source. Tuccella et al. (2017) showed that
background ozone is.influenced by emissions downwind of oil and gas extraction platforms
in the Southern Norwegian Sea. Investigation of long-range transport of ozone precursors
has shown efficient export of PAN from East Asia to the North Pacific, with relative
contributions to long-range Os transport of 35% in spring and 25% in summer (Jiang et al.,
2016). Ship observations over the Arctic and Bering Seas have identified events of long-

range pollution transport with enhancements in ozone, which are under-represented in
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models due to simplifications in treatments of boundary layer and dry deposition (Kanaya et

al., 2019).

5.3.1.2 Ozone sinks

Photochemical loss of Oz is mainly via photolysis in the presence of water vapor or direct
reaction of Oz with hydroxy radicals (HO, or OH). Photochemical destruction‘involving the
hydroperoxyl radical (HO2) may be particularly important in the Arctic where water vapor
abundances are low (Arnold et al. 2015) as well as reactions involving-halogens during the
Arctic spring. Dry deposition of O3 and its precursors to ice and ocean surfaces is slower
than to vegetated terrestrial surfaces. Van Dam et al. (2016) reported ozone dry deposition
velocities that were 5 times higher over Arctic snow-free tundra in the summer months at
Toolik Lake (n. Alaska) compared to snow covered ground. Dry deposition, combined with
possible photochemical loss (e.g. involving BVOCs) producing lower ozone concentrations
during stable (lower light) night conditions may explain the different diurnal cycle observed

at this tundra site compared to Arctic coastal locations (see Fig. 1).
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Figure 1. From-Van-Dam et al. (2016): Diurnal cycle in median ozone concentrations for July at
different Arctic sites.
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During Arctic spring, photochemical cycling of halogens in so-called ‘bromine explosion’
events leads to rapid depletion of surface Os to low or near-zero concentrations (Barrie et
al. 1988; Simpson et al. 2007). This phenomenon is most commonly observed at Arctic
coastal locations in March/April and attributed to bromine (halogen) sources linked to Arctic
sea-ice coupled with stable surface temperature inversions (e.g. Hermann et al;, 2019). Fig.
2 shows the vertical extent of low Oz episodes observed by lidar at Eureka in‘northern
Canada where orographic effects were also important (Seabrook et al.; 2016). Peterson et
al. (2018) showed that active halogen chemistry and related ozone depletion can also occur
up to 200 km inland over snow-covered tundra in Alaska. Simpson et al. (2018) reported
high levels of BrO at Utqiagvik (Alaska) occurring earlier in February in air masses originating
from the Arctic Ocean polar night. Their findings suggest a dark wintertime source of
reactive bromine (halogens) that could feed halogen photochemistry at lower latitudes as

the sun returns.
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Figure 2: Fig. 3 from Seabrook and Whiteway 2016: Ozone lidar measurements from Eureka (spring
2008). Important effects.of large-scale meteorology: ODEs when air from Arctic Ocean, downward
transport of Os into ABL when flow from south over mountains.

In addition, whilst earlier studies proposed indirect evidence that ozone and Hg° are
removed by reaction with Br atoms (e.g. Goodsite et al. 2012, Skov et al. 2004, Dastoor et al.

2008), Wang et al. (2019) have shown, for the first time a direct connection between O3
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and Hg® with Br during ozone and HgP depletion episodes at Utqgiagvik, Alaska at a site 5 km
from the coast to the Arctic Ocean. (see Figure 3). Here, the Br/BrO ratio anti-correlates

with Oz concentrations and box modeling confirmed that ozone in fact is removed by Br.
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Figure 3 (caption needs simplifying): Time series on 20 March 2012 of measured (A) Br and
BrO, (B) Br/BrO ratios and 03, (C) Br2, HOBr, and solar radiation, and (D) Hgo and Hgll levels
near Utqgiagvik, Alaska. Br, BrO, Br2, HOBr, O3, and Br/BrO ratios are in 10-min resolution,
while all others are 1-h averages. Hgo was measured at 5-min resolution for 1-h periods (red
dots in D), during which time Hgll was sampled; then the instrument shifted to offline mode
for 1 h and Hgll was analyzed (blue dots in D). In this case, HOBr likely played a minor role in
morning Br2 production, as HOBr remained below 6 ppt in the morning (<13 ppt all day).

Error bars represent propagated measurement uncertainties. (Wang et al., 2019).

This result is significant since the main source of halogens in the Arctic is release from
refreezing leads and/or from snow blowing over sea ice (Petersen et al. 2016, Pratt et al.
2013; Yang et al. 2020). Burd et al. (2017) found a strong relationship between the end of
the reactive bromine season and snowmelt timing. Decreases in Arctic sea ice extent or

relative distributions of multi-year/seasonal sea-ice cover, and increases in the length of the
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snow-free season could influence future ozone sinks via changes in halogen fluxes or

increased deposition to tundra (and possibly also the ocean).

5.3.2 Observed concentrations

5.3.2.1 Surface site and ship in-situ observations

(placeholder text)

Add introduction.

QOzone monthly means

40

ppbV

Menth

o= Alert Barrow Esrange Summit  =—g==Syalbard = \/RS

Figure 4: The seasonal behavior ozone at Arctic Stations. Monthly means are calculated for
the period 2003 to 2018 except for Villum as data were not available for 2002 to 2006. The

highest ozone mixing ratios are found at Summit due to influence from the free troposphere.

The seasonality at Villum and Alert is very close. The two stations are located at about the
same latitude and close to sea level (see Figure 4). There is a strong seasonal behavior in the
ozone mixing ratio with a minimum at 20.5 ppbv in May due to ODEs a slight increase in
June and a local minimum in July at 23.8 ppbv. This minimum can be explained by surface
removal of ozone and photochemical degradation. Oz is reaching its maximum during
winter where 36.6 ppbv is reached in February. In winter there is not any photochemical
degradation of O3, and the vertical mixing is low as the atmosphere during polar night is
highly stratified (Reference). Summit on the Greenlandic Inland Ice located at 3212 m asl.

The station is in the free troposphere and thus it is not affected by the bromine chemistry
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originating from sea ice or other surface processes (Huang et al. 2017). Consequently the
seasonal variation is different. A clear maximum in March and a minimum in September are
observed. Short episodes of depletion has been reported (REFERENCE) but apparently they

do not affect the monthly mean values substantially, see Figure 5. Zeppelin islocated at

about 450 m ....
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Figure 5: Huang et al 2017, Figure 1: 2 years (2008-2010) data collected at Summit
compared to GEOS-CHEM. Issues with NOx (snow chem), emissions (C2H6).

The interaction of chlorine species and NOy with ozone is discussed further in McNamara et
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al. 2019 (to be commented further, see Figure 6).

Barrow (McNamara 2019)
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9131 Figure 6 : McNamara et al, EST, 2019: enhanced N205, CI2,.CLO and HO2NO2 in air masses
9132 influenced by local Barrow or Prudhoe Bay Oilfield emissions. Important interactions between
9133  snowpack (chlorine) chemistry and anthropogenic NOx emissions.

9134

9135  Ship-based measurements: Observations of 0zone and its precursors over the oceans are

9136  important for validation of models but there is a scarcity of such data from the Arctic.

9137  Recently two datasets from ship cruises in the Arctic have been reported. Kanaya et al.
9138  (2019) performed measurements of CO and ozone in several cruise legs over open oceans,
9139  including the Bering Sea and the Arctic Ocean; the cruise in the Arctic Ocean was in

9140 September. As a general conclusion it was found that halogen chemistry, stable boundary
9141 layers, and deposition might explain differences between measured and modeled ozone
9142  concentrations. He et al. (2016) measured ozone and black carbon on a ship cruise in the
9143  Arctic ocean in the period between June 27 and September 23 The latitudinal and

9144  longitudinal ranges of the cruise were 31.1°N-87.7°N and 9.3°E-90°E-168.4°W. Comparing
9145 the observed ozone concentrations to those measured at Barrow no statistically significant
9146  differences were found, suggesting that coastal stations between July and September may
9147  be representative for the entire Arctic.

9148

9149  5.3.2.2 Vertical profiles



9150

9151

9152

9153

9154

9155

9156

9157

9158

9159

9160

9161

9162

9163

9164

9165

9166

9167

9168

9169

9170

9171

9172

9173

9174

9175

9176

9177

National Data Check AMAP SLCF Assessment Chapter 5.3 (v0-180520)

Christiansen et al. (2017) examined long-term ozonesonde records at 7 Arctic stations
reporting consistent seasonal cycles as a function of altitude between sites with later
maxima in the mid-troposphere compared to the surface layers and upper troposphere.
Since AMAP (2015), no new comprehensive aircraft campaigns have taken place with a
focus on understanding processes affecting Arctic Os in the free troposphere. Ancellet et al.
(2016) examined aircraft, lidar and ozonesonde data over Canada and Greenland during
summer 2008 POLARCAT campaigns (described in AMAP 2015). This study shows clear
latitudinal and longitudinal variations in the origins of sampled air mass origins based on
back trajectories and O3:PV correlations. While downward transport of O3 was important
over Greenland, air masses with higher Oz were attributed to.North America boreal fires
over Canada and polluted air masses from mid-latitudes also contributed, for example from

Asia north of 80N.

The NASA AToM mission (ref) has undertaken extensive surveying of the global troposphere.
This includes repeated vertical profile measurements between latitudes of 60 and 90N,
which give a useful insight into the seasonal variation of ozone and its precursors through
the depth of the Arctic troposphere (Fig..X). These profiles also demonstrate a springtime
enhancement in ozone extending through the troposphere, with evidence of stratospheric
influence in the UT. Summertime shows less ozone enhancement in the lower troposphere,
but enhancement in ozone precursors (CO, PAN) in the mid-troposphere, associated with
import of forest fire and anthropogenic emissions from lower latitudes. Near-surface NO2 is
greatly enhanced during winter, associated with a longer NO2 lifetime and accumulation of

pollution in the Arctic haze.

Placeholder figures showing NASA AToM aircraft data — text to be added (and possibly

Siberian YAK aircraft data — ozone and CO).
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Fig X: Mean vertical profiles of (a) ozone, (b) CO, (c) PAN and (d) NO2 measured north of 60N
from the NASA AToM experiment during summer 2016, winter 2017, autumn 2017 and
spring 2018. Horizontal lines indicate 1 standard deviation spread around mean values at

each altitude.

5.3.2.3 Satellite data

Despite the potential limitations of some satellite data products at high latitudes (see
Section 2c), numerous studies have exploited satellite observations to investigate
tropospheric ozone and precursor distributions and trends relevant to the Arctic. Pommier
et al., (2012) presented IASIretrievals of 0-8 km and 0-12 km sub-column ozone for the
Arctic in spring and summer 2008. These showed widespread enhancement in springtime
(Mar-Apr) tropospheric ozone column compared with summer (Jun-Jul), particularly over NE
Siberia, northern Canada and the Arctic Ocean (ADD possible figure here). Generally good
agreement with.in=situ aircraft profiles was demonstrated, but negative IASI bias was found
compared withaircraft data in the lower troposphere, due to low thermal contrast in the
Arctic boundary layer. Wespes et al., (2012) showed that IASI was able to detect

enhancements in mid-latitude sourced ozone enhancements during summer at the edge of
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the Arctic, but also showed a lack of sensitivity over snow and ice surfaces, potentially
resulting in missing some ozone enhancements. Tropospheric NO2 columns measured from
OMI have been used to detect enhancements and trends in NOx emissions due to gas flaring
in high latitude (up to 67°N) areas of Russia and North America (Li et al., 2016). Sodemann
et al. (2011) analysed cross-polar transport of a large pollution plume in the Arctic during
summer 2008 using IASI CO retrievals. IASI was able to detect features and structures of the
plume consistent with in-situ aircraft data, and provided a useful comparison for evaluation

of transport model simulations.

Satellite observations are also useful in evaluating the sources and export of ozone
precursors from mid-latitude source regions and their subsequent transport to the Arctic.
Assessment of a suite of chemical transport models using OMI tropospheric NO2 columns
for summer 2008 showed a potential overestimate in NO2 over biomass burning regions in
Eastern Siberia, with lower biases over European and N'American source regions, and model
under-estimates over China. Monks et al., (2015) exploited limited profile information from
MOPITT CO retrievals to evaluate relationships between CO seasonal cycles in the lower and
upper troposphere over the Arctic and over mid-latitude source regions. Inter-annual
variability in PAN retrieved by TES over Eastern Siberia for April 2006-2008 was documented
by Zhu et al., (2015), and it was shown to be largely controlled by fire emissions. More
recently, TES PAN data was used to help characterise Asian influence on exported PAN and
downwind ozone production (Jiang et al., 2016). A temperature-dependent high bias in TES

PAN was found at cold temperatures over high latitudes.

5.3.3 Observed trends in ozone

Placeholder text: Growth in anthropogenic emissions of O3z precursors since pre-industrial
times (i.e. increased emissions of CHs, NOx, CO and VOCs) has led to an increase in
tropospheric Oz throughout the northern hemisphere (e.g. Parrish et al. 2012). This increase
in tropospheric O3 has contributed to the observed increase in global temperature over the
past century (e.g. Stevenson et al. 2013) and is likely to have made an important
contribution to Arctic warming observed over this period (Shindell 2007; Shindell et al.

2006).
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5.3.3.1 Observed trends in ozone (and precursors)

Introduction to be added followed by placeholder text.

In Table 1 is listed trend of ozone at several Arctic stations using Mann-Kendall Test and

Sen’s slope.

Table 1: Percentage per year increase over the years indicated. Only significant trends are

shown
Level of Level of Level of Level of Level of

Site Annual |significance | DJF significance | MAM significance | JJA significance | SON significance | Period
Alert n.s.|>0.1 0.40]0.001 n.s.|>0.1 n.s.|>0:1 n.s.|>0.1 1992-2018
Barrow 0.21]0.05 0310.001 0.35(>0.1 n.s.|>0.1 0.20]0.05 1973-2018
Summit -0.40]0.05 -0.41]0.1 -1.02]0.01 n.s.|>0.1 -0.34]0.05 2000-2019
Villum n.s.|>0.1 n.s.|>0.1 n.s.|>0.1 n.s.|>0.1 n.s.|>0.1 1996-2018
Zeppelin 0.28]0.05 0.45]0.01 n.s.|>0.1 n.s.|>0.1 n.s.|>0.1 1989-2018

There is a small increase for all stations but Summit but of those only the trends at Barrow
and Zeppelin are significant and the increase is 0.21% yr* and 0.28% yr?, respective. The
positive trends are due to increases during winter (DJF). Only the most southern station
Barrow has positive trends also in spring (MAM) and in autumn (SON). Summit is located on
the Greenlandic inland Ice sheet above 3200 m and thus is measuring ozone in the free
troposphere. Interestingly the largest trend is observed here. The trend is negative (-0.40 %
yr'1) and there is significant negative trends for all but autumn. The ozone trends at Villum

are shown in Figure 7 below «..



National Data Check AMAP SLCF Assessment Chapter 5.3 (v0-180520)

60.00

50.00

40.00
2
3 30.00
o
20.00

10.00

0.00

1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006

9248
9249  Figure 7 ....

