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Résumé: LArctique est une région critique en
terme de réchauffement climatique. Les change-
ments environnementaux progressent déja réguliére-
ment aux hautes latitudes, ce qui accroit les émis-
sions de méthane (CH;). Le CH,; étant un puis-
sant gaz a effet de serre, des émissions supplémen-
taires provenant des régions arctiques pourraient in-
tensifier e réchauffement climatique par une boucle
de rétro-action positive. Diverses sources naturelles
et anthropiques contribuent au bilan de CH, de

méthane, Arctique, inversions, émissions

Estimation des sources et puits de méthane en Arctique par assimilation de données atmo-

I’Arctique, mais la quantification de ces émissions
reste difficile. Dans ce travail, une approche de mod-
élisation inverse est utilisée pour estimer les sources
et puits de CH4 dans I’Arctique. Lobjectif est de mieux
comprendre et quantifier les émissions de CH, en
étudiant leurs cycles saisonniers et leurs tendances au
cours des dernieres années. Le réseau d’observation
actuel est analysé quant a sa capacité a contraindre
correctement les sources de CH, et identifier les ten-
dances émergentes de ces émissions.

Title:
Keywords: methane, Arctic, inversion, emissions
Abstract: The Arctic is a critical region in terms

of global warming. Environmental changes are al-
ready progressing steadily in high northern latitudes
whereby, among other effects, a high potential of en-
hanced methane (CH,) emissions is induced. With
CH, being a potent greenhouse gas, additional emis-
sions from Arctic regions may intensify global warm-
ing in the future by positive feedback. Various natural
and anthropogenic sources are currently contributing
to the Arctic’s CH, budget, however the quantification
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of those emissions remains challenging. Therefore, in
this work, an inverse modeling approach is applied
to estimate CH, sources and sinks in the Arctic. The
objectives are to better understand and quantify CH,4
emissions from various sources by studying their sea-
sonal patterns and trends during recent years. Ad-
ditionally, the current observation network is ana-
lyzed regarding its capability to constrain CH,4 sources
properly and identify emerging trends in CH4 emis-
sions.
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Introduction

Methane is a gaseous organic compound and the simplest of all hydrocarbon molecules,
consisting of one carbon and four hydrogen atoms. In the atmosphere, methane is namely
the most abundant hydrocarbon, but still the total amount of methane only accounts for
around 0.0002 % of all molecules in the atmosphere: methane is a so-called "trace gas". How-
ever, despite this low proportion, methane has a significant impact on the Earth’s climate, on
ecosystems and on air quality. Especially due to human activities, the global average con-
centration of methane in the atmosphere is currently around two-and-a-half times greater
than its pre-industrial levels. Because of this sharp increase in atmospheric methane con-
centration, combined with the molecules’ ability to absorb infrared radiation, methane is
responsible for about 30 % of the rise in global temperatures since the Industrial Revolution.

The rising temperatures as a result of global warming are particularly prominent in the
high northern latitude regions. On average, temperatures in the Arctic have already risen
by 3.1 °C over the last 50 years. Predictions assume that the Arctic will have warmed by up
to 10 °C by the end of this century if global warming continues to progress at such a rapid
pace. The elevated temperatures in high northern latitudes trigger multiple changes in Arctic
environments and ecosystems. The most noticeable impacts include the decline of sea ice in
the Arctic Ocean and the thawing of terrestrial and sub-sea permafrost. These environmental
changes not only put a strain on Arctic wildlife and native societies, they also initiate climate
feedback loops which potentially elevate regional and global temperatures even further. One
of the most important feedbacks is hereby the potential risk of increasing methane emissions
from Arctic regions.

Especially, the destabilization of permafrost soils and the resulting exposure of biodegrad-
able soil organic matter is often considered to potentially cause large amounts of additional
methane emissions in the future. Some estimates even predict an Arctic "methane bomb",
releasing enormous amounts of methane into the atmosphere from large carbon reservoirs
that have previously been shielded by ice and frozen ground. However, not only the pro-
duction but also the reduction of methane is influenced by temperature. For example, the
activity of particular methane-consuming bacteria is increased under warmer climatic con-
ditions. These processes combined with other compensating factors could possibly prevent
a "methane bomb" from the Arctic in the future.

Nevertheless, at the present time, a variety of methane sources in the Arctic are already
contributing to the increasing atmospheric methane concentrations. The largest natural source



are hereby high northern latitude wetlands which are widespread in the Arctic and Sub-Arctic.
Additional natural methane emissions are caused by oceanic sources, especially from shal-
low water regions in the Arctic Ocean as well as forest fires and geological fluxes. Even though
the population in the Arctic is comparatively low, anthropogenic activities additionally con-
tribute to the Arctic’s methane budget, predominantly due to the fossil fuel industry. With
an estimated amount of 30 % of global undiscovered natural gas and 13 % of undiscovered
mineral oil in the Arctic Circle, the region is hereby especially attractive for future drilling
campaigns.

Estimating the precise amount of methane released in high northern latitudes is how-
ever challenging, and the resulting estimates are often subject to unavoidably high uncertain-
ties. Currently, two methods are used for the estimation of methane sources and sinks: the
bottom-up and the top-down approaches. The bottom-up approach gathers several methods
aiming at estimating the different methane sources independently by trying to represent or
observe the emission process and aggregating it to the desired scale. The top-down approach,
based on the inverse problem theory, minimises the differences between simulations and ob-
servations (e.g. of atmospheric methane concentrations) by adjusting the input parameters
of a model (e.g. surface fluxes). This approach thus makes it possible to deduce estimates of
these input parameters that are best able to explain the observations at our disposal, given
the present uncertainties. However, especially in the Arctic, top-down approaches are limited
by the sparse availability of observations due to the difficulties of carrying out measurements
in such remote areas.

Nonetheless, obtaining reliable quantifications of methane emissions from high north-
ern latitudes is a key factor to assess their sensitivity to changes in environmental conditions,
and thus improving future climate projections. Therefore, the main objective of this work is
to better quantify methane sources and sinks in the Arctic for the most recent years by reduc-
ing uncertainties on existing estimates using an inverse modelling approach. This includes
detecting eventual trends in any of the present methane sources or sinks and analyzing any
occurring seasonal patterns of the different sectors as well as identifying limitations due to
the available network of surface observation sites. The manuscript of this work is thereby
divided into three main parts.

The first part, consisting of three chapters, explains the essential background for under-
standing the issues surrounding elevated methane emissions in the Arctic and demonstrates
the relevance of studying this particular topic. The first chapter focuses on the Arctic region
in relation to global warming and describes the different environmental conditions that re-
spond to rising temperatures with positive feedbacks. In the second chapter, the effects of
increased methane concentrations in the atmosphere are explained, the different methane
sources and sinks present in the Arctic are introduced and their sensitivity to Arctic warming
is demonstrated. Finally, in the third chapter, the different methods for estimating methane
sources and sinks are presented, with special reference to high northern latitude regions.

The second part, consisting of two chapters, presents the material and methods that were
used to carry out the studies included in this thesis. Hereby, the first chapter explains the
the theory of atmospheric inverse modelling regarding the main mathematical concepts, as-
sumptions and implementations. In the second chapter, the different ways of carrying out
atmospheric measurements of methane are described, especially highlighting the available
observation networks in the Arctic. Additionally, the function of the atmospheric transport
model used in this work is outlined and the datasets of prior estimates on methane sources
and sinks are introduced in this chapter.

The third part, consisting of three chapters, presents the scientific applications imple-
mented within the framework of this thesis. The first chapter presents several preliminary
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studies that have been carried out before or in addition to the main efforts of this work. This
includes an analysis of recent atmospheric observations of methane concentrations from dif-
ferent measurement sites located in the Arctic in order to obtain preliminary conclusions on
methane sources. Additional studies in the first chapter include an analysis of the capability
of the observation network to detect oceanic methane fluxes as well as providing contribu-
tions to the evaluation and implementation of mobile measurement campaigns. The second
chapter describes the study of methane sources and sinks in the Arctic nations by implement-
ing an analytical inversion focusing on the years 2008 to 2019 using the available network of
surface observation sites. The technical description of the implementation of this framework
is hereby outlined, the performance of the inversion is evaluated and the obtained conclu-
sions on Arctic methane emissions are presented. The third chapter consists of a study that
aims at evaluating the detectability of a potential methane bomb in the Arctic using an inverse
modelling framework with synthetic observations derived from generated emission scenar-
ios. The potential scenarios used in this study are hereby explained and, subsequently, the
performance of two different observation networks regarding adequate detection of emis-
sion trends is interpreted.

The main conclusions of the thesis are finally summarized, including potential perspec-
tives for future works aiming at estimating methane sources and sinks in the Arctic.
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1. PRESENTATION OF THE ARCTIC AND SUB-ARCTIC REGIONS

URRENTLY, THE ARCTIC IS CONSIDERED to be one of the most vulnerable regions in the
world in terms of global warming. As temperatures in the high northern latitudes rise
around three times faster than the global average, changes in environmental charac-

teristics are proceeding rapidly, triggering positive climatic feedbacks that may further accel-
erate global warming in the near future.

In the following chapter, the impacts of a warming Arctic are illustrated in detail. In Sec-
tion 1, the different geographical boundaries of the Arctic are defined and the environmental
and climatic conditions are briefly outlined. Subsequently, global climate change and Arctic
warming are explained in Section 2. Finally, the environmental changes induced by increas-
ing temperatures in the Arctic as well as their potential climatic feedbacks are described in
Section 3.

1 Presentation of the Arctic and Sub-Arctic regions

The northern polar region of the Earth is known as the Arctic. This term is derived from the
Ancient Greek word Arktikos (aprTikoc), which refers to the star constellation surrounding
the Polar Star, known as “Ursa Major” or “the Great Bear”. Unlike the southern polar region
Antarctica, a continent covered by ice and surrounded by an ocean, the northern polar region
consists of an ocean, known as the Arctic Ocean, in between the two land masses of Eurasia
and North America. Both water and land in the Arctic are characteristically vastly covered by
ice shields with seasonal variations throughout the year.

There are numerous definitions of which areas are part of the Arctic region. It is often
described as the region north of the Arctic Circle at 66 °34 'N which marks the southernmost
latitude at which the sun does not set on summer solstice and does not rise on winter solstice.
The Arctic Circle is also the boundary which defines the eight Arctic nations whose territories
are either completely or partly within the Arctic Circle. The Arctic nations include Canada,
Greenland and the USA on the North American side, Russia, Finland, Sweden, and Norway
on the Eurasian side and Iceland in between them.

Another common definition describes the Arctic as the area in the Northern Hemisphere,
where the average temperature in July, the warmest month of the year, does not exceed 10 °C.
This boundary is roughly identical to the northernmost tree line. Other characterizations of
the Arctic are for instance based on the extent of land and sea ice or the extent of the per-
mafrost region (further described in Section 3.2). The precipitation rate is generally low in
high northern latitudes with less then less than 25 cm of precipitation annually. However, the
whole Arctic and Sub-Arctic region is vastly covered by wetlands and small freshwater ponds
and lakes.

Concerning the biomes, the Arctic can be divided into two regions: the high Arctic and
the low Arctic. The high Arctic is characterized by polar desert, barren environments covered
by a permanent layer of ice, where the low temperatures and poor soil conditions are mostly
insufficient for plant growth. The low Arctic is known as the Arctic Tundra. Short growing
seasons and low temperatures only allow for a low biotic diversity and the landscape consists
of treeless plains covered with grasses and shrubs. Adjacent to the low Arctic lies the Sub-
Arctic. This environment is known as the Taiga, more commonly referred to as boreal forest in
North America. The longer growing seasons enable the growth of certain conifer tree species
(e.g. spruce, pine, and fir) as well as a limited number of deciduous trees such as larch or
tamarack.

All the various definitions of the regions belonging to the Arctic are shown in Figure I.1,
page 9. Within the framework of this work, the focus lies predominantly on the combined
high, low and Sub-Arctic region.
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Figure I.1: Different boundaries of the Arctic. The colored regions define the high, low and
Sub-Arctic. The dashed blue line shows the Arctic Circle, the orange line the 10 °C July
isotherm and the light green line defines the northernmost treeline. The remaining lines
show definitions of the Arctic used for different studies concerning the Arctic. Source: GRID
- Arendal, ADHR, EPPR Working Group, National Snow and Ice Data Centre, Boulder, CO,
AMAP, CAFE ©Arctic Portal 2006-2022.

Living organisms which got adapted to the extreme climatic conditions in high northern
latitudes have historically been very resilient. On the other hand, life in the Arctic is also vul-
nerable to sudden environmental changes and stresses induced by human activities endan-
ger the adaptive capacity of many species as well as entire ecosystems. The greatest threat is
hereby the rapid progress of the global climate change which is likely to have major physical,
ecological, sociological, and economical impacts in the Arctic nations.