9250

9251  The trend analyses are extended compared to those found in the literature. Sharma et al
9252  (2019) studied Alert ozone from 1980 to 2013 and found a positive trend of 5% for the
9253  entire period. The trend found here for was 10.4% for 1998 to 2018, so it looks that winter
9254  ozone increase is accelerating.

9255

9256 A general negative trend at Summit is here reported for the first time. Gaudel et al. (2018)
9257  revisited trends (2000-2014 only) including Summit (shows no significant trends except for
9258 decrease in spring, only NH mountain site) and surface sites (positive DJF trends in Alaska,
9259  weakly negative or no trend elsewhere (JJA and DJF) - see Fig. 13) (Comment on TOST
9260 dataset in Gaudel et al., 2018).

9261

9262  Tarasick et al. 2019: detailed comparison of different methods = surface concentrations
9263 from 1877 to 2016 — Figure 3 shows results for Northern High Latitudes (60-90N). Overall
9264  increase of 57.1% with questionable datasets omitted. Add comment on past Past

9265 tropospheric ozone trends based on oxygen isotope constraints (Yeung et al, 2019).

9266

9267 A shift towards an earlier peak in the seasonal cycle at the surface in northern Sweden over
9268 the period 1990-2013 was reported by Andersson et al. (2017) using a combined data and
9269 modeling approach. Changes were attributed to rising hemispheric background

9270  concentrations, meteorological variations and European emission reductions. These results
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are in line with seasonal cycle shifts first reported based on surface site data at mid-

latitudes (Parrish et al., 2013).

Placeholder: short paragraph on ozone precursor trends

E.g. Breider et al — historical CO trends (see figure below)

Northern High Latitudes: Historical surface ozone measurements
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5.3.3.2 Vertical profile trends

Long-term data on the vertical distribution of tropospheric ozone in the Arctic is limited and
confined to the European and North-American sector of the Arctic. Tarasick et al. (2019)
made a thorough review of available data and their accuracies. Ozonesondes are the only
source of data that can currently be used for long-term trend analysis in the Arctic. AMAP
(2015) referred to positive trends of ozone in the upper troposphere reported for the
European sector of the Arctic for 1996 — 2010 (Zbinden, 2011) and showed ozonesonde data
for Scoresbysund on the east coast of Greenland for the period 1989 — 2013 with positive
trends at levels from 500 hPa and higher (Christiansen et al., 2015). In an extended study
Christiansen et al. (2017) analysed trends and annual variability in ozonesonde data for 9
Arctic sites (including Scoresbysund) for the period 1990 — 2015 depending on location.
Significant increases in free tropospheric ozone up to 2005, then decreases were found for
European Arctic sector sites. For Eureka, in the Canadian sector, increases were found also

from 2008. They also report evidence for a shift in the O3 seasonal cycle at several stations
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with the late May/early June summer maximum occurring earlier in the year. This could be
due to increased spring-time photochemical production (from Asian sources), decreasing
summertime mid-latitude emissions combined with lower dry deposition (to snow and ice)

earlier in the year.

Scoresbysund
0.6 T ] 0.6F
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Figure ...: Christiansen 2017 Figure 10: changes in Arctic ozone seasonal cycle: 2012-2007 (red) minus
1995-2000 (cyan) at 500hPa (relative to annual means)

Bahramash Shams et al (2019) analysed total and partial ozone columns by combining data
from ozonesondes and the Microwave Limb Sounder on the Aura satellite for the stations
Alert, Eureka, Summit and Ny Alesund: They found no significant annual mean trends over
the period 2005 -2017. Ny Alesund was the only station showing significant trends in the
troposphere with a negative trend'in tropospheric column in the spring and a positive trend

in summer.

5.3.4 Open questions (DRAFT): Observations, origins and trends

e Lack of data in urban/industrial, rural locations or lack of accessibility to existing data
(data-quality) for source attribution and emission validation. Need for data sharing.
e lLack of continuous long-term surface data to estimate trends and standardization of

measurement techniques - NOx and NOy (PAN), VOC or CO trends in the Arctic.
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e On-going questions related to improving understanding about ozone sources and
sinks at the surface (e.g. ....) and in the free troposphere (e.g. ...) in different seasons.
e Simulated ozone perturbations and associated radiative effects requires evaluation

of models against observed trends estimated as a function of altitude.

5.3.5 Summary
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6. Modeling of short-lived climate forcers, climate, and air quality

Policy-relevant science questions we aim to answer (preliminary answers below):

Do the models capture the current abundance and distribution of short-lived climate
forcers such as black carbon, ozone, and methane in the Arctic atmosphere?

18 models were evaluated for 2008-9 and 2014-15 time period (or a subset of those four
years), and were found to have satisfactory agreement with observed black carbon, ozone,
and methane (as well as sulfate, aerosol optical properties, cloud properties, and ozone
precursors). This chapter quantifies the differences between the models and the observed
quantities.

Are current SLCF concentrations in line with what should be expected, taking into account
the Arctic Council and other efforts to reduce emissions?

Five models provided 1990-2015 timeseries (and one 1995-2015 timeseries), which simulate
well the reduction in BC and SO4 in the 1990s and subsequent levelling off of those
concentrations during the 2000s. Despite reductions in NOx emissions, Arctic surface O3
volume mixing ratios have no trend.

When comparing modelled 2014-15 concentrations of BC, SO4, and others SLCFs to those

2008-9, there is not a large difference (no significant reduction).

What are the trends and interannual (? seasonal?) variability in Arctic SLCFs (ozone,
methane, black carbon, and other relevant pollutants) concentrations in the atmosphere, in
snow and ice, (lake sediments) etc. and what are the primary drivers of the trends and
(interannual) variability?

Two models simulated-methane from 1990 to 2015, and these show a steadily increasing
trend, which is consistent with measurements. Black carbon has been decreasing slightly
from 1990 to 2015, and ozone has no trend in the Arctic ambient air.

Six models simulated BC, SO4, and O3 from 1990 to 2015. Those models capture the current
abundance, including seasonal cycle, and trends of black carbon, sulfate, and ozone in the

Arctic atmosphere, as compared to 18 Arctic measurement locations. The modelled and
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measured trend of ambient sulfate was to decrease from 1990 to 1995 and then hold
relatively steady through to 2015. Black carbon also decreased slightly over the 1990 to 2015
time period. The annual, multi-model mean bias in the Arctic was -25%, with a correlation
coefficient, R?, of 0.57 when compared to measurements from 1990-2015. The model
underestimate of Arctic BC was more pronounced in the winter (-40%), than.in the summer (-
6%), though overall, this is an improvement in model performance in simulating Arctic BC
since that 2015 AMAP assessment on black carbon and ozone as climate forcers (which had -
59% negative bias in the winter, and 88% positive bias in the summer). Ground-level ozone
remained steady with no discernable trend in both the model and measurements from 1990
to 2015.

These small trends are as expected given the reductions in sulfate and black carbon emissions
globally and the remoteness of the Arctic from those sources. Emissions of ozone precursors

has varied, thus the lack of ozone trend is expected.

10005

How useful is satellite data in monitoring Arctic concentrations of methane, black carbon,
ozone or other relevant pollutants? What are the limitations?

Satellite data are very useful for monitoring Arctic concentrations of methane, ozone, and
other gaseous SLCFs. These data provide better spatial coverage than the ground sites, and
often have a longer time series. They also provide vertical information of the distribution of
SLCFs. We utilize data from ACE-FTS, TES, and MOPITT in this report and compare those
results to the modelled mixing ratios of ozone, carbon monoxide, and methane.

While black carbon cannot be measured directly from satellites, their data is also very useful
for measuring the optical properties of aerosols such as aerosol optical depth, aerosol
absorption optical depth, and Angstrom exponent. Again, these measurements provide
excellent spatial coverage compared to ground measurement stations. We utilize data from
MODIS/Aqua, MODIS/Terra, MISR, AATSR, SeaWIFS, and CALIOP in this report and compare
those results to the models. The aerosol optical properties measured by satellite can also be
integrated or assimilated into derived PM2.5 data products (e.g., from MERRA, Dalhousie,
Global Burden of Disease, etc), which we also use in this chapter to validate modelled PM2.5

concentrations.




10006

10007
10008
10009
10010

National Data Check AMAP SLCF Assessment Chapter 6 (vO - 180520)

Satellite measurements are limited in the Arctic during polar night, as many of them require
sunlight for their spectral measurements. Also, some viewing geometries also don’t allow
some satellites to have a good “view” of the Arctic. In some cases, clouds and high albedo
(due to snow and ice cover) limit the effectiveness of satellite measurements. Some are also
less sensitive to the surface concentrations of SLCFs, and their vertical information is limited
to coarse resolution. Thus satellites are no substitution for ground based, and aircraft

measurements, but rather an important complementary measurement.

How do the modelled concentrations in the atmosphere, in snow and ice, (lake sediments)
etc. relate to observations?

Modelled concentrations of SLCFs, aerosol optical properties, cloud properties, and
deposition were evaluated against measurements from-surface monitoring networks, ship
and aircraft campaigns, satellite instruments, and ice cores. Years 2008-9 and 2014-15 were
chosen for the detailed evaluation, and 18 different models provided simulations. Model
performance varied depending on species, region, and time of year.

Generally, all models capture the magnitude of concentrations of SLCFs in surface ambient
air. The variability of SLCFs is not as well captured for aerosols, such as black carbon and
sulfate as it is for trace gases, such as ozone and carbon monoxide. Preliminary results
suggest that models have similar spatial patterns in their biases.

Modelled deposition of black carbon and sulfate in Arctic were evaluated against ice core
data. The modelled deposition was highly variable and generally over-predicted deposition of
these SLCFs.

Methane mixing ratios are prescribed in all of these models based on box model results using
ECLIPSEv6b CH4 emissions as input. Thus, simulated methane is much simpler and not as
variable as observed methane at the surface. However, the modelled methane higher up in

the troposphere agrees well with the long-lived and well-mixed observed methane.

6.1 Introduction
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While observations of SLCFs in the Arctic are invaluable, they are limited in space and time,
and are quite expensive and labour intensive to carry out. Models allow us to estimate the
full three-dimensional distribution of SLCFs in the atmosphere as well as their radiative
forcing and optical properties over any time period of interest. Models can also be useful
tools to attribute SLCF sources, and to simulate what is expected of SLCFs in the future.
Models can be used to predict the impacts of various emissions mitigation scenarios on the
atmosphere. In order to have confidence in those results, the models must be grounded in
the truth, which is done in this chapter by comparing the model simulations to observations
of SLCFs. This allows us to evaluate the performance of the models and to determine the

sources of uncertainty for their simulations.

Add literature review of existing model capabilities (e.g., models not used in this report) E.g.,
Breider et al (2014, 2017) papers on Arctic aerosols radiative effect and decadal trends. Also
L. Bruhwiler will add an overview of methane modelling, which is not well represented by the

current AMAP models. Could also mention results previous report.

Eighteen models provided special new simulations for the AMAP SLCF assessment report. All
used the same anthropogenic emissions (ECLIPSE v6b described in Chapter 3) as inputs.
They are each briefly described in Section 6.2, and then thoroughly evaluated against
observations in Section 6.3. The evaluation covers SLCF concentrations, aerosol optical
properties, and clouds in the Arcticand Northern Hemisphere throughout the troposphere
and lower stratosphere. Section 6.4 summarizes our main findings about the models’

performance.

6.2 Models for simulations of short-lived climate forcers and radiative forcing

Brief description of individual models and their characteristics (and further individual model

descriptions in ‘an appendix). Link to chapter on emissions. Insert a box with a brief summary

of generic model types for policymakers and lay audience.
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Model description in table format - initial information available from survey conducted in

AMAP (2015) (everyone)

model, ESM = earth system model.

the spring - information needs to be checked, updated, and expanded, similar to table 7.1 in

Table 6.1: Model information. CTM = chemical transport model, CCM = chemistry climate

Model name | Contact Model type Horizontal grid Vertical grid information
person information

CanAM5- Knut von global climate 128x64, Gaussian grid, hybrid/sigma, 49 levels to

PAM Salzen model T63 1hPa

CESM2.0 Luca Pozzoli ESM 1.9x2.5 lat/lon grid 32

CESM2.1.1 Mark Flanner | ESM 0.9x1.25 lat/lon grid 32

CIESM-DESS | Yiran Peng global climate T42, finite volume 31

aka DESS- model dynamics

MAM7

CMAM David ccm T47 (GCM3)
Plummer

DEHM Jesper CTM™, 50km, >150x150 sigma up to 100hPa, 29
Christensen hemispheric gridpoints, Polarr layer

stereographic

ECHAMG- Thomas Kiihn | global T63 L47, hybrid sigma-

SALSA pressure

EMEP MSC-W. | Michael CT™Mm 0.5x0.5 degree regular 20 sigma-pressure hybrid
Gauss, lon/lat layers from the surface
Svetlana and up to 100 hPa
Tsyro
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FLEXPART Sabine Lagrangian Met. input data:1 deg x 1 | Met. input: 92-138 L
Eckhardt, Transport deg, global
Nikolaos Model
Evangeliou
GEM-MACH Wanmin Regional on-line | Rotated lat/lon at 0.1375 | 81 hybrid levels to 0.1
Gong air quality (or 15-km) horizontal hpa
prediction resolution
model
GEOS-Chem Joshua Fu, CT™M 2x2.5degree 47 sigma level,
Xinyi Dong top@0.01hPa
GISS-E2.1- Ulas Im ESM 2x2.5 degrees 40 vertical layers
OMA
MATCH Joakim Offline rotated lat/long, 38 levels, hybrid
Langner chemistry, 186x186, 0.75 deg
hemispheric resolution
MATCH- Manu Offline coupled | rotated lat/long, 40 levels, hybrid upt 20
SALSA-RCA4 | Thomas chemistry 188x198, 0.75 deg hPa
climate, resolution
hemispheric
MRI-ESM2 Naga Oshima.| ESM TL159(AGCM), 80 layers up to 0.01hPa,
TL95(aerosol), hybrid sigma-pressure
T42(ozone)
NorESM- Maria Sand, Global climate [ 0.9x1.25 lat/lon grid 26 levels, hybrid sigma-
happi Srinath model (ESM pressure
Krishnan and as a CTM?)
Oslo-CTM Ragnhild B. CT™Mm ~2.25°%2.25° 60 sigma level,
Skeie top@0.1hPa
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UKESM1 Steve Arnold | Global 145x192 (1.875°x1.25°) 85 (hybrid height terrain
Chemistry/ following grid)
Climate (ESM)

WRF-Chem Kathy Law, Regional-Arctic | 100km 65 levels
Jean- chemistry-
Christophe aerosol climate

Raut, Tatsuo | model

Onishi
WRF/CMAQ, | Joshua Fu, CCM 108km 34 sigma level,
Xinyi Dong top@50hPa

6.2.1 CanAMS5-PAM

The Canadian Atmospheric Model version 5 (CanAMS5), with Piecewise lognormal
approximation (PLA; Peng et a, 2012) Aerosol-Model (PAM; von Salzen, 2006) is a climate

model used to simulate aerosols for this study. (Knut to fill out more)

6.2.2 CESM (Mark and Luca)

The Community Earth System-Model version 2 (Danabasoglu et al., 2020) is an ESM that can
be configured in many different ways. The configuration applied for this assessment utilized
the Community Atmosphere Model (CAM) version 6 and Modal Aerosol Model (MAM4) with
4 mixed-species aerosol modes (Liu et al., 2016). CAM6 employs a spectral element
dynamical core (Lauritzen et al., 2018), Type 0 and Type 1 CESM runs were conducted at
1.9x2.5 degree horizontal resolution, while Type 3 runs at 0.9x1.25 degrees, all with 32
vertical layers. For Type 0 and Type 1 simulations, CESM version 2.0 was used with “CAM6-
chem” representations of chemical reactions (Emmons et al., 2020), enabling prognostic
simulation of tropospheric ozone concentrations, along with a volatility basis set (VBS)

parameterization for the formation of secondary organic aerosols (SOA) (Tilmes et al.,

6-7
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2019). CAM6-chem is coupled to the interactive Community Land Model (CLM5), which
provides biogenic emissions, calculated online using the MEGANv2.1 algorithm (Guenther et
al., 2012), and handles dry deposition. Tracked aerosol species simulated by MAM4 include
sulphate, primary and aged black carbon and organic matter, dust, sea-salt, and secondary
organic aerosols. Both sea salt and dust emissions are calculated on-line and are highly
sensitive to the surface wind speed (Mahowald, Lamarque et al., 2006; Mahowald, Muhs et
al., 2006). These runs were also forced with prescribed SSTs and sea-ice concentrations,
created from merged Reynolds/HADISST products as in Hurrell et al. (2008). Type 3 transient
runs utilized CESM version 2.1.1 without atmospheric chemistry.and with fully-coupled
atmosphere, ocean, land, and sea-ice components (component set “BSSP245cmip6”), as
applied to simulate future scenarios for CMIP6. All CESM runs specified global-mean mixing

ratios of methane and carbon dioxide.