2 Global climate change

The climate of the Earth is principally controlled by the radiation budget which describes
the balance between incoming and outgoing radiation. Incoming solar radiation is com-
posed of ultraviolet, visible, as well as a limited portion of infrared energy, together called
short-wave radiation, with an average irradiance of 343 Wm -2 at the top of the stratosphere.
Around 31 % of the incoming solar radiation is reflected (by the Earth’s surface, clouds and the
atmosphere), 24 % are absorbed within the atmosphere (e.g. by ozone, dust or clouds) and the
remaining 45 % are absorbed by the surface, either directly or by diffuse reflection from the
atmosphere. The majority of the absorbed energy from incoming shortwave radiation is re-
emitted as long-wave, or infrared, radiation. Hereby, a small fraction is directly re-emitted to
space. Most of the energy from long-wave radiation is however absorbed by so called green-
house gases (GHGs) such as water vapour (H,0), carbon dioxide(CO>), nitrous oxide(N2O)
and methane (CH4). This energy is then re-emitted as long-wave radiation in all directions,
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however only a small part escapes into space whereas the majority is re-emitted back towards
the Earth. This process is known as the natural greenhouse effect which is essential for the
maintenance of temperatures suitable for life on Earth. Without the greenhouse effect, the
temperature on Earth would be around -15 °C on average. The global annual mean energy
balance of the Earth is schematically illustrated in Figure 1.2.

Temperature changes on the Earth are hereby linked to the greenhouse effect, which is
predominantly influences by three factors: the incoming solar radiation, the surface albedo
and the concentrations of GHGs in the atmosphere. If any of those climate factors undergoes
a change with regard to their magnitude, the Earth’s temperature adapts to keep the equilib-
rium and either decreases or increases. Temperature changes are additionally influenced by
several orbital parameters of the Earth, such as eccentricity, tilt and time of perihelion. How-
ever, these factors will not be discussed further here, as changes in the cycles of the orbital
parameters occur on a much larger time scale (several thousand years).
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Figure 1.2: Schematic diagram of the global annual mean energy balance of the Earth. The
numbers refer to the energy flow in W m. Source: Wild et al. (2015)

The incoming solar radiation is subject to natural fluctuations due to the solar cycle. Ap-
proximately every 11 years, the sun undergoes a period of increased magnetic and sunspot
activity known as the "solar maximum", followed by a quiet period, the "solar minimum".
Willson and Mordvinov (2003) indicated a correlation between elevated solar activity and in-
creasing temperatures between the years 1978 and 2002, which was however not sufficient to
explain the temperature increase during this period.

The second factor, the albedo, is a measure of the reflectivity of diffusely reflecting sur-
faces, including surface characteristics of the planet, cloud texture as well as aerosols, which
are small solid or liquid particles in the atmosphere (e.g. Stephens et al., 2015). The albedo
is measured on a scale from 0 to 1, with lower values indicating higher absorption of so-
lar radiation. Fresh snow and ice have therefore the highest albedo (up to 0.8) (Hall, 2004)
whereas open ocean waters have the lowest natural albedo (0.07) (Henderson-Sellers and
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Wilson, 1983). Changes in albedo on the Earth’s surface are predominantly caused by human
activities, e.g. by the agricultural sector, the concreting of the soil through the expansion of
cities and infrastructure or tropical deforestation (Berbet and Costa, 2003). The only process
that has a major impact on global warming through the change of surface albedo is, how-
ever, the decline of ice and snow in the Arctic (Colman, 2013) as a consequence of elevated
temperatures. This will further be explained in Section 3.1. Additionally, the accumulation of
atmospheric aerosols from natural and anthropogenic sources can both have direct and indi-
rect impacts on Earth’s radiative balance. In general, aerosols are considered to exert a direct
cooling effect at the Earth’s surface since the majority of aerosols scatter solar radiation and
thus increase the total reflected short-wave radiation. (e.g. Andreae et al., 2005; Myhre et al.,
2013) However, certain aerosols strongly absorb radiation and therefore induce a warming
effect. (Myhre et al., 2013). Aerosols additionally indirectly impact the cloud albedo, which is
a main contributor to the total reflection of solar radiation back to space. Thereby, aerosols
change the properties of clouds, which on the one hand leads to an increase in cloud albedo,
but on the other hand to reduced precipitation efficiency. (Spracklen et al., 2008)

Since neither the incoming short wave radiation nor changes in albedo are the main rea-
son for the observed temperature increase on Earth, the only remaining cause are accumu-
lated greenhouse gases in the atmosphere to which human activities have greatly contributed
since the start of the Industrial Revolution in the mid of the 18th century (IPCC, 2018)). The
main drivers are hereby increased anthropogenic emissions of CO, and CH4 and other less
dominant anthropogenic GHGs. Increased temperatures as a consequence of elevated lev-
els of anthropogenic greenhouse gases in the atmosphere thereby also amplify the emissions
of natural GHGs, such as water vapour, inducing a positive feedback and further magnify-
ing global warming (Manabe, 2019). The Intergovernmental Panel on Climate Change (IPCC)
estimates the current average temperature rise to be 1°C higher in comparison to the pre-
industrial era (IPCC, 2018). Therefore, in the course of the legally binding Paris Agreement of
2015, 193 parties agreed to aim for a a maximum average global temperature increase of 2°C
by 2100 by substantially reducing greenhouse gas emissions.

According to a survey conducted in 2021 among 92 scientists who serve as experts for the
IPCC (Tollefson, 2021), only about 20% of participating scientists still considered this tem-
perature increase to be a realistic target. The majority of participants (almost 50%) estimated
that the Earth’s temperature will have increased by 3°C by the year 2100. The requirement of
the Paris Agreement would thus be failed.

3 Arctic changes and global feedbacks

In the Arctic, the temperature rise is even more pronounced than in the rest of the world.
Here, the air surface temperature has already increased by approximately 3.1 °C since the
1970s, around three times as fast as the global average. Predictions assume that by 2100, the
near-surface air temperature in the Arctic will have increased between 3.3 and 10 °C.

Figure 1.3, page 12 shows the forecasted increase in Arctic temperatures by the year 2090
under the SRES (Special Report on Emissions Scenarios, Nakicenovic et al., 2000) A2 scenario
by the IPCC using the National Center for Atmospheric Research Community Climate Model
(NCAR-CCM3, Kiehl et al., 1996).

As a result of the rising temperatures, environmental changes in high northern latitude
regions are advancing steadily. The various environmental processes that have so far been
observed in the Arctic and whose origin is global climate change are schematically illustrated
in Figure 1.4, page 12.
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Figure 1.3: Predicted temperature increase and sea ice decline in the Arctic by 2090 (NCAR-
CCM3, SRES A2 experiment, Kiehl et al., 1996; Nakicenovic et al., 2000). Source: www.grida.
no/resources/7159

Apart from the threats that rising temperatures in the Arctic pose to local ecosystems and
indigenous societies, the effects of the rapid Arctic warming is also likely to have global con-
sequences since the impacts of the progressing environmental changes lead to positives feed-
back loops on global warming.
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Figure I.4: Major environmental changes observed in the Arctic due to global warming. The
figure is adapted from an image created by the U.S. National Center for Atmospheric Research
and taken from AMAP (2017)

12



CHAPTER I. CLIMATE CHANGE AND FEEDBACKS IN THE ARCTIC

Out of these numerous environmental changes taking place in the Arctic region, only
those which potentially provoke such a positive feedback on Arctic warming will be high-
lighted in the following. This includes the retreat of ice on land and at sea, permafrost degra-
dation, increase in precipitation and changes in the Arctic’s hydrologic system, shifts of veg-
etation zones and increasing wildfire events.