6.2.3 CIESM-DESS

... (Yiran)

6.2.4 CMAM

The Canadian Middle Atmosphere Model (CMAM) is based on CanAM, but with an extended

vertical lid and the addition of gas-phase chemistry... (Dave to fill out more)

6.2.5 DEHM

... (Jesper)

6.2.6 ECHAM-SALSA

ECHAM-SALSA is the general aerosol-climate model ECHAM-HAMMOZ (ECHAM®6.3-HAM?2.3-
MOZ1.0) (Tegen et al., 2019, Schultz et al., 2019) using the Sectional Aerosol module for
Large Scale Applications SALSA (Kokkola et al., 2019) to solve the aerosol microphysics.

ECHAMBG (Stevens et al., 2013) computes the atmospheric circulation and fluxes using a

6-8
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semi-Lagrangian transport scheme. In the setup used here, the large-scale meteorology
(vorticity, divergence, and surface pressure; relaxation times of 24, 6, and 48 h, respectively)
was nudged towards ERA-Interim reanalysis data (Berrisford et al., 2011). In SALSA the
aerosol size distribution is modelled using 10 size sections (or bins), which span particle sizes
between 3 nm and 10 pum. The size distribution is further divided into a soluble‘and an
insoluble sub-population, which are treated as externally mixed. Within one size bin of one
sub-population, all aerosol particles are considered internally mixed. In.its standard setup,
SALSA describes the aerosol compounds, black carbon (BC), organic carbon (OC), sulfate
(SO4), sea salt (SS), and mineral dust (DU). In the model, BC, OC, SS, and DU are emitted as
primary particles, while sulfate is emitted as either sulfur dioxide (SO) or as dimethyl
sulfate (DMS), which are oxidized using a simplified chemistry (Stier et al., 2005) to form
sulfuric acid (H2S04), which then either nucleates or condenses onto existing particles. BC,
0OC, and SO; emissions are prescribed using input files, while SS and DU emissions are
computed online. All greenhouse gas concentrations.are fixed to pre-defined
concentrations. The model resolution for the simulations performed here was T63 (roughly

2° by 2°), further using 47 hybrid sigma-pressure levels.

6.2.7 EMEP-MSC-W

The EMEP MSC-W model is a 3-D Eulerian chemistry transport model developed at the
Norwegian Meteorological Institute within the Framework of the UN Convention on Long-
range Transboundary Air Pollution. It is described in detail in Simpson et al. (2012). Although
the model has traditionally been aimed at simulations of acidification, eutrophication and
air quality over Europe, global modelling has been performed and evaluated with
observations for many years (Jonson et al., 2010; Wild et al., 2012). The model uses 20
vertical levels defined.as sigma coordinates. The 10 lowest levels are within the PBL (with

the bottom layer being 92 m thick), and the top of the model domain is at 100 hPa.

EMEP-modelled PM2.s and PMig include primary and secondary aerosols, both
anthropogenic and natural. The simulations used here used EclipseV6b PM3.s and coarse PM
emissions, which were split into elementary carbon (EC), organic matter (OM) (here

assumed inert) and the remaining inorganic dust. The EC and OM emissions are further
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divided into fossil fuel and wood-burning compounds for each country and source sector.
80% of emitted EC is assumed to be hydrophobic, which ages to become hydrophilic at a
rate of 1-1.5 day. As in Bergstrom et al. (2012), the Organic Matter/Organic Carbon ratio of
emissions by mass is assumed to be 1.3 for fossil-fuel sources and 1.7 for wood-burning
sources. The split applied to the PM emissions is the same as used in EMEP.operational runs
(HASA, personal communications). Secondary aerosol consists of inorganic sulphate, nitrate
and ammonium, and secondary organic aerosol (SOA); the latter is formed from both
anthropogenic and biogenic emissions (anthropogenic SOA and biogenic SOA respectively),
using the ‘VBS’ scheme detailed in Bergstrom et al (2012) and Simpson et al (2012). The

model also calculates sea salt aerosols and windblown dust particles from soil erosion.

Model updates since Simpson et al. (2012), resulting in EMEP model version rv4.9 as used
here, have been described in Simpson et al. (2016) and references cited therein. The main
changes concern a new calculation of aerosol surface area used in heterogeneous reactions
(e.g. formation of coarse NOs on sea salt and dust aerosols), revised parameterizations of
N2Os hydrolysis on aerosols, additional gas-aerosol loss processes for Oz, HNOs and HO>, a
new scheme for ship NOx emissions, and the use of new maps for global leaf-area for
calculating biogenic VOC emissions) — see Simpson et al. (2015) for details. The EMEP model,
including a user guide, is publicly available as Open Source code at

https://github.com/metno/emep-ctm.

The EMEP model is driven by 3-hourly meteorological data from the ECMWEF IFS model at

0.5 degree resolution.

6.2.8 FLEXPART

A Lagrangian particle transport (Pisso et al., 2019) model using data from ECMWF as driving

meteorology. It calculates transport, turbulent diffusion and removal for the BC aerosols. 30

days spin-up.an 8 years have been simulated (2008-2015).

6.2.9 GEM-MACH


https://github.com/metno/emep-ctm
https://github.com/metno/emep-ctm
https://github.com/metno/emep-ctm
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GEM-MACH (Global Environmental Multiscale model-Modelling Air quality and CHemistry)
is the Environment and Climate Change Canada (ECCC) air quality prediction model. It
consists of an online tropospheric chemistry module embedded within ECCC’'s GEM
numerical weather forecast model (C6té et al., 1998a, b; Charron et al., 2012). The
chemistry module includes a comprehensive representation of air quality processes, such as
gas-phase, aqueous-phase, and heterogeneous chemistry and aerosol processes (e.g. Moran
et al., 2013; Makar et al., 20153, b; Gong et al., 2015). Specifically, gas-phase chemistry is
represented by a modified ADOM-II mechanism with 47 species and 114 reactions (Lurmann
et al., 1986; Stockwell and Lurmann, 1989); inorganic heterogeneous chemistry is
parameterized by a modified version of the ISORROPIA algorithm of Nenes et al. (1999), as
described in detail in Makar et al. (2003); secondary organicaerosol (SOA) formation is
parameterized using a two-product, overall or instantaneous aerosol yield formation (Odum
et al., 1996; Jiang, 2003; Stroud et al., 2018); aerosol microphysical processes, including
nucleation and condensation (sulfate and SOA), hygroscopic growth, coagulation and dry
deposition/sedimentation are parameterized as.in Gong et al. (2003); the representation of
cloud processing of gases and aerosols includes uptake and activation, aqueous phase

chemistry, and wet removal (Gong et al., 2006,:2015).

Aerosol chemical composition is represented by eight components: sulfate, nitrate,
ammonium, elemental carbon (EC), primary organic aerosol (POA), secondary organic
aerosol (SOA), crustal material (CM).and sea salt; aerosol particles are assumed to be
internally mixed. A sectional approach is used for representing aerosol size distribution. For
the 2015 Arctic simulation, a 12-bin (between 0.01 and 40.96 um in diameter,
logarithmically spaced: 0.01-0.02, 0.02-0.04, 0.04-0.08, 0.08-0.16, 0.16—-0.32, 0.32-0.64,
0.64-1.28, 1.28-2.56, 2.56-5.12, 5.12-10.24, 10.24-20.48 and 20.48-40.96 pum)

configuration is used.

Anthropogenic'emissions used in the 2015 Arctic simulation are based on a combination of
North American emission inventories (specifically, the 2016 US National Emission
Inventories and 2015 Canadian national Air Pollution Emission Inventories) and global
ECLIPSE v6b 2015 baseline emissions. Wild fire emissions are processed using the Canadian

Forest Fire Emission Prediction System (CFFEPS) from satellite detected fire hotspot data
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(MODIS, AVHRR, and VIIRS). CFFEPS consists of a fire growth model, a fire emissions model,
and a thermodynamic-based model to predict the vertical penetration height of a smoke
plume from fire energy (see Chen et al., 2019 for details). Biogenic emissions are calculated
online in GEM-MACH based on the algorithm from BEIS version 3.09 with BELD3-format

vegetation land cover. Sea salt emissions are computed based on Gong et al. (2003).

The GEM-MACH 2015 Arctic simulation was conducted over a limited area (LU) domain on a
rotated lat-lon grid at 0.1375° x 0.1375° (or ~ 15-km) resolution covering the Arctic (> 60°N)
and extending to the southern US-Canada border. The chemical lateral boundary conditions

were from MOZART-4/GEOS-5 (https://www.acom.ucar.edu/wrf-chem/mozart.shtml;

Emmons et al., 2010). The meteorology was initialized daily(at 00:00 UTC) using the

Canadian Meteorological Centre’s global objective analyses.

6.2.10 GEOS-Chem

... (Joshua)

6.2.11 GISS-E2.1

NASA Goddard Institute of Space Studies (GISS) Earth system model (ESM), GISS-E2.1, is a
fully-coupled ESM. A full description. of GISS-E2.1 and evaluation of its coupled climatology
during the satellite era (1979-2014) and the historical ensemble simulation of the
atmosphere and ocean component models (1850-2014) are described in Kelley et al., 2020,
under review. GISS-E2.1 has a horizontal resolution of 2¢ in latitude by 2.5¢ in longitude, and
40 vertical layers extending from the surface to 0.1 hPa in the lower mesosphere. The
tropospheric chemistry scheme used in GISS-E2.1 (Shindell et al., 2001, 2003) includes
inorganic chemistry of Ox, NOx, HOx, CO, and organic chemistry of CH4 and higher
hydrocarbons using the CBM4 scheme (Gery et al., 1999), and the stratospheric chemistry
scheme (Shindell et al., 2006) which includes chlorine and bromine chemistry together with

polar stratospheric clouds.


https://www.acom.ucar.edu/wrf-chem/mozart.shtml
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In the present work, we used the OMA, the One-Moment Aerosol scheme (Bauer, Koch, et
al., 2007; Bauer, Mishchenko, et al., 2007; Bauer & Koch, 2005; Koch et al., 2006; Miller et
al., 2006; Tsigaridis et al., 2013; Bauer and Tsigaridis, 2020, under review). OMA is a mass-
based scheme in which aerosols are assumed to remain externally mixed and have a
prescribed and constant size distribution, with the exception of sea salt that has two distinct
size classes, and dust that is described by a sectional model with an option from 4 to 6 bins.
The OMA scheme treats sulfate, nitrate, ammonium, carbonaceous aerosols (black carbon
and organic carbon, including the NOx-dependent formation of SOA and methanesulfonic
acid formation), dust and sea-salt. The model includes secondary-organic aerosol
production, as described by (Tsigaridis and Kanakidou, 2007). The default dust configuration
that is used in this work includes 5 bins, a clay and 4 silt ones; from submicron to 16 pm in
size. The first three dust size bins can be coated by sulfate and nitrate aerosols (Bauer &
Koch, 2005). OMA only includes the first aerosol indirect effect. The aerosol number
concentration that impacts clouds are obtained from the aerosol mass as described in

(Menon & Rotstayn, 2006).

The natural emissions of sea salt, DMS, isoprene and dust are calculated interactively.
Anthropogenic dust sources are not represented in ModelE2.1. Dust emissions vary spatially
and temporally only with the evolution of climate variables like wind speed and soil
moisture (Miller et al., 2006). The version of the model we use in this work uses prescribed
sea surface temperature (SST) and sea ice thickness and extent during the historical period

(Rayner et al., 2003).

6.2.12 MATCH

MATCH - Multiscale Atmospheric Transport and Chemistry [Robertson et al., 1999] is an
offline, Eulerian, 3-D.chemistry transport model developed at the Swedish Meteorological
and Hydrological Institute. MATCH can be run on global to urban domains to study a range
of atmospheric chemistry/air quality problems, but for this study model runs were

performed for the ~20°N—90°N region focusing on long-transport to the Arctic.
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ERA-Interim reanalysis data from the European Centre forMedium-Range Weather
Forecasts (ECMWF) were used as meteorological input to the model. Six-hourly data (3-
hourly for precipitation) were extracted from the ECMWF archives on a 0.75° x 0.75°
rotated latitude-longitude grid. The original data had 60 levels, but the 35 lowest levels

reaching about 16 km in the Arctic were used in the model.

The scheme for gas-phase tropospheric chemistry and bulk aerosols as-described in
Andersson et al. (2007) was used. Methane concentrations were prescribed. Boundary
conditions at the top of the model and at the lateral boundaries for'a range of species
including ozone were based on monthly mean values from the Copernicus Atmospheric
Monitoring Service. The aerosol scheme was extended with-BC and OC simulated as two
fractions: fresh, hydrophobic and aged, and hydrophilic. Eighty percent of anthropogenic
emissions from all sectors were emitted into the hydrophobic and 20% into the hydrophilic
fraction except for fire/biomass combustion where 100% was emitted into the hydrophilic
component following Genberg et al. (2013). Scavenging and aging was parameterized
following Liu et al. (2011), i.e., aging is proportional to OH and scavenging in mixed-phase
clouds is reduced. The hydrophobic fraction is assumed to be 5% activated in the scavenging
scheme, while the hydrophilic fraction is.100% activated. If the clouds are mixed phase, then
the scavenging efficiency is scaled by the ratio of cloud ice water content to total cloud

water content assuming zero scavenging for 100% ice clouds.

6.2.13 MATCH-SALSA-RCA4

The chemistry transport model, MATCH (Robertson et al., 1999; Andersson et al., 2007)
described above is online coupled to the aerosol dynamics model, SALSA (Kokkola et al.,
2008). SALSA describes the whole chain from nucleation to the growth and deposition of
particles and computes the size distribution, number concentration and chemical
composition of the aerosol species. A sectional representation of the aerosol size
distributionis considered with three main size ranges (a: 3-50 nm, b: 50-700 nm and c: >
700 nm) and each range is again subdivided into smaller bins and into soluble and insoluble
bins adding up to a total of 20 bins. A schematic of the sectional size distribution and the

aerosol species considered in each bin is shown in Fig. 1. The seasonally varying emissions
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are based on the sector-wise ECLIPSE inventory. Isoprene emissions are modelled online
depending on the meteorology based on the methodology by Simpson et al. (1995). The
terpene emissions (a-pinene) are taken from the modelled fields by the EMEP model. Sea
salt is parameterized following the scheme of Foltescu et al. (2005) but modified for varying
particle sizes, wherein Martensson et al. (2003) scheme is used if the particle diameter is <1
um and Monahan et al. (1986) scheme is used otherwise. The coupling of MATCH with
SALSA and the evaluation of this model setup is described in detail in Andersson et al.
(2015). A cloud activation model that computes 3-D CDNCs (Cloud Droplet Number
Concentrations) based on the prognostic parameterization scheme of Abdul-Razzak and
Ghan (2002) specifically designed for aerosol representation with sectional bins is
embedded in the MATCH-SALSA model. This scheme simulates the efficiency of an aerosol
particle to be converted to a cloud droplet depending on the number concentration and
chemical composition of the particles given the updraft velocity and supersaturation of the
air parcel. The updraft velocity is computed as the sum of the grid mean vertical velocity and
turbulent kinetic energy (TKE) for stratiform clouds (Lohmann et al., 1999). These CDNCs are
then offline coupled to a regional climate model, RCA4 (Samuelsson et al., 2011), that
provides us information on cloud properties such as cloud cover, cloud droplet radii, cloud
liquid-water path as well as radiative fluxes. The schematic of the model coupling is shown
in Fig. 2. RCA4 is run with 6-hourly ERA-Interim meteorology and the 3-hourly RCA4
meteorological fields along with the fields needed to calculate updraft velocity are used to
drive the MATCH-SALSA-cloud activation model. The CDNCs are then used to re-run the
RCA4 model to obtain the cloud properties and radiative effects. The validation and more

details of this model set up is described in Thomas et al., (2015).
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Fig. 1: Schematic of sectional distribution of aerosol

‘ ECLIPSE emissions ‘

!

| MATCH-SALSA ——>

meteorology Aerosol size

distribution,
number conc.
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Cloud microphysical chemical

RCA4 ——F— properties and composition
radiative fluxes l

Cloud droplet number Cloud activation
concentrations module

Fig.2: Schematic showing the different model components size bins and the chemical

components in the bins and their couplings. (taken from Kokkola et al., 2008).

6.2.14 MRI-ESM2

MRI-ESM2 (Meteorological Research Institute Earth System Model version 2.0) consists of
four major component models; an atmospheric general circulation model (AGCM) with land
processes, an ocean-sea-ice general circulation model (OGCM), and aerosol and
atmospheric chemistry models (Yukimoto et al., 2019), however, we do not couple OGCM in
the type0, typel, and type2 simulations. MRI-ESM2 uses different horizontal resolutions but
employs the same vertical resolution-in each atmospheric component model as follows:
TL159 (approximately 120 km), TL95 (approximately 180 km), and T42 (approximately 280
km) in the MRI-AGCM3.5, the aerosol model, and the atmospheric chemistry model,
respectively, all with 80 vertical layers (from the surface to a model top of 0.01 hPa) in a
hybrid sigma-pressure coordinate system. Each component model is interactively coupled
by a coupler, which enables an explicit representation of the effects of gases and aerosols
on the climate system.

The atmospheric chemistry component model in MRI-ESM2 is the MRI Chemistry Climate
Model version 2.1 (MRI-CCM2.1), which calculates the evolution and distribution of ozone
and other trace gases in the troposphere and in the middle atmosphere. The model
calculates a total of 90 gas-phase chemical species and 259 chemical reactions in the

atmosphere. The aerosol component model in MRI-ESM2 is the Model of Aerosol Species in
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the Global Atmosphere mark-2 revision 4-climate (MASINGAR mk-2r4c) that calculates
atmospheric aerosol physical and chemical processes and treats the following species;
nonsea-salt sulfate, BC, OC, sea salt, mineral dust, and aerosol precursor gases (e.g., sulfur
dioxide and dimethyl sulfide). The size distributions of sea salt and mineral dust are divided
into 10 discrete bins and the sizes of the other aerosols are represented by lognormal size
distributions. The model assumes external mixing for all aerosol species;- however, in the
radiation process in MRI-AGCM3.5, hydrophilic BC is assumed to be internally mixed with
sulfate with a shell-to-core volume ratio of 2; the optical properties of hydrophilic BC are
calculated based on Mie theory with a core-shell aerosol treatment;.in which a concentric
BC core is surrounded by a uniform coating shell composed of other aerosol compounds
(Oshima et al. 2009a; 2009b). MRI-ESM2 employs a BC aging parameterization (Oshima and
Koike, 2013) that calculates the variable conversion rate of BC from hydrophobic BC to
hydrophilic BC, which generally depends on the production rate of condensable materials
such as sulfate. In the radiation and cloud processes.inMRI-ESM2, sulfate is assumed to be
(NH4)2S04 and OC is assumed to be organic matter (OM) by lumping OC species using an
OM-to-0C factor of 1.4. MRI-ESM2 represents the activation of aerosols into cloud droplets
based on the parameterizations, and detailed descriptions and evaluations of the cloud
processes and cloud representations in'MRI-ESM2 are given by Kawai et al. (2019).
Evaluations of the effective radiative forcing (ERF) of anthropogenic gases and aerosols in
present-day conditions relative to preindustrial conditions in the global and the Arctic using
MRI-ESM2 are given by Oshima et al..(submitted in 2020).

The type0 simulations were performed from January 2008 (or January 1990) to December
2015 after a 1-year spin-up run using the prescribed SST and sea ice data (provided by the

AMIP experiment in CMIP6, https://www.wcrp-climate.org/modelling-wgcm-mip-

catalogue/modelling-wgem-mips-2/240-modelling-wgcm-catalogue-amip). The horizontal

wind fields were nudged toward the 6-hourly Japanese 55-year Reanalysis (JRA55) data

(Kobayashi et al. 2015) (https://jra.kishou.go.jp/JRA-55/index_en.html) in the simulation.

We used the monthly anthropogenic emissions from the ECLIPSE V6B emission dataset and
the monthly biomass burning emissions from the CMIP6 in the simulations. Major volcanic
aerosols are given by the stratospheric aerosol dataset used in the CMIP6 experiments
(Thomason et al. 2018). Another type0 simulation with volcanic SO, emission including

Holuhraun eruption was also performed for 2014-2015.
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The typel simulations were performed for 4 years after a 1-year spin-up run using the
prescribed SST and sea ice data provided by AMIP. The horizontal wind fields were nudged
toward the 6-hourly JRA55 reanalysis in the simulations. We used the annually-repeating
2015 emissions with individually 100% perturbed (complete removal) emissions of BC and
SO, for individual region/sector combination.

The type2 simulations were performed for 50 or 60 years after a 1-year spin-=up run using
the prescribed SST and sea ice data provided by AMIP. We used the annually-repeating 2015
conditions with individually 100% perturbed (complete removal) emissions of BC and SO, for
individual region/sector combination.

The type3 simulations by the fully coupled model were performed in 2015-2050 using three
time-evolving emissions (CLE, MFR, and SLCF scenarios). Five.ensemble simulations were

performed for each emission scenario.

6.2.15 NorESM1

NorESM1 (Bentsen et al., 2013; Iversen et al., 2013) is based on the fourth version of the
Community Climate System Model (CCSM4) (Gent et al., 2011), with coupled models for the
atmosphere, ocean, land and sea-ice. Here, we have used a 1° horizontal resolution in the
atmosphere (0.95° latitude by 1.25° longitude, version ‘NorESM1-Happi’). The model has 26
vertical levels on a hybrid sigma-pressure co-ordinate up to the model top at 2.194 hPa. The
model calculates the lifecycles of a range of natural and anthropogenic aerosol components
from emissions and physico-chemical processing in air and cloud droplets. The only
prescribed aerosol concentrations.are stratospheric sulphate from explosive volcanoes. The
direct and indirect aerosol effects on climate are calculated by parameterization of aerosol
interactions with schemes for radiation and warm cloud microphysics (Kirkevag et al., 2013).
The model uses a prognostic calculation of cloud droplet numbers, allowing for competition

effects between aerosols of different hygroscopic property and size.

6.2.16 OsloCTM

The Oslo CTM3 is an offline global three-dimensional chemistry transport model driven by 3-
hourly meteorological forecast data from the Integrated Forecast System (IFS) model at the
European Centre for Medium-Range Weather Forecasts (ECMWF). The Oslo CTM3 consists

of a tropospheric and stratospheric chemistry scheme (Sgvde et al., 2012) as well as aerosol
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modules for sulphate, nitrate, black carbon, primary organic carbon, secondary organic

aerosols, mineral dust and sea salt (Lund et al. 2018).

6.2.17 UKESM1

UKESM1 (United Kingdom Earth System Model) is a fully-coupled Earth System model (Sellar
et al., 2019) with a coupled atmosphere ocean physical climate model (HadGEM3-GC3.1) at
its core (Kuhlbrodt et al., 2018; Williams et al., 2018). For UKESM1 various Earth system
components are incorporated with the physical climate model including ocean
biogeochemistry, an interactive stratosphere-troposphere chemistry and aerosol scheme
and terrestrial carbon and nitrogen cycles coupled to interactive vegetation. The model has
a horizontal resolution of ~135 km at the mid-latitudes (1.875° x 1.25°), with 85 levels on a
terrain-following hybrid height coordinate system, ranging in height from the surface to a
model top of 85 km. The combined stratosphere-troposphere United Kingdom Chemistry
and Aerosol (UKCA) scheme is used within UKESM1 and is fully described and evaluated in
(Archibald et al., 2019; Mulcahy et al., 2019).

The chemical scheme in UKCA is built uponon the scheme described for the stratosphere in
Morgenstern et al., (2009) and that for the troposphere described in O’Connor et al., (2014).
Chemical reactions are included within UKCA for odd-oxygen (Ox), nitrogen (NOy), hydrogen
(HOx = OH + HO3), carbon monoxide (CO), methane and short-chain non-methane volatile
organic compounds (NMVOCs), including isoprene. Reactions involving NMVOCs are
simulated as discrete species. UKCA includes an interactive photolysis scheme, as well as
representations of both wet and dry deposition for gas and aerosol species. Additional
chemical reactions for dimethyl sulphide (DMS), sulphur dioxide (SO2) and monoterpenes
(C10H16) are included to enable coupling to the aerosol scheme within UKCA. A two-moment
aerosol microphysical.scheme, GLOMAP (Global Model of Aerosol Processes; Mann et al.,
2010, 2012), is used to simulate four aerosol components (sulphate, black carbon, organic
matter, sea-salt).across five log-normal modes, ranging from sub to super micron sizes.
Mineral dust.is simulated separately using a 6 bin mass only scheme, ranging in size from 0.6
to 60 microns in diameter (Woodward, 2001). Ammonium nitrate is not currently included
within the UKCA aerosol scheme. The formation of secondary organic aerosols (SOA) is

included based on a fixed yield rate of 26% from the products of monoterpene oxidation.
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The higher fixed yield value accounts for the underlying uncertainty in SOA formation and
the absence of anthropogenic, marine and isoprene sources.

Precursor emission fluxes are either prescribed using specified input files or calculated
interactively using online meteorological variables within UKESM1. Methane is represented
by using prescribed global concentrations. Interactive emission fluxes are calculated online
for sea salt, DMS, dust, lightning NOx and biogenic volatile organic compounds (BVOCs).
Emissions of isoprene and monoterpenes from the natural environment are calculated
online by coupling to the land surface scheme within UKESM1.

Simulations provided by UKESM1 and used in the AMAP assessment have been undertaken
using different configurations. For type0 and typel experiments UKESM1 has been set up
using an atmosphere only configuration that is nudged to ECMWF reanalysis (ERA-interim)
of temperature and wind fields above the boundary layer. Prescribed values of sea surface
temperatures and sea ice are used for each year of simulation based on historical
simulations conducted as part of CMIP6 using the fully'coupled atmosphere-ocean
configuration of UKESM1. For other ancillary inputs a multi-year climatology was used;
equivalent to an AMIP type simulation. For typeO transient emissions were used as input
whereas for typel experiments annually repeating 2015 emissions were used for four
different years to account for the influence of meteorological variability. For type3
experiments the fully coupled Earth system model configuration of UKESM1 was used with
free-running meteorology, enabling feedbacks of changes in short lived climate forcers on

the climate system.

6.2.18 WRF-CHEM

... (Kathy)

6.3 Comparison of simulated and observed short-lived climate forcers

The validation of models focuses on SLCFs black carbon (BC), sulfate (SO4), ozone (03), and
methane (CH4). We also include PM2.5 validation, as particulate matter is partially made up
of some SLCFs, and PM2.5 has important implications on health. We additionally utilise

measurements of aerosol optical properties to evaluate models’ simulations of aerosols as a
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whole (abundance, size distribution, etc). Furthermore, in the appendix, we also include
model validation of organic aerosol (OA), and O3 precursor species; carbon monoxide (CO),

and nitrogen oxides (NOx).

This section provides results from “type 0” model experiments, which cover four recent
years; 2008-9 and 2014-15. For details regarding measurement methods-and data sets,
please refer to Chapters 4 & 5. Section 6.3 is split into four main parts: model results of
SLCFs in the Arctic, model results in the Northern Hemisphere (which-isimportant because
of long-range transport of SLCFs to the Arctic), model results of clouds (which is a large
source of variability in models, and a large factor in the radiation budgets, as will be further
discussed in Chapter 7), and - from a subset of models - the 1990-2015 long-term trends of
Arctic SLCFs BC, SO4, and O3.

6.3.1 Aerosols and trace gases in the Arctic

Figure X(a) below shows the measurement locations of black carbon in the Arctic.
Atmospheric concentrations in surface-level air are measured at the black locations, and
black carbon deposition is observed in ice cores at the brown locations. Fig X(b) shows a
couple of Arctic ship-based campaigns that measured BC (and others) within the 2014-2015

model validation period.

(Summit
¥4 Lomosovofonna

(a) (b)
Fig 6.3.X (a) Location for BC deposition (black) and atmospheric BC measurements (brown)

(b) ship tracks of two campaigns that measured BC.
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10490

10491  6.3.1.1 Mean concentrations and seasonal variability at surface measurement locations
10492

10493  To be added here: the analysis of 03, CH4 (CO and NOx in appendix) surface maps and

10494  scatter plots. Surface trace gas data are from:

10495 ® NAPS (national air pollutant surveillance; Canada)

10496 ® (SN (chemical speciation network; US)

10497 e CMDL (Climate Monitoring and Diagnostics Laboratory; global)
10498 ® China AQ (https://beijingair.sinaapp.com/)

10499 ® Hong Kong EPA

10500 ® EBAS (Europe; ebas.nil.no)

10501 ® Global CH4 from the WDCGG (World Data Centre for GHGs
10502 https://gaw.kishou.go.jp/login/user)

10503

10504  Figure 6.3.1.X below shows concentrations of black carbon (BC) in surface air at nine Arctic
10505 observation stations. Annual mean concentrations are of the order of less than 1 ug m and

10506 most models tend to underestimate BC in the Arctic by about 10%.


https://beijingair.sinaapp.com/
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Observations CanAMS5-PAM

ECHAM-SALSA EMEP-MSCW FLEXPART

MATCH-SALSA MRI-ESM

WRF-CHEM

0.2

)
-0.1 -0.05 -0.04 -0.03 -0.02 -0.01 0.01 0.02 0.03 0.04 0.05 0.1

Figure 6.3.1.X Annual mean blackon concentrations (ug m3) at surface Arctic
measurement sites, and model@‘ln 2014-15. Results from 2008-9 are similar and not
shown. Note that the annua an is calculated for the number of available monthly mean
values of each site which@s (see legend of scatter plot below).