3.1 Decline of sea- and land-ice

Between 1979 and 2019, the Arctic sea-ice has declined by 43 % due to higher tempera-
tures and increased precipitation (AMAP, 2021). With earlier melt onset and later freeze-up
of the sea-ice, the summer open-water period is constantly increasing (Meredith et al., 2019;
Perovich et al., 2020). The ice has also become younger and thinner over the past decades.
Sea-Ice older than four years used to represent one third of the ice sheet in winter during the
1980s. Today, the share of old sea-ice is only about 1 % (Perovich et al., 2020; Tschudi et al.,
2020).

The decline of the ice sheet in the Arctic Ocean is largely responsible for the accelerated
rising temperatures in the Arctic because of the albedo effect. Snow-covered sea-ice reflects
a relatively large share (as stated in Section 2) of the incoming solar radiation back to the
atmosphere which leads to a cooling effect on the ocean surface. The albedo of open ocean
waters on the other hand is one of the lowest of all natural surfaces and the high share of
absorbed solar radiation is contributing to the progressive Arctic warming (IPCC, 2019).

Surface albedo .&t!ﬁoé_ﬁhbﬁb
(melt season) “heat transport
and circulation

Ice shelf melting Ice production
: ion- Temperature
-sea ice IGS HIHUCHON -ocean heat £

entrainment profile
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Oceanic heat transport
and circulation

Figure I.5: Schematic radiative and non-radiative feedbacks in the Arctic involving the atmo-
sphere, the ocean, sea ice and ice sheets. Solar radiation is presented with yellow, infrared
radiation with red arrows. A red plus sign means that the feedback is positive, a negative blue
sign corresponds to a negative feedback. TOA stands for top of the atmosphere. Image taken
from Goosse et al. (2018)

As a consequence, the largest rise in air temperature in the Arctic is occurring over the Arc-
tic Ocean with an estimated increase by 4 to 6 °C on average between the years 1971 and 2019

(ERA5, Copernicus, 2020). Moreover, an increasing trend in sea-surface temperatures has
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been observed between the years 1982 and 2018 (Carvalho and Wang, 2020) resulting from
elevated air temperatures and water vapor concentrations, declining sea-ice and, regionally,
advection from neighboring seas.

Apart from the albedo effect, other factors related to the warming of the Arctic Ocean and
the decline of sea-ice contribute to a positive feedback on Arctic warming. For instance, as the
surface of the ocean warms, additional water vapor amplifies the greenhouse effect and in-
duces further warming (e.g Gordon et al., 2013). A warmer climate also enhances the amount
of cloud water in mixed phase clouds, which increases the amount of reflected solar radia-
tion acting as a negative feedback on Arctic warming (Mitchell et al., 1989). However, melting
sea-ice exposes additional open water resulting in surface turbulent heat fluxes which can
increase humidity in the lower atmosphere and thereby increase low-level clouds. During
the polar night in the Arctic, increasing low cloud cover increases downward longwave radia-
tion which leads to further sea ice loss and thus to a positive feedback (Morrison et al., 2018;
Goosse et al., 2018).

Due to the complexity of the underlying processes, these are not yet fully understood and
quantified. Figure 1.5 (page 13) schematically shows the main processes leading to positive
and negative feedbacks related to changes in the Arctic Ocean as a consequence of global
warming.

Just like the sea-ice, the land-ice in the Arctic is also diminishing (Moon et al., 2018). This
is particularly pronounced in Greenland, whose ice sheet is declining by around 247 Gt per
year, which accounts for about 37 % of the global loss of land ice (Bamber et al., 2018). The
cumulative mass balance of land-ice for different Arctic nations is shown in Figure I.6.
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Figure 1.6: Cumulative mass balance [Gt] of land-ice from 1971 to 2019 by country (AMAP,
2021)

Apart from the effects that this additional melt-water has on the sea-level, biogeochemical
cycling as well as ecosystem structure and function in the coastal ocean, the decline of snow
and land-ice also reduces the albedo of the ground surface, leading to increased absorption
of solar radiation and thus providing a positive feedback on global warming.

3.2 Permafrost thaw

Permafrost is defined as frozen ground whose temperature is below 0 °C for at least two
consecutive years. The so-called active layer above permafrost soils, which can be up to 20 cm
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deep, is hereby defined as the soil layer that thaws during the summer and freezes again dur-
ing the autumn (Dobinski, 2020). Permafrost can be found on land or beneath the seabed
and consists of ice holding different types of soil such as sand and gravel. In the Northern
Hemisphere, around 25 % of the ground is underlain by permafrost (Brown et al., 2014). It
is assumed, that the northern permafrost regions contain up to 1.600 petagrams (Pg; 1 Pg
equals 1 billion tons) of organic carbon which is estimated to make up around 50% of the
global below ground organic carbon pool (Tarnocai et al., 2009; Schuur, 2019). This organic
carbon hereby consists of the accumulated remains of animals, plants and microbes over a
period of hundreds or even thousands of years.

Since the 1970s, the Arctic permafrost has warmed between 2 and 3 °C, causing it to thaw
and destabilise (AMAP, 2021). The top layer (up to 3 m depth) is, naturally, most vulnerable
to surface temperature changes. The thaw usually occurs gradually starting from the surface
and proceeding downwards. Abrupt permafrost thaw on the other hand can effect tens of
meters of permafrost over a short period of time (Schuur, 2019). These events are, for in-
stance, induced by wildfires and lead to the destabilization and melting of ground ice which
can cause erosion processes and soil subsidence (Brown et al., 2016; Potter and Hugny, 2020).
Thereby, large pools of soil organic matter from deeper layers can be exposed to decompo-
sition; lake and pond formation from ground subsidence (thermokarst) can also take place
(Turetsky et al., 2020) as illustrated in Figure I.7.

(a) (b)

Figure 1.7: Thermokarst collapse along the Sagavanirktok River (left, photo: D. A. Walker) and
thermokarst lakes in Yamal, Russia (right, photo: M. O. Leibman). Images taken from AMAP
(2017)

The resulting exposure of permafrost carbon triggers a potentially positive climate feed-
back since microbial decomposition of soil organic matter promotes greenhouse gas emis-
sions. Hereby, decomposition under aerobic conditions results in carbon dioxide emissions
whereas anaerobic decomposition predominantly produces methane and, to a lower extent,
CO; as well. The ratio between the anaerobic CO,:CH4 production can hereby vary greatly
in different regions (Treat et al., 2015). For instance, the methane production can be more
than four times higher in shrub and grasslands than in forest dominated soils (Strom et al.,
2005; Turetsky et al., 2007). The possible soil carbon losses related to permafrost thaw are
schematically shown in Figure 1.8, page 16.