Models have improved s{nce the previous assessment report, in particular in their ability to
capture the seaso cle of BC in the Arctic. Previously, models were not able to represent
the higher wintq BC concentrations (Eckhardt et al, 2015). As can be seen in Figure
6.3.1.X bel e models still underestimate wintertime BC, but most models have

similar seasonality as the observations.
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Figure 6.3.1.X Modelled and measured monthly mean black carbon concentrations at

surface Arctic measurement sites in-2014-15. Results for 2008-9 are similar and not shown.

Most models have reasonable correlation coefficients with the measurements at various

locations in the Arctic. This means that models are correctly simulating the range of BC

concentrations that appear-across the Arctic (e.g., higher concentrations at Hurdal, lower

concentrations at Zeppelin, etc). Some statistics are shown in Figure X below.
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10528 Observed BC (ugm™  Observed BC (ugm™  Observed BC (ugm®  Observed BC (ug m”)

10529  Figure 6.3.1.X Modelled vs measured black carbon concentrations at surface Arctic

10530 measurement sites in 2014-15.'Results for 2008-9 (not shown) had lower correlation
10531  coefficients and higher biases.

10532

10533  There are quite a few mare observations of sulphate in the Arctic, and Figures X-Y below
10534  show how the models perform against those measurements. Generally all models are
10535 underestimating the annual mean sulphate in the high Arctic, though some are

10536  overestimating sulphate in Scandenavia and Alaska. This could be due to not enough long-
10537  range transport of sulphate to the high Arctic.

10538

10539  To do: Discuss impact of Honoluran volcano in late 2014. Which models included an estimate

10540 of those emissions and does it help reduce bias?
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10541
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UKESM1 WRF-CHEM
) Ill 1 03 04 05 06 07 08 09 1
e 0 EEEEEEENEE S
025 -0.2 -015 01 -0.05 005 01 015 02 025
10543 \'
10544  Figure 6.3.1.X A mean sulphate concentrations (ug m3) at surface Arctic measurement
10545  sites, and m ias in 2014-15. Results from 2008-9 are similar and not shown.
10546

10547  The observations show little seasonal cycle in sulphate at Arctic locations, though models
10548 show a large variation in seasonality, as shown in Figure X below.

10549
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10550

10551  Figure 6.3.1.X Modelled and measured monthly mean sulphate concentrations at surface
10552  Arctic measurement sites in 2014-15. Results for 2008-9 are similar and not shown.
10553

10554  While the models.capture the magnitude of sulphate well, the correlation coefficients
10555 indicate that.the models are not quite capturing the spatial variability compared to the
10556  measurements. That said, all models simulate correctly the observed highest sulphate
10557  concentrations at Virolahti and Ahtari, and lowest concentrations at Fairbanks and

10558  Tustervatn.
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Figure 6.3.1.X Modelled vs measured sulphate concentrations at surface Arctic

measurement sites in-2014-15. Results for 2008-9 (not shown) are very similar.

A similar analysis for organic aerosol was carried out (appendix) though fewer observation
stations measure this aerosol species (only 6 stations). Organic aerosol tends to be highest
in the summertime due to the large biomass burning emissions that occur then via wild

fires. All models captured that seasonal cycle, although many of them overestimated
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summertime concentrations, particularly in 2008-9. The models do not capture the spatial
variability of organic aerosol well either.

In addition to the stationary measurement locations, there were two ship-based
measurement campaigns in 2014-2015. These were the Japanese campaigns in Septembers
of 2014 and 2015 (blue track in Fig 6.3.X(b) above), and the Russian campaignin October
2015 (brown track in Fig 6.3.X(b) above). Models that provided 3-hourly'BC output were

compared to these observations in the figure below.
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Figure 6.3.Y: Model vs measured 3-hour-average BC for the ship campaigns.

PM2.5 is particulate matter that is less than 2.5 um in diameter. At that size, particulate
matter can be inhaled and pass deep into the lungs and possibly even the circulatory
system. For that reason, PM2.5 is a health concern, discussed further in Chapter 8. Models
simulate the processes and transport of many aerosol species (such as BC, SO4, and OA
discussed above) in a number of size bins or following a size function, and calculate PM2.5
often as a sum of those species in the fine particle mode. Below we evaluate models’ PM2.5
output, which is either the sum of the species in the 0-2.5 um size bin, or else a pre-

calculated dry PM2.5 output.

Placeholder for Arctic PM2.5 figures
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Some models, such as CESM, ECHAM-SALSA, EMEP-MSC-W, MATCH, and MATCH-SALSA
underpredict PM2.5 in 2008-9, though all models simulate the magnitude of PM2.5
concentrations with more accuracy in 2014-15. The spatial variability in PM2.5 is not well
captured by models with predictions of higher concentrations at sites that measure lower

concentrations and vis versa.

6.3.1.2 Arctic black carbon and sulfate deposition

Ice core are valuable for investigating past emissions variation. For black carbon, the only
sources, before the industrial period in 1850 have been biomass burning. After 1850
anthropogenic emission influenced the deposition on Arctic locations. Most ice cores show a
decreasing trend over the years (chapter 5, Fig XX). We use the observations of the last
decades to evaluate the performance of BC and Sulfate deposition in the models. For BC in
the 7 ice cores used in this comparison the model'mean is 2 times as high as the
observations for all Greenland ice cores. Observed deposition rates mainly under 1
mg/m2/year. In NEEM the modeled mean corresponds well to the observation, at Humboldt
the models give 4 times the deposition compared to the measurements. Sulfate is 4 times
overestimated by the models, on average observations are 4 mg/m2/year, the models give

15 mg/m2/years.The biggest mismatch is at ACT2.
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10609  Figure 6.3.1.X: Annual average BC deposition values for the 7 ice core locations for each
10610 model. The observed concentrations are plotted in black and a black line indicates the level
10611  of the average observed concentrations. The period used for plotting are all years after
10612 1990, see table XX for which periods.have been used by which model.
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Figure 6.3.1.X: SO4 deposition.for the Greenland ice core locations

6.3.1.3 Comparisons with remote sensing observations

-Measured

I DOEHM
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B OsloCTM

N ECHAM-SALSA
B ATCH-SALSA
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[ 1GISS-modelE-OMA

N UKESM1
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Satellite data are very useful for monitoring Arctic concentrations of methane, ozone, and

other gaseous SLCFs. These data provide better spatial coverage than the ground sites, and

often have a longer timeseries. They also provide vertical information on the distribution of

SLCFs. We utilize data from ACE-FTS, TES, and MOPITT in this and Section 6.3.2.2 and

compare those results to the modelled mixing ratios of ozone, carbon monoxide, and

methane.
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Placeholder for TES O3 and CO here.

Placeholder for MOPITT CO here.

There were up to 11 models (depending on the species) that provided 3-hourly output of
trace gases. These were compared to the Atmospheric Chemistry Experiment-Fourier
Transform Spectrometer (ACE-FTS) satellite measurements in the upper-troposphere, lower-
stratosphere (UTLS), a region where ozone is a potent greenhouse gas. ACE-FTS is a solar
occultation instrument with an orbit that allows for relatively good Arctic coverage. Figure
6.3.1.X-Y shows ACE-FTS measurements and model biases for ozone, methane, carbon

monoxide, and nitrogen oxides (NOx).

All models underestimate the Arctic ozone distribution in'the upper stratosphere in the
Arctic, as can be seen in Fig X below. In the lower stratosphere and upper troposphere,

model biases of Arctic O3 are very small, at less than 10%.

ACE-FTS CMAM CESM DEHM

EMEP-MSC-W GEOS-Chem MATCH MATCH-SALSA

Pressure [hPa]

0.0
Jan-14  Jul-14 Jan-15 Jul-15 Jan-14 Jul-l4 Jan-15 Jul-l5 Jan-14 Jul-l4 Jan-15 Jul-15

VMR [ppbv] — T T T T T T T T T T T

o] 541 1083 1625 2166 2708 3250 3791 4333 4875 5416 5958 6500
Absolute
difference 4 T T T T T T T T T T T
[ppbv] -1833 -1500 -1166 -833 -500 -166 166 499 833 1166 1499 1833

Figure 6.3.1.X Mean Arctic (60-90N) ozone from ACE-FTS and the model-measurement

differences for 2014-15. Results for 2008-9 were very similar and are not shown.
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Methane is prescribed in most (all?) models in different ways. It is assumed to be well-mixed
in the atmosphere because of it’s relatively long lifetime. Unlike at the surface, which was
discussed above, in the UTLS where ACE-FTS measures, this assumption is valid, as can be

seen in Fig X below, showing relatively small biases of the order of +/- <10%.

ACE-FTS CMAM EMEP-MSC-W
0.1

10
|
10.0 ‘|k
il
h
101 1

1000.0

o1 GEQS-Chem MRI-ESM2 Jan-14 Jul-14 Jan-15 Jul-15

Pressure [hPa]

1.0 1

100.0 4

1000.0
Jan-14 Jul-14 Jan-15 Jul-15 Jan-14 Jul-14 Jan-15 Jul-15

VMR [ppbv]
Absolute
difference " ; T T T T T — T T T T " '
[ppbv] -464 -392 -321 -250 -178 -107 -35 35 107 178 250 321 392 464

T T T T T T T T T T T T T T
o 128 257 385 514 642 771 900 1028 1157 1285 1414 1542 1671 1800

Figure 6.3.1.X Mean Arctic (60-90N) methane from ACE-FTS and the model-measurement

differences for 2014-15. Results for 2008-9 were very similar and are not shown.

Carbon monoxide and NOx are precursors to O3 in the troposphere. The models show
relatively small differences compared to measurements in the troposphere for both species

(figures moved to appendix)

Add discussion of ACE results, particularly based on whether the model has stratospheric

chemistry, or if it’s prescribed and if so, from what.

6.3.1.4 Aerosol optical properties

While black carbon can not be measured directly from satellites, their data are also very

useful for measuring the optical properties of aerosols such as aerosol optical depth, aerosol

6-34
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absorption optical depth, and Angstrom exponent. Again, these measurements provide
excellent spatial coverage compared to ground measurement stations. We utilize data from
MODIS/Aqua, MODIS/Terra, MISR, AATSR, SeaWIFS, and CALIOP, as well as the ground-
based ground-based Aerosol Robotic Network (AERONET) in this report and compare those

results to the models.

Satellite measurements are limited in the Arctic during polar night, as‘'many of them require
sunlight for their spectral measurements. Some viewing geometries also don’t allow some
satellites to have a good “view” of the Arctic. In some cases, clouds and high albedo (due to
snow and ice cover) limit the effectiveness of satellite measurements. Some are also less
sensitive to the surface concentrations of SLCFs. Thus we don’t present satellite
measurements of aerosol optical depth in this section, but rather in Section 6.3.2.2 where

we evaluate models on a global scale.

Here we compare modelled aerosol optical depth (AOD) - which gives indication of how
much aerosol is in the atmosphere, absorption aerosol optical depth (AAOD) - which is a
measure of the column aerosol loading of light-absorbing particles, and Angstrom Exponent
(AE) - which gives an indication of the size of the aerosols, as it is inversely related to the

average size of the particles in the aerosol to measurements.

Figure X(a) below shows AOD from ground-based AERONET observations, and the model
biases, which ae relatively smallin.the Arctic. This means that models are capturing the
amount of aerosol in the Arctic to within about 20% on average. Most models capture the
seasonal cycle which has @ maximum in the summertime due to biomass burning emissions

(and greater secondary aerosol formation via oxidation/photolysis?).
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Figure 6.3.1.X (a) Comparison of mean AOD at Arctic sites with AERONET mean values in the

irst panel and model mean differences in subsequent panels. Note that mean is calculated

for the number of available monthly meanvalues of each site which varies (see legend of

scatter plot below), therefore this is not necessarily an annual mean. Results shown for

2014-15, with similar, though slightly worse results for 2008-9. (b) Comparison of AOD

annual cycle at Arctic. For each month of a year the data was accumulated from all Arctic

sites (i.e. sites with latitude >=60N).
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10703  Figure 6.3.1.X Comparison of AOD at individual Arctic sites for 2014-15. Very similar 2008-9
10704  results not shown.

10705

10706  AAOD from AERONET to be added

10707

10708  Only a smaller subset of models simulated Angstrom Exponent (AE). These are shown in
10709  Figure 6.X below with the AERONET measurements, giving an indication on whether these
10710  models are capturing the aerosol particle size accurately. Particle size is important for
10711 determining the transport and fate of aerosols, as well as their ability to absorb and scatter
10712  light. Therefore, itiis important to simulate them accurately in models in order to obtain a
10713  correct distribution. MATCH and CESM greatly underestimate AE, which implies that

10714  particles are too large compared to measurements.ECHAM-SALSA and CanAM5-PAM have
10715  very low biases and accurate representation of the seasonal cycle, which peaks in the late

10716 summertime.
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Figure 6.3.1.X: Angstrom Exponent as measured by AERONET and their model biases,

seasonal cycles, and model' vs measurement scatter plots. These are for 2014-15, with 2008-

9 results being very similar and not shown.

6.3.2 Continental sources of short-lived climate forcers and long-range transport

Since a significant fraction of Arctic pollution comes from long-range transport, some of the

model performance in the Arctic needs to be interpreted with additional information from

6 -38
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larger spatial scales. In this section we look at model performance throughout the Northern

Hemisphere to better understand the results.

6.3.2.1 Mean concentrations and seasonal variability at surface sites

Add global plots of trace gases (03 and CH4) and aerosols (BC, SO4, PM2.5) as measured at

the surface. In appendix we can put CO, NOx, and OA.

As ground-level ozone is an important component of smog with negative impacts on health,
agriculture, and ecosystems, great efforts are gone to accurately simulate surface O3
concentrations in models. Ozone creation is dependent on.numerous factors, including
meteorological conditions, emissions and chemistry. Ozone is measured widely in several
countries' surface monitoring networks. All measurements are archived in the TOAR
database, and Table X in the appendix lists the sources of the ozone measurements that are

shown in Figure X.

Figure X: Measured ground-level ozone and model biases.

Carbon monoxide, a pollutant in its own right, is also an important precursor for ground-

level 03. Thus, some of the model bias.in O3 could be due to bias in CO. Figure Y below

shows the CO measurements, and model biases.



10749
10750

10751
10752
10753
10754
10755
10756
10757
10758
10759
10760
10761
10762
10763
10764

National Data Check AMAP SLCF Assessment Chapter 6 (vO - 180520)

Observations

-SALSA

L

MATCH

500
400

0
200
0] —-500

Figure Y: Measured ground-level carbon monoxide and model biases, in ppbv for 2014-15.