How and to which extent the soil carbon can be decomposed is also dependant on mul-
tiple factors such as the burial depth, the degree of conservation and how easily the organic
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matter can be disintegrated. The amount of the permafrost carbon which could possibly be
released to the atmosphere by microbial conversion to greenhouse gases is therefore highly
uncertain.
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Figure 1.8: Mechanisms of carbon loss from Arctic permafrost soils (excluding fire events).
Area 1 has a spatially homogeneous increase in active layer thickness and Area 2 has spatially
heterogeneous permafrost thaw driven by differences in soil ice content (after Van Huisste-
den and Dolman (2012)

Another potential positive climate feedback related to permafrost thaw are gas hydrates
in the Arctic Ocean where subsea-permafrost is present (e.g. Kretschmer et al., 2015). Gas
hydrates are a crystalline solid with an ice-like structure that are composed of rigid cages of
water molecules with enclosed molecules of gas, predominantly methane. Since gas hydrates
are only stable under specific conditions of pressure and temperature, permafrost-associated
gas hydrates in the Arctic Ocean are vulnerable to elevated temperatures and are assumed to
be a potential source of increased methane emissions. It is however not certain, if methane
hydrated from subsea-permafrost can have a major impact on the CH4 concentrations in the
atmosphere (further described in Section 2.2).

3.3 Precipitations and changes in surface hydrology

Between the years 1971 and 2019, precipitation in the Arctic has increased by 9 % (AMAP,
2021). By the end of this century, it is predicted that precipitation will have increased be-
tween 40 and 60 % (Bintanja and Selten, 2014; Vihma et al., 2016; Bintanja and Andry, 2017).
This is mainly due to three factors: increased evaporation as a result of more open water
due to sea-ice loss (e.g. Bintanja and Selten, 2014; Vihma et al., 2016) as described in Sec-
tion 3.1, a higher ability of the atmosphere to carry moisture as a result of higher air tem-
peratures (Screen and Simmonds, 2010; Bintanja, 2018) as well as increased poleward mois-
ture transport (Hao et al,, 2019; Zhang et al., 2013). Additionally, the Arctic is also expected
to change from a mostly snow- dominated to a rain-dominated precipitation regime (Bin-
tanja and Andry, 2017), which has already been observed in the Atlantic sector (Lupikasza
and Cielecka-Nowak, 2020). This transition is predicted to take place even if the 1.5 degree
target of the Paris Agreement is achieved, especially in Greenland and the Norwegian Seas, as
shown by McCrystall et al. (2021).

Changes in the Arctic’s hydrologic system include various feedbacks, both positive and
negative (Francis et al., 2009). For instance, increased precipitation as well as runoff from
precipitation that enters rivers directly can lead to a freshening of the upper ocean layers
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(Holland et al., 2007). This is because the vertical stratification is strengthened, which leads
to reduced upward mixing of heat and thus cooling the surface of the Arctic Ocean. Bintanja
et al. (2018) showed that a 50 % increase in precipitation in the Arctic by 2100 can slow down
the projected Arctic warming by up to 2 °C. In the High Arctic, it is predicted that snowfall will
continue to dominate precipitation (Bintanja and Andry, 2017) which would be a negative
feedback on Arctic warming because of the albedo effect.

At lower latitudes however, increased precipitation in the form of rain could have exactly
the opposite effect and increase surface albedo. Webb et al. (2021) highlighted the impor-
tance of increasing areas of surface water in the Arctic due to higher precipitation and per-
mafrost thaw as an already important component of albedo change in the continuous per-
mafrost zone. Intense precipitation can also lead to increased thermokarst erosion (observed
for instance by Seemundsson et al., 2018), triggering the positive feedbacks from permafrost
degradation described in Section 3.2. Moreover, enhanced soil moisture resulting in lower
oxygenation promotes the growth of anaerobic microbes, metabolizing the soil organic car-
bon and making it a more labile source of CO, and CH,4 emissions (Bragazza et al., 2013; Lee
etal., 2014).

3.4 \Vegetation shifts

The vegetation in the Arctic plays a key role in biogeochemical feedbacks, even though it
is sparsely distributed and only includes a limited number of species. In the tundra biome,
a process called Arctic greening has already been taking place (Berner et al., 2020; Myers-
Smith et al., 2020). Here, the vegetation has grown denser and shrubs have become taller
due to longer growing seasons (Elmendorf et al., 2012). With further rising temperatures it is
anticipated that the vegetation zone will shift northward, the tundra will expand to the Arctic
desert and the northernmost treeline of the taiga will shift to higher latitudes.

In a few regions however, a process called Arctic browning is taking place which means
that the vegetation is declining in those areas (Phoenix and Bjerke, 2016). Arctic browning can
be caused by different factors such as increased surface water, pest outbreaks and extreme
weather events (Bjerke et al., 2014; Lund et al., 2017). Even though the vegetation decline is
currently only taking place sporadically, it could become more drastic in the future.

A simple graphical indicator often used to assess the vegetation activity is the Normal-
ized Difference Vegetation Index (NDVI). The NDVI is obtained by calculating the difference
between near-infrared (which the vegetation strongly reflects) and red light (which the vege-
tation absorbs) whereby higher values refer to healthy and dense vegetation and lower NDVI
values show sparse vegetation. Figure 1.9 (page 18) shows the average NDVI during the grow-
ing season (June to August) in the Arctic between the years 1982 and 2012 (Guay et al., 2015).

The feedback of this vegetation shift is not yet clearly predictable. On the one hand,
higher plant quality and Leaf Area Index, which characterizes the density of leaves in a given
environment, lead to higher photosynthetic activity and therefore, to a greater carbon sink
(Lopez-Blanco et al., 2020). Shrubs also shade the ground from solar radiation, which con-
tributes to temperature maintenance in permafrost soils (Blok et al., 2010), and enhance
evapotranspiration which increases cloud formation (Rydsaa et al., 2017).

However, vegetation expansion reduces the surface albedo of the landscape (Loranty et al.,
2018). When the highly reflective Arctic snow cover is displaced by shrubs and trees, more so-
lar radiation is absorbed, which causes a warming effect. During winter, taller shrubs also
capture more snow, which can effectively warm the soil since the insulation is increased (Ja-
farovetal., 2018).
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Figure 1.9: NDVI for the Arctic growing season. The data is derived primarily from Advanced
Very High Resolution Radiometer (AVHRR) sensors onboard several NOAA satellites between
the years 1982 and 2012. Source: Guay et al. (2015)

The climate feedback of the vegetation shift is therefore dependant on multiple factors
and yet to be further investigated.