Results for 2008-9 are similar and not shown.

Methane, a strong greenhouse gas, and important SLCF is shown in Figure Z, along with
model biases. These models mainly have prognostic methane based on box model results
and the ECLIPSE methane emissions. Thus, AMAP models do not have realistic variability in
surface level CH4, which is quite variable in actuality. Slightly higher in the troposphere,
methane is well mixed, and as shown in the next section, the simplification in the models is

more realistic.

Figure Z: Measured ground-level methane and model biases.

Black carbon.is measured extensively in the United States via the IMPROVE network. In

Canada, there is the CABM network with six stations, and in Europe, there is the EMEP

network (data obtained from the EBAS database) with approximately 16 measurement sites.
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Unfortunately, we were unable to find further global measurements of BC at the surface.

Figure W below shows these results along with the model biases.

Figure W: Measured ground-level black carbon concentrations and model biases:

Sulphate has more measurement locations in Europe than BC, but thereis still limited

publically available data for SO4 on a global scale. Figure X below shows these, along with

model differences.

Figure X: Measured ground-level black carbon concentrations and model biases.

Finally, Figure Y shows the surface PM2.5 concentrations. As discussed previously, PM2.5

has important health impacts, and thus it is well measured via surface monitoring networks

and campaigns.
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Observations CanAM5-PAM CESM

Figure Y: Measured ground-level PM2.5 concentrations and model biases for 2014-15. 2008-

2009 results are s%and not shown.

6.3.2.2 Me centrations and seasonal variability at in the troposphere and lower
stratosphere

Monthly mean modelled trace gases from X models were also compared to the

Tropospheric Emission Spectrometer (TES) satellite instrument, which measures ozone and
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it’s precursor gases, CO, CH4, and NOx, since 2004. Similarly CO measured by the
Measurements of Pollution in the Troposphere (MOPITT) satellite instrument since 2000

were compared to AMAP model output.

placeholder
Figure 6.3.2.X shows TES measurements of ozone in the lower (900 hPa).and mid (600 hPa)

troposphere and model biases.

As PM2.5 is a high profile pollutant, it is also estimated globally using data assimilation
techniques. There are three additional PM2.5 global estimates that are based on
measurements, though also integrate models and satellite measurements of AOD to fill in
the gaps. They are: the MERRA-2 reanalysis (Gelaro et al., 2017), the Global Burden of
Disease (GDB) dataset, and the University of Dalhousie PM2.5 product (van Donkelaar et al.,
2015). PM2.5 from all measurement sources is highly variable. Different measurement
techniques are used, estimating PM2.5 with varying levels of water in them, which causes
large differences, as one example. There are other sources of uncertainty in their
measurements as well. The figures below show how the models compare to this different

measurement-based PM2.5 products:
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10808
10809  Figure 6.3.2.X: PM2.5 from MERRA reanalysis, and model biases for 2014-15.
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10811
10812  Figure 6.3.2.X: PM2.5 from GBD, and model biases for 2014-15.
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-200-100? -0 6 2 -1 1 2 5 10 20 50 100 200

Figure 6.3.2.X: PM2.5 from University of Dalhousie, and model biases for 2014-15.

X

6.3.2.3 Compairi: f modelled BC vertical profiles to aircraft observations

Output at @ourly intervals was provided to us by 14 of the participating models; 11 of
these included output of black carbon concentrations in kg/m3. The purpose of this high-
frequency model output is to compare the models to aircraft measurements along the track
of the aircraft in the gridspace of each model. The extraction of aircraft tracks in model
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space is done by tools from the Community Intercomparison Suite (CIS; cite relevant paper
by Duncan Watson-Parris); the CIS consists of python-based codes which interpolate
between a reference set of observations and model output. There is naturally some
coarsening of information as the aircraft observations are of considerably higher spatial and
temporal resolution than the model output, but this approach nonetheless provides
meaningful comparisons when flight tracks are grouped over specific areas or times. The
aircraft campaigns considered in our comparisons are shown on Figure 6.3.2.3.A for
orientation. Note that most aircraft campaigns available to us took place in the years 2008-
2009, with only the regional-scale CAST and NETCARE campaigns-providing observations for
2014-2015.

PAMARCMIP
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Figure 6.3.2.3.A: Maps of aircraft campaigns whose retrievals of black carbon

concentrations will be compared to three-hourly output from AMAP models.
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10836

10837  Combining all aircraft tracks onto a single map allows comparison with the corresponding
10838  tracks extracted from model output. On the following three plots constituting Figure
10839  6.3.2.3.B, black carbon concentration in ug/m3 is shown for the aircraft observations (top
10840 left of panel of each plot), followed by each participating model. The three plots differ by
10841  altitudes; see figure legends and caption for height ranges. The colour scale is logarithmic.
10842 Models GEM-MACH, GEOS-CHEM and WRF-CHEM provided output only for years 2014 or

10843 2015, which is reflected in the smaller areal coverage of their plots.
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10848  Figure 6.3.2.3.B: concentration of black carbon (ug/m3) from all aircraft campaign tracks.
10849  The top left panel of each plot shows the observations from the campaigns. The top, middle,
10850 and bottom plot differ in altitude: respectively surface to 2000m, 2000-5000m, and above
10851  5000m. The logarithmic colour scale begins at 0.0 and the boxes are 1, 2, 5 for each decade.
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To accompany the maps of black carbon concentration, the three subplots of the following
Figure 6.3.2.3.C show the differences between the models and the observations. The top

left panel of each plot repeats the observations from Fig. 6.3.2.3.B, for reference.

These maps of differences allow some generalizations: Models over- or underestimate the
observations quite consistently, across all campaigns and largely regardless of height, i.e.

skill does not depend on season, year, or altitude of the observation. Assessing the reason

for each model’s skill must be left to the owners of the model. The following sentence is not

intended for a final version: It is interesting to note that the ECHAM-SALSA and MATCH-
SALSA models consistently show similar results on the difference maps of Fig. 6.3.2.3.C,
while MATCH and MATCH-SALSA do not. Which factor is more important: the aerosol

model used, or the dynamics and subgrid parametrizations of the underlying GCM?
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Figure 6.3.2.3.C: Differences between models and observations for the combined aircraft
campaigns. The three plots making up this figure show three different altitude ranges
(surface to 2000m, 2000-5000m, above 5000m). The top left panel of each plot repeats the
black carbon observations from Fig. 6.3.2.3.B for reference. The difference colour scale is

centred on 0.0'and extends to +- 0.1; boxes are 1, 2, 5 for each decade.
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To gain a better insight into the vertical distribution of black carbon concentrations, all
aircraft track points from the observations and from each model were combined for each
campaign, then binned by height. Bins are 500m high, beginning at 250m below the lowest
observation height. Results for all campaigns are given in Figure 6.3.2.3.D. Each line
represents the average value of all points falling into a given height bin. The number of
points contained in each bin, their median value and standard deviationare'listed for each
campaign in Tables XX of Appendix Y. Because three-hourly output results in very large files,
most participating modelling groups provided only Northern Hemisphere or regional data.
Aircraft campaigns carried out in low latitudes (e.g. CAST) or in the Southern Hemisphere

(e.g. VOCALS-C-130) are therefore compared to fewer models.

In Figure 6.3.2.3.E, the observations and the output from all campaigns were combined for
each model, binned by height, and separated by latitude into points falling north of 60N,
and points falling within 30N-60.



National Data Check AMAP SLCF Assessment Chapter 6 (v0 - 180520)

9l-'\-FORCE-airn:raft %RCPAczooa-aircraft 14 ARCTAS-DC8 8 ARCTAS-PC3
8 7 7
6 6
5 5
Ea £4
3 3
2 2
1 1
%1 1 10 100 %1 1 10 100
ng,’m3 ng/m3 ng,/m3
gEUCAARI-aircraft HIPPO-aircraft 6 NetCARE-2014
; \
5
7
6 4
E5 £
3 2
2
1
: [
ol o .t . = oL
01 1 10 100 01 1 10 100 01 1 10 100
ng/m3 ng,’m3 ng/m3 ng,/m3
INetCIARE-2|016 . PAIMARICMIFI' 6 ‘VOCI}LS-C7130 BC measured
, 3.5
5 5 ]
h 3 DEHM
4 N 4 | ECHAM-SALSA
2.5 EMEP-MSCW
GEM-MACH
£ 1 £ 2 £3 |
5 | 1.5 2 | MATCH
1 MATCH-SALSA
1 ] 1 ] MRI-ESM2
05 NorESM
%1 1 1o %11 10 100 %11 1o

ng/m3 ng,’m3 ng/m3

10890

10891  Figure 6.3.2.3.D: Profiles of observed (heavy black line) and modelled (coloured lines; see

10892 final panel for legend) black carbon concentrations (here in units of nanogrammes/m3) for
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10893  each aircraft campaign. All points falling into bins of 500m height were averaged together.
10894  Note that the horizontal axis differs between panels. Well maybe I'll change that so it
10895 doesn’t.

10896
14 All campaigns > 60N 14AII campaigns 30N - 60N
HRLE L I L L B HRRRRLLL I L L I L B
5\
12 + . 12 + .
10 - . 10+ .
E sl E 8 |
g 8 g 8
< <
) o) BC measured
@ 6 1 @ 6f .
< <
DEHM
ECHAM-SALSA
4 . 4 .
GEM-MACH
MATCH
2+ . 2 -MATCH-SALSA .
MRI-ESM2
NorESM
0. 1 10 100 01 1 10 100
concentration (ng/m3) concentration (ng/m3)
10897

10898  Figure 6.3.2.3.E: Profiles of observed (heavy black line) and modelled (coloured lines) black
10899  carbon concentrations for all aircraft campaigns combined, separated into mid-latitude
10900 (30N-60N, left panel) and Arctic (north of 60N) points and binned by 500m levels. All points

10901 falling into a height-latitude bin were averaged together.
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Tables to accompany the profile plots, for the appendix:

- guantitative information on the average values at different vertical levels of each
model’s concentration, together with median, standard deviation, number of points
used

- some information on the models used, if it is not already included in the overall

model spec table

Possibly Stephen Arnold’s work on trace gases aircraft comparisons (?)

6.3.2.4 Aerosol optical properties

We now show the global picture for aerosol optical depth (AOD), which provides an
indication of model performance for aerosols globally. AOD is measured remotely from the
ground-based AERONET instruments, as well as numerous satellite instruments. Figure X
below shows AOD annual means as measured by MODIS, MISR, and CALIOP satellite
instruments, as well as the AOD results from models, and their biases against CALIOP, which

has the largest spatial coverage.
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10925  Figure X: (left) Annual mean AOD as measured by four satellite instruments (top row), and
10926  modelled. (rights) model biases compared to CALIOP.

10927

10928 Model performance can also be demonstrated via a Taylor diagram. The closer a model
10929  pointis to “REF” on the x-axis, the closer it’s simulation is to the measurements, taking into
10930  account correlation coefficient, standard deviation, and bias. Figure X below shows the
10931  results for AOD compared to the satellite measurements.

10932
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10934  Figure X: Taylor diagram for model performance of annual mean AOD compared to satellite
10935  products for 2014-15. The results are similar for 2008-9 (not shown). The numbers outside
10936 the plotted domain represent standard deviation (numerator) and correlation

10937  (denominator).
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Figure 6.3.2.X Comparison of mean AOD at individual AERONET sites for 2014-2015. Results

for 2008-9 were similar and are not shown.

In addition to AOD and AE, in this section we can also evaluate absorption aerosol optical
depth (AAOD) - which gives indication of the column aerosol loading of light-absorbing
particles. The AATSR satellite instrument has global coverage of AAOD, though only over the

poles during summertime.

6.3.3 Clouds and radiation in models and observations (Manu, Joakim, Rashed, Abhay)

Cloud properties from the Type 0 model simulations are evaluated against observations.
Cloud liquid water path (CLWP), cloud ice water path (CIWP), cloud fraction and cloud
droplet number concentrations (CDNC) are processed as a mean over the 4 years (2008,

2009, 2014 and 2015).

6.3.3.1 Cloud fraction

Evaluation of the total cloud fraction provides a first order indication of how clouds and
their coupling to the large-scale thermodynamical conditions in the Arctic are simulated in
the models. Cloud fraction also provides primary constraint on the cloud forcing and cloud
processing of aerosols. Fig. 6.3.3.1.a and Fig. 6.3.3.1.b show intercomparison of total cloud
fraction between the models and satellite products for the DJF and JJA months. Cloud
fraction derived from three satellite sensors (two passive and one active) that have very
different sensitivity to clouds are shown to represent variability in the observations. It is
evident that, over the ice-free waters, the differences among the observations are lower,
but over the ice-covered parts of the Arctic Ocean and land areas, the differences can be
higher, especially during the DJF months. The differences among the models are also strong
during the winter months, reaching as much as 15-20% in the Central Arctic and reaching
20-25% in some models compared to the CALIPSO observations. The differences among
models and .compared to the observations are also large over the polluted high latitude
regions during winter, in the Eurasian as well as East Asian sectors. During summer, the
differences among the models and compared to the observations over the polluted regions

are much lower. Historically, better availability and quality of data from different
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10972  observational systems in polar summer compared to polar winter has led to better
10973  understanding and representation of Arctic clouds in models during summer as well. The

10974  polar winter remains a challenge in both observations and models.

Total cloud fraction - DJF mean

WMODIS C6 CLARA-AZ

DESS-MANMY

10975
10976  Figure 6.3.3.1.a Comparison of simulated cloud fraction (rows2-3) against observations (top

10977  row) for the mean winter months.(DJF).
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Figure 6.3.3.1.b Comparison of simulated cloud fraction (rows2-3) against observations (top
row) for the mean summer months (JJA).

Figures 6.3.3.1.c and 6.3.3.1.d further show evaluation of the annual cycle of monthly mean
cloud fraction over two oceanic areas, over the northern Atlantic and northern Pacific
respectively. These areas are chosen as they are two important pathways of long-range
transport of pollutants into the Arctic. In the northern Atlantic, the total cloud fraction in all
three observational datasets remains high (above 80%) throughout the year and the annual
cycle is very flat. The majority of the models also show similar features and their cloudiness
estimates are within the observational variability. Few models do however overestimate or
underestimate the magnitude of cloudiness, outside the variability range. In the northern
Pacific, the observations differ from one another in their annual cycles. Unlike the northern
Atlantic which.remains ice-free throughout the year, this part of the Pacific Ocean is frozen
during the winter months. The separation of ice from low level clouds becomes challenging
for the passive sensors (MODIS and CLARA-A2 datasets) in the absence of information from

the solar channels. As a result, the cloud conservative nature of their retrieval algorithms
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leads to the underestimation of cloudiness compared to CALIPSO, which shows a very flat
annual cycle. The majority of the models also show flatter annual cycles conforming to
CALIPSO. The differences among the models are largest during the winter months. It is to be
noted that the satellite simulators are not used here while evaluating clouds in these
models. However, compared to the lower latitudes, the diurnal cycles of cloudiness are
much flatter in the Arctic. The spatial coverage is also better due to multiple-overpasses.
Therefore, the differences arising from the different time sampling are expected to be
minimal. The differences in the sensitivity remain, i.e. what constitutes-a cloud in model and
observation can be different. However, given the very high sensitivity of CALIOP-CALIPSO to

even the subvisual clouds, its retrievals can be fairly compared with the models.