3.5 Wildfire events

Earlier snowmelts and increased evapotranspiration favour the conditions for wildfire
outbreaks in the Arctic tundra and taiga (Kim et al., 2020). Even though wildfires events occur
so far only sporadically and without any apparent trend in high northern latitudes, the fire
season length has been increasing over the last decades (Masrur et al., 2018; Jain et al., 2017).

In the Arctic, wildfires represent a positive climate feedback in different ways. First of
all they can induce permafrost degradation (e.g. Brown et al., 2016; Potter and Hugny, 2020),
contributing to the already progressing permafrost thaw and the thus resulting consequences
described previously.

Moreover, forest fires upwind of snow and ice covers can affect the melt patterns through
the deposition of light-absorbing impurities (LAI) (Conway et al., 1996; Skiles et al., 2018).
Northern Hemisphere forest fires have already been shown to be linked with accelerated melt
of the Greenland ice sheet (Keegan et al., 2014). As described in Section 3.1, this can lead to a
lower albedo of the surface, which allows for a higher absorption of incident solar radiation.
In addition to that, forest fire LAI deposition promotes microbial growths by providing nutri-
ents for pigmented surface ice algae (Ryan et al., 2018; Cook et al., 2020) triggering a feedback
loop that further decreases the surface albedo. Soot deposition can also have a negative effect
on the albedo. Aubry-Wake et al. (2022) have shown that ice-melt can increase by up to 10 %
in the years after extreme wildfire events.

On the other hand, wildfire smoke reduces incoming shortwave radiation (e.g. Stone et al.,
2008) which can have a cooling effect on the surface (Kochanski et al., 2019). Even though it
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has been anticipated that these processes balance out each other (Stone et al., 2008) this has
yet to be quantified.

Fire events are also a significant source of carbon emissions (e.g. Rein and Huang, 2021),
both from the vegetation layer but also from ancient soil carbon stocks, in the form of COs,,
CO and CHy. In 2020, wildfire events in the Arctic increased by around 35 % in comparison
to the previous year, causing carbon emissions between 66 and 143 Mt (McCarty et al., 2020;
Lin et al., 2021; Witze, 2020).

Conclusion of the chapter

The Arctic warming is progressing at a much higher rate than the global average. Com-
pared to pre-industrial times, the average temperature in the Arctic has already risen by 3.1 °C
and it is predicted that by the end of this century, the temperature will have increased by up
to 10 °C. As a consequence, various environmental changes can be observed in high north-
ern latitude regions which, on the one hand, endanger the adaptability of local ecosystem
and societies but also trigger climate feedbacks that potentially accelerate the Arctic warm-
ing. Those processes are mainly connected with changes in surface albedo, predominantly
due to the decline of snow and ice. Another important feedback is the increasing exposure
and biodegradability of organic matter resulting in enhanced greenhouse gas emissions, for
instance in the form of CH,4.

The environmental changes progressing in Arctic and Sub-Arctic regions are very inter-
connected and the underlying processes not yet fully understood. Therefore, it is crucial to
further study and quantify these various factors in order to obtain reliable predictions about
future environmental conditions in the Arctic and their potential contribution to positive cli-
mate feedbacks.
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1. THE IMPORTANCE OF METHANE IN THE ATMOSPHERE

MONGST THE VARIOUS POSITIVE CLIMATE FEEDBACKS induced by global warming in the

Arctic and Sub-Arctic introduced in the previous chapter, methane emissions are es-

pecially likely to gain importance in the future due to the variety of natural sources

that are sensitive to changes in temperature. Especially the thawing of terrestrial and subsea

permafrost is often associated with increasing CH4 emissions (e.g. Van Huissteden and Dol-

man, 2012; Shakhova et al., 2019). However, various climate and environmental changes in

the Arctic contribute to methane emissions either directly, such as forest fires, or indirectly,

for example by promoting permafrost destabilisation or creating favourable conditions for
methane production or uptake.

In the following chapter, firstly the impacts of elevated methane concentrations in the
atmosphere are highlighted (Section 1). Subsequently, the various sources that contribute
to CH,4 emission in the Arctic are described in Section 2 and the influence of thawing per-
mafrost on methane emissions in high northern latitude is elaborated (Section 3). Finally,
the processes that consume CH,4 from the atmosphere or otherwise restrict the emissions of
methane are specified more precisely in Section 4.

1 Theimportance of methane in the atmosphere

Globally, the average atmospheric CH4 concentration has increased by around 163 %
since pre-industrial times and reached a current value of around 1909 ppb (NOAA, May 2022,
Lan et al., 2022). This rise is presumably caused by elevated anthropogenic methane emis-
sions, increased natural methane emissions in consequence of feedback effects, reduced ox-
idative capacity of the atmosphere or a combination of all these factors (Nisbet et al., 2019).

Global Monthly Mean CH4
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Figure II.1: Global monthly average atmospheric methane mixing ratios [ppb] from 1983 to
2021. The average mixing ratio is derived from marine surface sites of the Global Monitoring
Division of NOAA-ESRL (National Oceanic and Atmospheric-Earth System Research Labora-
tory). Source: (Lan et al., 2022), www.gml .noaa.gov/ccgg/trends_ch4
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The increase of measured CH4 mixing ratios between the years 1983 and 2021 is shown
in Figure II.1, page 22. If methane concentrations keep following this trajectory of rapid in-
crease, the global average of the atmospheric concentration is expected to reach approxi-
mately 2400 ppb by the year 2100 (Nisbet et al., 2019). This global trend is overall also mir-
rored by the atmospheric CH4 concentrations in Arctic regions (AMAP, 2015).

1.1 Impacton global warming

By mole fraction, dry air contains approximately 78 % nitrogen (N3), 21% oxygen (O») and
0.9 % argon (Ar). Thus, greenhouse gases only account for around 0.1 % of the atmospheric
gases. As mentioned before, GHGs are gases that can absorb infrared radiation, which is a
property that in fact all gases whose molecules are composed of three or more atoms have.
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Figure II.2: Total amount of radiative forcing caused by human activities including indirect
effects between 1750 and 2011 of different climate factors (IPCC, 2013)

The various GHGs are, however, associated with different impacts on global warming and
there are different metrics to compare their potential contributions. The IPCC introduced the
term radiative forcing (RF), also called climate forcing, which is a measure of the effect that
a specific climatic factor provokes on the amount of downward-directed energy impinging
upon the surface of the Earth. Climatic factors include hereby, in addition to GHGs, solar
radiation, surface albedo and aerosols. Figure I1.2 shows exemplary radiative forcing values
for different anthropogenic climatic factors.

The RF of methane (for the year 2019) was estimated to lie between 0.43 and 0.65 W.m™
which accounts for around 16 % of the total radiative forcing by all anthropogenic GHGs com-
bined (Szopa et al., 2021). However, CH, also has an indirect influence on other climatic fac-
tors, for instance through the production of ozone (O3, further described in Section 1.2) and
water vapour, since the oxidation of methane is an important in situ source of water vapour
in the middle and upper stratosphere. (e.g. Brasseur and Solomon, 2005; Revell et al., 2016).
Those indirect effects are estimated to have a RF between 0.90-1.51 W.m™.
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1. THE IMPORTANCE OF METHANE IN THE ATMOSPHERE

Another measure to estimate the possible climate feedback of each gas is the global warm-
ing potential (GWP). The GWP of a gas hereby depends on three factors:

* the wavelengths where the molecule absorbs
* the strength of the energy absorption
* the atmospheric lifetime of the molecule.

More specifically, the GWP is a measure of how much energy the emissions of 1 ton of a
certain greenhouse gas absorbs over a given time in relation to the emissions of 1 ton of COs.

The global warming potential of methane is estimated at around 28 over a 100-year period
(e.g. IPCC, 2014). Over a period of 20 years, the GWP of CH,4 is almost three times higher,
around 84, which is due to its relatively short atmospheric lifetime of around 9 years (Prather
etal, 2012). The GWP of methane as a function over time is hereby illustrated in Figure II.3.
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Figure I1.3: Global warming for methane as a function of the time horizon. Image taken from
Allen (2014).

However, high methane concentrations in the atmosphere also increase their own lifetime
(e.g. Myhre et al., 2011) which is why the GWP of CHy4 is not a constant value and must be
adjusted over time. Still, due to the short atmospheric lifetime of methane in comparison
to other GHGs, reducing anthropogenic CH4 emissions is a potentially effective way to limit
increased radiative forcing in the near future (discussed for instance by Nisbet et al., 2019).

1.2 Impacton air quality

High methane concentrations can also have a detrimental effect on air quality and thereby
jeopardise the health of living beings. The reason for this are chemical reactions with other
substances, which increase the production of Os.

Ozone is a secondary air pollutant that is formed in the troposphere by catalytic photo-
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chemical reactions with nitrogen oxides (NOy) and volatile organic compounds (VOCs) such
as CHy. As far as human health is concerned, elevated ozone levels can impair lung func-
tion and cause inflammatory reactions in the respiratory tract, which can sometimes lead to
premature death, especially with long-term exposure to high ozone concentrations (Ebi and
McGregor, 2008; Zhang et al., 2019). In plants, ozone is absorbed through the stomata of the
leaves which can lead to reduced photosynthetic activity and destruction of the plant cells
(e.g. Saxena et al., 2019). In agriculture, for example, this can lead to losses in crop yields
(Emberson, 2020).

Besides, methane also has an indirect effect on O3 production by reducing concentrations
of the hydroxyl radical OH (further described in Section 4.1). OH is the most important oxi-
dant in the troposphere and reduced concentrations can lead to the accumulation of various
VOCs which are an issue in themselves and the prerequisite for ozone-generating chemical
reactions.

2 Methane sources

Methane emissions are caused by both anthropogenic activities and natural processes.
Anthropogenic CH4 emission sources include livestock farming, exploitation and distribu-
tion of fossil fuels, waste management, biomass burning linked to agricultural practices and
burning of agricultural waste, rice farming, the use of biofuels from agricultural residues and
landfills. Natural sources of methane are wetlands and inland freshwater systems, oceanic
sources (e.g. methane hydrates at the seabed of shallow ocean waters), biomass burning
linked to wildfires, permafrost soils, termites, onshore geological sources (e.g. gas and oils
seeps) and wild ruminants.

The primary sources of methane emissions at the global scale are shown schematically in
Figure I1.4.
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Figure II.4: Primary global sources of methane release. The estimations of the emissions are
based on IPCC (2007). Cartographer: GRID-Arendal, www.grida.no/resources/
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2. METHANE SOURCES

On a global scale, the total methane emissions were estimated to be around 576 TgCH4
yr'! within a range of 550 to 594 TgCH,4 yr'! by Saunois et al. (2020) for the period 2008-2017.
Hereby, the combined anthropogenic emissions were estimated at 359 TgCH, yr'! which ac-
counts for 62 % of the total CH, emissions. The largest natural methane source are wetlands
which make up 31 % of the global CH4 emissions with around 181 TgCH, yr!.

Methane emissions can be of three different origins: microbial, thermogenic and pyro-
genic. These different origins of CH4 can hereby be distinguished on the basis of their isotopic
contents (Sherwood et al., 2017). Microbial CH4 production is a form of anaerobic respira-
tion and takes place through decomposition of organic matter by microbes in anoxic environ-
ments. Organisms capable of producing methane belong to the domain Archea and occur in
wet, anaerobic environments. The main natural source of microbial CH, are therefore wet-
lands and freshwater systems whereas anthropogenic sources include farming activities (e.g.
by manure application, enteric fermentation of farmed animals) as well as rice cultivation
and wastewater treatment.

Thermogenic CH, is generated from thermocatalytic breakdown of complex organic mole-
cules under high temperatures and pressures. The main natural sources are hereby geological
sources such as gas and oil seeps. Thermogenic methane emissions caused by anthropogenic
activities are associated with the fossil fuel industry and include the extraction, production
and distribution of coal, mineral oil and natural gas (e.g. through venting or leaks).

Pyrogenic CHy4 is produced by the incomplete combustion of organic matter, which in-
cludes natural wildfire events as well as anthropogenic activities such as biofuel burning,
agricultural fires and domestic wood burning.

The methane sources which are currently present in the Arctic as well as how these sources
are effected by rising temperatures are subsequently briefly described.

2.1 Wetland and freshwater emissions

Wetland environments have long been known to be significant sources of methane emis-
sions through microbial decomposition of organic matter in saturated soils (Ehhalt, 1974;
Fung et al., 1991; Bartlett and Harriss, 1993). Wetlands are characterised by waterlogged soils
with this high degree of water saturation creating conditions that favour methane production.

Around half of the global wetland area is located above 50°N (Matthews and Fung, 1987).
Estimations of the methane emissions from high northern latitudes vary by a factor of four
(between 38 and 157 TgCH, yr'!) and assessments on the wetland area (between 2.2 and 4.4
million km?) by a factor of two (Petrescu et al., 2010). The large discrepancies between the
CH,4 flux estimations are, for instance, due the many environmental parameters influenc-
ing methane production from microbial decomposition which complicates accurate assess-
ments. Another cause is possibly due to double-counting, since the extent of wetlands and
small ponds and lakes are poorly constrained (Thornton et al., 2016). Figure I.5 (page 27)
shows the total wetland extent above 60 °N estimated by Hugelius et al. (2021).