Total cloud fraction averaged over N Atlantic

0.95

m— CLARA-A2 (Obs)

==  MODIS-Aqua C6.1 (Obs)

== CALIPSO (Obs)

—— MATCH-SALSA
CanAMS5-PAM

—— MRI-ESM
CESM

——ECHAM-SALSA
GISS5-modelE-OMA
DESS-MAM7

0.5 1 ! 1 ! 1 1 ! 1 1 ! 1
1 2 3 4 5 6 7 8 9 10 11 12

Figure 6.3.3.1.c Seasonal variability of simulated cloud fraction (rows2-3) against
observations averaged over northern Atlantic. The shaded area shows the natural variability

in the CLARA-A2 observations indicated by one standard deviation in the cloud fraction.
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Figure 6.3.3.1.d Same as above, but, averaged over northern Pacific.

6.3.3.2 Cloud liquid water path

How much water clouds contain is an important piece of information in order to study the
microphysical processes and indirect effects of aerosols, often expressed in the column
integrated quantities of liquid and ice waterpaths. Their retrievals from passive satellite
sensors depend heavily on the quality of data from the solar channels, satellite and solar
geometry and the accuracy of cloud fraction over the highly reflective surfaces in the Arctic.
The retrievals are therefore restricted to only a few summer months and the uncertainties
among various satellite sensor. datasets remain very high in the Central Arctic. This is evident
in the Figure 6.3.3.2.a that shows the intercomparison of cloud liquid water paths from
MODIS and CLARA-A2 as well as the models. Over the ice-free oceans MODIS and CLARA.A2
retrievals of LWP agree with one another well. However, over the permanently sea-ice
covered parts of the.central Arctic Ocean and over the marginal land areas, the differences
between the two datasets are very high, even reaching up to 100%. The differences among
the modelsare very strong as well and the land-sea contrast in LWP is different from model-
to-model. It is difficult to find a pattern that commonly holds across all the models and
observations, indicating the challenges that remain in the passive observations and

representation of LWP in the Arctic. The model estimates of LWP in the Atlantic and Pacific
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sectors of the Arctic Ocean are qualitatively closer to the estimates derived from the

combined CloudSat and CALIPSO data (e.g. Lenaerts et al., 2017).

Cloud liquid water path (g/m2) - JJA mean

MODIS C6 CLARA-AZ

CanAis-PAM MRI-E S DESS-MAMYS

Figure 6.3.3.2.a Comparison of simulated cloud liquid water path (rows2-3) against

observations (top row) for the mean summer months (JJA) (g/m2).

Fig. 6.3.3.2.b and 6.3.3.2.c show the histograms of CLWP over the northern Atlantic and
Pacific (the same regions as in the case of annual cycle of cloud fraction) during the summer
months (JJA). In the northern Atlantic, while the distribution of LWPs in CLARA-A2 and
MODIS are similar, the histogram in MODIS is shifted to the higher values (by around 20
g/m?2). In the models, the distribution is slightly flatter compared to the observations. The
majority of the models however agree well with the observations in terms of their LWP
distribution. In the northern Pacific, the distributions of LWP in MODIS and CLARA-A2 agree
very well with one‘another. Here, the modelled distributions of LWP are however even
more flatter and the models show both positively and negatively skewed distributions
compared to the observations.

Since the retrievals of LWP from passive satellite sensors are available only during few

summer months and in order to have another independent reference for the evaluation, the
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retrievals available from a ARM site in Barrow, Alaska are used to evaluate the monthly
mean annual cycle of LWP in the models, as shown in Fig. 6.3.3.2.d. The annual cycle of LWP
unsurprisingly peaks in the late summer in the August in Barrow, while the lowest values are
observed in the late winter and early spring months. The majority of the models also
capture this annual cycle peaking in late summer and early autumn. The amplitude of the
annual cycle is also represented well in some models. Some models however show much

flatter annual cycle.

Histograms of CLWP over M Atlantic (JJA)
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Figure 6.3.3.2.b Histograms of CLWP-over N Atlantic for summer months (JJA) from models

(coloured lines) and observations (black lines) (g/m2)
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Histograms of CLWF over N Facific (JJA)
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Figure 6.3.3.2.c Same as above, but, over N Pacific.

CLWF at Barrow [71.290 156.78W)
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250 —
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Figure 6.3.3.2.d Seasonal variability of cloud liquid water path (g/m2) at Barrow from the

models selected for the study and ARM observations

6.3.3.3 Cloud ice water path

Figure 6.3.3.3.a further shows the intercomparison of cloud ice water paths. The estimates
of IWPs from passive sensors disagree strongly with one another as well. The nature of the
differences in LWPs seen between these two climate datasets is also similar to the

differences in IWPs. The magnitudes of IWPs in the passive observations are much higher
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compared to the models. The models however show very strong variability in the estimates
of IWPs as well. The differences among models could reach a few hundred percentages.
Once again the model estimates of IWPs in the Atlantic and Pacific sectors of the Arctic
Ocean are qualitatively closer to the estimates derived from the combined CloudSat and

CALIPSO data (e.g. Lenaerts et al., 2017).

Cloud ice water path (gfm2) - JJA mean

WMODIS C6 CLARA-AZ

1 1
50 100 150
CanAMSFPAM

Figure 6.3.3.3.a Comparison of simulated cloud ice water path (rows2-3) against

observations (top row) for the mean summer months (JJA) (g/m2).
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6.3.3.4 Cloud droplet number concentrations

Improved model simulations of cloud droplet number concentrations (CDNC) are important
for reducing uncertainties in cloud radiative forcing. However evaluating model simulated
CDNC remains challenging because of the limitations of direct observations over large
domains and timescales. Bennartz and Rausch (2017) recently updated CDNC climatology
for liquid boundary layer clouds, first published by Bennartz (2007), estimated from NASA’s
Aqua MODIS. Figure 6.3.3.4a compares summer (JJA) season average of observed and
simulated CDNC. Similar to other cloud properties discussed above the models
underestimate CDNC in most of the Arctic region. The model biases vary among the models
and the region with most models underestimating MODIS based CDNC (Figure 6.3.3.4b).
Match-Salsa seems to agree with MODIS better than most other models with relatively
smaller biases. It is important to note that although the satellite based retrievals of cloud
properties remain very important for large-scale model evaluations, these estimates can be

highly uncertain especially near the polar regions.

15 30 45 60 75 90 105 120 135 150

Figure 6.3.3.4a: Cloud droplet number concentration (cm3 for summer months (JJA) mean

of four years (i.e. 2008-09 and 2014-2015).
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[ [
90 -75 -60 -45 -30 -15 15 30 45 60 75 90

Figure 6.3.3.4b: Same as Figure 6.3.3.4a but for difference from MODIS.

6.3.4 Trend evaluation (1990-2015): observations, simulations, emissions

6.3.4.1 Arctic trends of surface-level BC, SO4, and O3

Models (those that provided 1990-2015) were evaluated at Arctic (>600N) ground stations
that have a long time series (starting at least around the early 2000s). Model and
measurement time series are plotted together, and trends discussed. (Focus only on BC,

S04, 03, CH4, and CO)
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Six models simulated SLCFs from 1990 to 2015. Those models capture the current
abundance, including seasonal cycle, and trends of black carbon, sulfate, and ozone in the
Arctic atmosphere, as compared to 18 Arctic measurement locations. The modelled and
measured trend of ambient sulfate was to decrease from 1990 to 1995 and then hold
relatively steady through to 2015 (Figure X). Black carbon also decreased slightly over the
1990 to 2015 time period (Figure Y). The annual, multi-model mean bias:in the Arctic was -
25%, with a correlation coefficient, R?, of 0.57 when compared to measurements from 1990-
2015. The model underestimate of Arctic BC was more pronounced in-the winter (-40%),
than in the summer (-6%), though overall, this is an improvement in-model performance in
simulating Arctic BC since that 2015 AMAP assessment on black carbon and ozone as
climate forcers. Ground-level ozone remained steady with no.discernable trend in both the

model and measurements from 1990 to 2015 (Figure Z).

BC Arctic time series
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Figure 6.3.5.1.X: Measured and modelled annual mean time series of surface-level BC at 15

Arctic ground stations.
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S04 Arctic time series
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11133  Figure 6.3.5.1.X: Measured and modelled annual- mean time series of surface-level SO4 at
11134 15 Arctic ground stations.
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11136  Figure 6.3.5.1.X: Measured and modelled annual mean time series of surface-level O3 at 15

11137  Arctic ground stations.
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6.3.4.2 Simulated aerosol optical depth trend vs AVHRR

(Rashed) Five models provided long-term monthly mean aerosol optical depth (AOD). A
common time period (i.e. 1995-2015) was chosen because of the availability of model
simulation data from different models. The choice of this period, although arbitrary, can be
useful because of less impacts from large volcanic eruptions of Mount Pinatubo in 1991. The
AVHRR aerosol optical thickness (at 0.63 nm) data was obtained from‘(Zhao et al., 2013,

2017). All monthly mean data sets (including model simulations and AVHRR) were

remapped to a uniform 1° X 1° spatial grid before performing any analysis.

Figure 6.3.4.2.1 shows a negative AOD trend along eastern coasts of North America, Europe
and Mediterranean region which is consistent with decreasing aerosol emissions. Over
Arabian Sea, Bay of Bengal, southwest costs of Africa and East Asia the aerosol
concentrations are increasing. All models reproduced the spatial distribution of dominant
patterns of observed AOD trends with a varying degree of biases depending on the model.
All models agree in terms of the negative AOD trend over Eastern North America and
Europe and positive trends in the Northern/Indian Ocean (except GISS-modelE-OMA) and
southwest coasts of Africa. However most models (except GISS-modelE-OMA) failed to

reproduce increasing observed AOD trends in northeast China.

CanAMS5S-PAM
TR

GISS-modelE-OMA
2 ] -
e

" A

-0.06 -0.02 -0.01 -0.005 -0.002 -0.001 0 0.001 0.002 0.005 0.01 0.02 0.05

Figure 6.3.4.2.1: AOD trend comparison between AVHRR and model simulations. The trend

is calculated from monthly mean AODs for the 1995-2015 time period and was multiplied by
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10. Stippling represents regions where trends are statistically significant for 95% confidence
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level based on Student’s t-test.
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6.4 Summary of SLCF models and their evaluation

(Cyndi, others) General conclusions about the model performance, with some multi-species

summary figures. E.g.;
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(lin.huang@canada.ca)

Gruvebadet:

We acknowledge Mauro Mazzola (mauro.mazzola@cnr.it), Stefania Gilardoni

(stefania.gilardoni@cnr.it), and Angelo Lupi (angelo.lupi@cnr.it) from the Institute of Polar
Sciences fo Gruvabadet eBC measurements; and Rita Traversi (rita.traversi@unifi.it), Mirko
Severi (mirko.severi@unifi.it), and Silvia Becagli (silvia.becagli@unifi.it) from University of
Florence for the Gruvabadet SO4 measurements.

http://www.isac.cnr.it/~radiclim/CCTower/?Data:Aerosol

Zeppelin datasets from Vito Vitale Angelo Lupi (also available on http://ebas.nilu.no)

Villum Station datasets (www.villumresearchstation.dk) from Henrik Skov (hsk@envs.au.dk;

also available in http://ebas.nilo.no)

NAPS (national air pollutant surveillance; Canada;

https://open.canada.ca/data/en/dataset/1b36a356-defd-4813-acea-47bc3abd859b)

CLARA-A2 dataset for cloud properties

CSN (chemical speciation network; US; https://www3.epa.gov/tthamtil/speciepg.html)
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CMDL (Climate Monitoring and Diagnostics Laboratory; global)

China AQ (https://beijingair.sinaapp.com/)

Hong Kong EPA (https://www.epd.gov.hk/epd/english/top.html )

EBAS (Europe; http://ebas.nil.no)

Global CH4 from the WDCGG (World Data Centre for GHGs

https://gaw.kishou.go.jp/login/user)

TES (https://eosweb.larc.nasa.gov/project/tes/guide/TES Lite Products Users Guide.pdf)

MOPITT ( https://www?2.acom.ucar.edu/mopitt )

EMEP for European data (downloaded from http://ebas.nilu.no)

Fairbanks aerosol measurements from William Simpson (wrsimpson@alaska.edu) and KC

Nattinger thesis https://scholarworks.alaska.edu/handle/11122/6830 can be added to the

data reference list below.

The aircraft data are from multiple campaigns and provided by Duncan Watson-Parris

(duncan.watson-parris@physics.ox.ac.uk)

Add more data acknowledgement here

%k % % %k %k
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Data references
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van Donkelaar, A., R. V. Martin, et al. (2015) Global fine particulate matter concentrations
from satellite for long-term exposure assessment, Environmental Health Perspectives,

123, 135-143, DOI:10.1289/ehp.1408646, 2015.

For MERRA-2 pm2.5:

Gelaro, R., and Coauthors, 2017: The Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA-2). J. Climate, 30, 5419-5454,
https://doi.org/10.1175/JCLI-D-16-0758.1

For IMPROVE:

Malm, W. C,, Sisler, J. F., Huffman, D., Eldred, R. A., and Cahill, T. A.: Spatial and seasonal
trends in particle concentration and optical extinction in the United States, J. Geophys.

Res., 99, 1347-1370, 1994.

For EBAS/EMEP (Not sure how to add acknowledgement):

Torseth, K., Aas, W., Breivik, K., Fjaeraa, A. M., Fiebig, M., Hjellbrekke, A. G., Lund Myhre, C.,
Solberg, S., and Yttri, K..E.:.Introduction to the European Monitoring and Evaluation
Programme (EMEP) and-observed atmospheric composition change during 1972—-2009,

Atmos. Chem. Phys., 12, 5447-5481, doi:10.5194/acp-12-5447-2012, 2012.

For NAPS:

Ewa Dabek-Zlotorzynska, Tom F. Dann, P. Kalyani Martinelango, Valbona Celo, Jeffrey R.
Brook, David Mathieu, Luyi Ding, Claire C. Austin, Canadian National Air Pollution

Surveillance (NAPS) PM2.5 speciation program: Methodology and PM2.5 chemical
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composition for the years 2003—2008, Atmospheric Environment,45,3, 2011,673-
686,https://doi.org/10.1016/j.atmosenv.2010.10.024.

For AVHRR AOD:

Zhao, T. X.-P., P. K. Chan, and A. K. Heidinger (2013), A global survey of‘the effect of cloud
contamination on the aerosol optical thickness and its long-term trend derived from
operational AVHRR satellite observations, J. Geophys. Res. Atmos., 118, 2849-2857,
doi:10.1002/jgrd.50278.

Zhao, Xuepeng; and NOAA CDR Program (2017): NOAA Climate Data Record (CDR) of AVHRR
Daily and Monthly Aerosol Optical Thickness (AOT) over Global Oceans, Version 3.0.
NOAA National Centers for Environmental
Information.[AOT_AVHRR_v03r00_monthly_avg] doi:10.7289/V5BZ642P [date accessed:
Jan 30, 2018, last accessed on Feb 01, 2020].

For MISR AOD:

Witek, M. L., Garay, M. J., Diner, D. J., Bull, M. A,, and Seidel, F. C.: New approach to the
retrieval of AOD and its uncertainty from MISR observations over dark water, Atmos.

Meas. Tech., 11, 429-439, https://doi.org/10.5194/amt-11-429-2018, 2018..

For MODIS:

Remer, L., Kaufman, Y., Tanre, D., Mattoo, S., Chu, D., Martins, J,, Li, R.-R., Ichoku, C., Levy,
R., Kleidman, R:, Eck, T., Vermote, E., andHolben, B.: The MODIS Aerosol Algorithm,
Products, and Validation, J. Atmospheric Sciences, 62, 947 — 973, 2005.

Hsu, N. C,, Jeong, M., Bettenhausen, C., Sayer, A. M., Hansell, R., Seftor, C. S., Huang, J., and

Tsay, S.: Enhanced Deep Blue aerosol retrievalalgorithm : The second generation, Journal
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of Geophysical Research : Atmospheres, 118, 9296-9315,
https://doi.org/10.1002/jgrd.50712,202013

Sayer, A. M., Munchak, L. A., Hsu, N. C., Levy, R. C., Bettenhausen, C., and Jeong, M. J..:
MODIS collection 6 aerosol products: comparison between Aqua’s e-Deep Blue, Dark
Target, and “merged” datasets, and usage recommendations, J. Geophys. Res. Atmos.,

119, 13965-13989, 2014.

For SeaWiFS:
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Geophys. Res.-Atmos., 124, 4026-4053, https://doi.org/10.1029/20181D029688, 2019.
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North, P. R. J., Briggs, S. A., Plummer, S. E., and Settle, J. J.: Retrieval of land surface
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Grainger, R..G.,-and Lawrence, B. N.: The GRAPE aerosol retrieval algorithm, Atmos.
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Table A.X: Emission details in models

(Simpson et al.,

EMEP per year

Wiedinmyer et al.,

Model name | Biogenic Volcanic Forest fire emissions | Agricultural waste burning
emissions emissions
CanAM5-PAM | none Specified ECLIPSE V6B
climatological
CESM2.0 MEGANv2.1 CMIP6 CMIP6 ECLIPSE V6B
(Type 0 and
Type 1 runs)
CESM2.1.1 CMIP6 (but only [ CMIP6 CMIP6 ECLIPSE V6B
(Type 3 runs) | affecting SOA,
not ozone)
CMAM
DEHM
ECHAM-SALSA | based on the 3D emission CMIP6 ECLIPSE V6B
GEIA inventory |fields based on
(as particulate AeroCom Il
matter only) (https://wiki.
met.no/aeroc
om/phase3-
experiments);
includes
emissions for
Holuhraun
EMEP-MSC-W | EMEP scheme As reported to | FINN (based on ECLIPSE V6B
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Biogenic VOCs
emissions are

taken from

stratospheric

aerosol

2012) (via CEIP, 2011)
www.ceip.at).
For future
years: 2010.
FLEXPART none none CMIP6 ECLIPSE V6B
GEOS-Chem
GEM-MACH BEIS v3.09 none CFFEPS ECLIPSE V6B
GISS-E2.1- Isoprene:Guent | AeroCom CMIP6 ECLIPSE V6B
OMA her et al. (2015);
Terpenes:
ORCHIDEE;
Online DM,
Sea-salt and
dust
MATCH MEGANv2 Climatological | CMIP6 ECLIPSE V6B
+ seperate
runs with and
without
Holuhraun
eruption
MATCH-SALSA | MEGANvV2 Specified CMIP6 ECLIPSE V6B
2014-'15
+
Climatological
MRI-ESM2 CMIP6 CMIP6 ECLIPSE V6B
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Horowitz et al.

(2003)

dataset or
specified
2014-2015 SO;
emission with
Holuhraun

eruption

NorESM

OsloCTM

UKESM

Isoprene and
monoterpenes
interactive with
land surface
vegetation

scheme

Climatology of
emissions for
continually
degassing
volcanoes. For
explosive
volcanoes a
zonal mean
climatology of
stratospheric
aerosol optical
properties
over historical
period used
from CMIP6

dataset

Prescribed from

CMIP6-dataset

CMIP6 emissions for TypeO
but ECLIPSE V6B for all

other simulations

WRF-CHEM

A.2 Model validation of O3 precursors
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11790 The two figures below show the CO and NOXx, respectively, in the Arctic (>60 N) UTLS region
11791 from ACE-FTS and the model biases.
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Figure A.Y: Mean Arctic (60-90N) nitrogen oxides (NOx) from ACE-FTS and the model-
measurement differences for 2014-15. Results for 2008-9 were very similar and are not

shown.
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8. Health and Ecosystem Impacts

Policy-relevant science question:

What are the potential present-day impacts of pollutant emissions on human health, crop
yields and ecosystems and what benefits can be achieved via emission.mitigation in the

future?

8.1. Introduction

BC and methane emissions influence public health within Arctic communities through two
pathways, whether the emissions are released in the Arctic or elsewhere in the world. First,
SLCPs contribute to anthropogenic climate change, which is expected to have a variety of
negative consequences for public health among cities.and communities in the Arctic.
Climate change can increase air pollution from wildfires, contribute to the spread of vector-
borne disease, and affect natural ecosystems that sustain fish and wildlife leading to dietary
risks. SLCPs are also health-damaging air pollutants that are associated with a range of
health outcomes, including respiratory and cardiovascular diseases, among others. Reducing
SLCPs can thus improve public health in Arctic communities by reducing the effects of both

climate change and air pollution exposure.

This chapter presents an assessment of the health and environmental benefits of the SLCP
policies described in Chapter 2. Understanding the health and ecosystem benefits can help
inform the design and implementation of emission mitigation policies. Health and
environmental impact assessment is often used for decision-making analyses, such as cost-
benefit or cost-effectiveness analysis. However, quantitatively estimating the public health
and environmental benefits of reduced climate change in the Arctic is challenging due to
limited data and modeling approaches. Estimating health impacts from changes in air
quality are more easily quantifiable and may be larger than health impacts from changes in
climate in the near term. Methods also exist for estimating pollution deposition which can
cause damage to crop yields and ecosystems through acidification and eutrophication. This

chapter therefore focuses on how the PM2.5 and ozone changes from SLCP emission



13027
13028
13029
13030
13031
13032
13033
13034
13035
13036
13037
13038
13039
13040
13041
13042
13043
13044
13045
13046
13047
13048
13049
13050
13051
13052
13053
13054
13055
13056
13057
13058

National Data Check AMAP SLCF Assessment Chapter 8 (v0 - 180520)

policies could affect public health and ecosystems in the Arctic. The additional health and
environmental benefits from reduced climate change are also important but are not

guantified here.

Sections 8.2 and 8.3 review the evidence on air quality-related health and ecosystem
impacts, including what is known from the body of scientific literature that has grown over
decades of epidemiological, toxicological, environmental and other types of research studies
globally. Section 8.4 presents quantitative analysis of the health and ecosystem impacts of
air pollution in the Arctic, as well as the improved health and ecosystem outcomes that
could come from policies reducing SLCP and other emissions. Finally Section 8.5 synthesizes
the existing body of literature with the new quantitative analysis to respond to the policy-
relevant question: What are the potential present-day impacts of pollutant emissions on
human health, crop yields and ecosystems and what benefits can be achieved via emission

mitigation in the future?

8.2 Review of evidence on air quality related health impacts

8.2.1 Health effects of PM2.5 and ozone

8.2.2. Burden of disease estimates in Arctic nations

8.2.3. Arctic and Nordic-specific emissions sources and health studies

8.2.3.1. Local emissions sources:

e Wildfires

e Wood/coal burning for home heating - PM2.5, BC, PAH

e Shipping

e Flaring

8.2.3.2 Arctic and Nordic-specific epidemiological studies

e Existing studies on Alaska & Finland epi, NordicWelfAIR (highlighted in

boxes?)
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e Case studies to look at local reductions in pollution sources and health

8.3. Review of evidence on air pollution impacts on ecosystems and crops

8.3.1 Deposition and Critical Loads:

8.3.2 Crop Impacts

8.4 Modeled impacts of SLCP emissions on health, depositions and crops in Arctic Council

nations & observers

This section describes the new quantitative analysis of the health, ecosystem, and
agricultural impacts of air pollution changes from the modeled SLCP emissions scenarios.
We combine PM2.5 and ozone changes simulated from multiple chemical transport models
and general circulation models described in earlier chapters with concentration-response

functions from the peer-reviewed literature for health, ecosystem, and agricultural impacts.

8.4.1 Models and Methods

For the impact calculations, we use a'set of health, ecosystem, and agricultural impact
assessment models. These models have been developed previously and applied in multiple

applications throughout the literature. They include:

The EVA system (Brandt et al., 2013a,b; Geels et al., 2015; Im et al., 2018, 2019) is based on
the impact-pathway chain method (Friedrich and Bickel, 2001). With recent developments,
EVAVG6 can calculate all-cause acute and chronic mortality and morbidity based on linear
exposure-response functions, along with cause-specific mortality based on non-linear

functions following Lelieveld et al. (2019).

The EMEP MSC-W model is a 3-D Eulerian chemistry transport model developed at the
Norwegian Meteorological Institute within the Framework of the UN Convention on Long-

range Transboundary Air Pollution. It is described in detail in Simpson et al. (2012). Model

8-3
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updates since Simpson et al. (2012), resulting in EMEP model version rv4.9 as used here,
have been described in Simpson et al. (2016) and references cited therein. To assess the
past trends and future scenarios of ecosystem damage by acidifying and eutrophying

depositions, the results from the EMEP MSC-W model simulations have been/used here.

ISTE tool, developed at the Finnish Institute for Health and Welfare (THL).has an extensible
collection of available C-R functions [8] and is linked to baseline burden.of disease data by
WHO [38]. The ISTE tool allows for probabilistic modelling of exposure.variability and
calculates uncertainties using 95% Cl for C-R functions and standard-error for exposure

when these are available.

TMb5-FASST-Scenario Screening Tool a global reduced-form air quality source—receptor

model that has been designed to compute ambient pollutant concentrations as well as a
broad range of pollutant-related impacts on human health, agricultural crop production,
and short-lived pollutant climate metrics, taking as input annual pollutant emission data

aggregated at the national or regional level.

8.4.2 Data and Methods for Health Impact Analysis (HIA)

Four factors - population growth, population aging, mortality rates independent of exposure
to PM2.5, and exposure to ambient PM2.5 and ozone - contribute to the total mortality
attributable to ambient PM2.5 and O3 and the changes in these factors contributes to the
overall change in attributable mortality. Data sources for these variables across the HIA

models are described below:

Input concentrations of PM2.5 and Ozone

PM2.5 and O3 concentrations are derived from the suite of models described previously in
Chapters 6 and 7. A wide range of different model resolutions are employed in AMAP SLCF
EG models, ranging from about 0.14 degree longitude (GEM-MACH) to about 2.8 degrees
longitude (CanAM5-PAM). Different methods for remapping model results onto a common
grid with a resolution of 0.5 degrees have been tried in order to provide data for the analysis

of population-weighted concentrations. Results of these methods were evaluated by

8-4
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comparing with a range of different observational data sets for PM2.5, focussing on annual
mean data for 2015. No obvious systematic relationship was found between PM2.5
concentration biases and model resolution for any of the remapping methods. Specifically,
models with higher resolution do not produce systematically higher PM2.5 concentrations
than models with a lower resolution. However, observations provide clear evidence for
steep concentration gradients between urban and rural regions which cannot be well
resolved by most of the models that are available. Given that overall model performance
does not appear to depend on model resolution, it may be possible to.enhance simulated
concentrations simulated at low resolution by downscaling. The goal of the downscaling
method is to better represent concentration gradients, with potential benefits for an

analysis of health impacts.

For O3, the HIA models used the sum of ozone means over 35 ppb (SOMO35) which is based

on the daily maximum of 8-hour mean O3 concentrations.

Population Data

For the population weighted concentrations and scenarios, population projections were
derived from the SSP2 scenario as part of Shared Socioeconomic Pathways (KC et al 2017).
The EVA model further used the global population density from Socioeconomic Data and
Applications Center (SEDAC: (http://sedac.ciesin.columbia.edu/data/collection/gpw-

v4/sets/browse) on a 2.5-minute spatial resolution.

Baseline Mortality and Morbidity

Data across the models are based on a number of sources including WHO 2019.

Risk Functions
A range of concentration response (C-R) functions are used across the different HIA models

to calculate mortality and morbidity end-points. These include:

i) Non-linear functions: These are used to estimate cause-specific mortality due to O3 and
PM2.5. This method uses the Global Exposure Mortality Model (GEMM: Burnett et al.,

2018), where relative risks (RR) are calculated through the hazard ratios functions. This

8-5
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method can calculate cause-specific mortality due to exposure to ambient PM2.5, including
lung cancer (LC), chronic obstructive pulmonary disease (COPD), cerebrovascular disease
(CEV), ischemic heart disease (IHD) and lower respiratory infection (LRI). These functions
have further been sampled in Lelieveld et al. (2019) for European cohorts and these

updated versions are used in the EVA model.

ii) Linear Functions: The linear exposure-response functions (ERFs) used.in the EVA model to
calculate different morbidity end-points (bronchitis, asthmatic children-and lung cancer) are

derived from (Héroux et al, 2015; WHO, 2013).

8.4.3 Present-day (2015) impacts of air quality on health, critical loads and crops

This section describes impacts estimated from the present-day model simulations:
e Contributions to Arctic burden of disease (from region/sector emissions)
e Contribution of SLCPs to health impacts (relative impacts across scenarios,
region/sector emissions)
e Sulfur and Nitrogen deposition and critical loads

e Crop impacts

8.4.3.1 PM2.5 and ozone health impacts

8.4.3.2. Sulfur and Nitrogen deposition and Critical loads

8.4.3.3. Crop impacts

8.4.4. Future benefits.of emission mitigation on health, deposition and crops (2030, 2050)

This section describes the future changes in PM2.5 and ozone-related health impacts,

impacts of nitrogen deposition of acidification and eutrophication of ecosystems, and ozone

impacts on crop yields for the years 2030 and 2050 under the SLCP emissions scenarios.

8.4.4.1 PM2.5 and ozone health Impacts



13187
13188
13189
13190
13191
13192
13193
13194
13195
13196
13197
13198
13199
13200
13201
13202
13203
13204
13205
13206
13207
13208
13209
13210
13211
13212

National Data Check AMAP SLCF Assessment Chapter 8 (v0 - 180520)

8.4.4.2 Acidifying and eutrophying depositions

8.4.4.3 Crop Impacts

8.4.5 Uncertainties and sensitivity analyses

This section describes the various uncertainties involved in estimating health, ecosystem,
and crop impacts from the simulated PM2.5 and ozone concentration changes, as well as
sensitivity analyses that explore the influence of impact model inputs-(e.g. spatial

distributions of pollution, risk functions) on results.

8.5. Conclusion
e Health effects of air pollution - e.g. Arctic-specific studies support large body of
evidence globally linking PM2.5 and ozone exposure to a range of health outcomes
e Key findings from Section 8.4
e Policy relevant statements
o Response to policy relevant question: What are the potential present-day impacts of
pollutant emissions on human health, crop yields and ecosystems and what benefits
can be achieved via emission mitigation in the future?
o Possibly some statements on pollutant-specific and sector-specific impacts
depending on results from section 8.4
e Summary of uncertainty

® Recommendations:
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