The underlying process leading to the production of methane is hereby called methano-
genesis; this defines the final step in the anaerobic degradation of organic carbon that gener-
ates methane as the final product. Methane is hereby produces either by fermentation (ace-
toclastic methanogenesis) or hydrogenotrophic methanogenesis, which is formally a type of
respiration (e.g. Fenchel et al., 2012).
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All Wetlands (%)

Figure I1.5: Extent of Arctic wetlands, including peatlands, mineral wetlands and small open
water surfaces (larger lakes are excluded). The red line shows the boundary used by CAFF
(Conservation of Arctic Flora and Fauna) to define the Arctic region. Source: Hugelius et al.
(2021)

Acetoclastic methanogens dismutate acetate to CH4 and CO» according to:
CH3COOH — CO; + CHy.

Hydrogenotrophic methanogens on the other hand use hydrogen (H,) for the reduction
of CO; (or CO or formate) according to:

4H2 + C02 — CH4 + 2H20.

These processes are hereby complex, include different preliminary steps and depend on
various environmental factors such as the temperature, the quality of organic matter, the wa-
ter table, the vegetation type and the persistence of anaerobic conditions. Therefore, quan-
tifying CH4 emissions from wetlands is challenging, even though the understanding of the
most important processes controlling methane fluxes has already improved. The various pa-
rameters on which methanogenesis depends are shown in Figure I1.6 on page 28.

Once CHy4 is produced in wetlands it can reach the atmosphere via three main pathways:
diffusion through the water column, gas bubble release (ebullition), and plant-mediated trans-
port (e.g. Vroom et al., 2022).

Other freshwater sources of CH, include lakes, ponds, streams and rivers and the pro-
cesses leading to the production of methane are similar to the microbial decomposition in
wetlands. Methane emissions from those freshwater systems are often neglected in the Arctic,
even though high northern latitudes contain a high abundance of lakes and ponds (Lehner
and Doll, 2004). Indeed, methane emissions from Arctic freshwater systems (above 54 °N) are
estimated to be as high as 13 TgCH,4 yr! (Bastviken et al., 2011).

However, as mentioned before, estimating CH, emissions from wetlands and shallow
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Figure II.6: Key control parameters for methanogenesis. Controlling parameters are divided
into distal (climate and environmental) and proximal (chemical) and a hierarchy of impor-
tance in a complex ecosystem context is indicated. Based on Schimel (2004). Source: AMAP
(2015).

lakes separately is challenging. This is for instance due to the definition commonly used for
wetlands, which includes standing water up to between 2 and 2.5 m depth (e.g. Tiner et al.,
2015; Cowardin, 1979). This definition includes high-latitude lakes and ponds, which tend to
be shallow (less than 1 m deep), especially ponds in permafrost peatlands and thermokarst
lakes (West and Plug, 2008).

Rising temperatures in the Arctic potentially influence local CH4 emissions in different
ways. For instance, soil warming is associated with increased CH4 emissions since anaer-
obic decomposition is responsive to changes in temperature (e.g. Christensen et al., 2003).
Changes in vegetation in high latitude peatlands caused by rising temperatures can either
increase or decrease methane emissions, depending on the plant species (Treat et al., 2015).
Enhanced evapotranspiration on the other hand could potentially reduce the water storage in
northern wetlands which would limit the activity of anaerobic microbes and thereby reduce
the CHy fluxes (AMAP, 2021).

The impact of global warming on future methane emissions from high latitude wetlands
and freshwater systems is therefore difficult to predict and a better understanding of the var-
ious influences is needed to obtain meaningful predictions.

2.2 Oceanic methane sources

Oceanic CH,4 emissions are caused by several different sources. Methane is hereby pre-
dominantly produced throughout the subsurface of the ocean through either microbial, ther-
mogenic or abiotic processes which occur at different depths and conditions within the sed-
iment column.

Abiotic methane is formed by chemical reactions which do not directly involve organic
matter. Those processes only occur on Earth in several specific geologic environments. In
the Ocean, abiotic CH, is formed by via water-rock and gas-rock reactions such as serpen-
tinization (Etiope and Sherwood Lollar, 2013), where the hydration of minerals leads to the
formation of H,. The produced hydrogen can afterwards react with carbon-containing gases,
leading to the formation of CHy. In the Arctic Ocean, serpentinization is known to occur and

28



CHAPTER II. THE ROLE OF METHANE WITH SPECIAL CONSIDERATION OF THE ARCTIC

the produced methane potentially accumulates in gas hydrates (Rajan et al., 2012).

In higher layers of the sediment column, CH,4 is formed by thermogenic processes. The
organic matter occurring in those in depths (up to 4 to 5 km, Judd, 2004), for instance in
the form of coal beds, can be degraded when temperatures increases over 110 °C (Milkov,
2005). The produced methane can subsequently be released through gas seeps which are
geographically widespread across the sea floor (Judd, 2004).

At the top of the ocean sediments (up to 2 km) in anoxic and sulfate-depleted zones,
microbial decomposition of organic matter takes place. Thereby around 10 % of the total
organic carbon is typically converted to CHs (Judd, 2004). Methane is hereby produced by
methanogenic archaea, similar to the processes taking place in terrestrial freshwater systems
(see Section 2.1).

flux into the
4+ atmosphere

Figure I1.7: Typical areas of oceanic methane production, oxidation and migration within
the sediments and water column. Abiotic methane production is not included in the graphic.
Oxidation and migration are further described in Section 4.3, page 37. Source: AMAP (2015).

Apart from the methane production within the sediment columns, CH4 can be generated
in the water column as well, for instance as a by-product of the decomposition of phospho-
nates (e.g. Carini et al., 2014). The relative contribution of these processes to the methane
budget of the Arctic Ocean is hereby unclear. However, since many of these processes take
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2. METHANE SOURCES

place with close proximity to the surface, they have been connected with observed methane
fluxes above the Arctic Ocean (Kort et al., 2012).

The most important reservoir of oceanic CH,4 are assumed to be gas hydrates, which have
already been described in Chapter I (Section 3.2, page 14). Methane hydrates can be found at
depth along the continental margin and may occur at shallower depths in subsea permafrost-
associated areas. Analyses of the isotopic composition indicate that the majority of the gas
hydrate deposits contain biogenic methane (Archer, 2007), hydrate formation can theoreti-
cally bind methane of various origins (Rajan et al., 2013).

All the different areas of methane production, oxidation and migration are schematically
shown in Figure I1.7, page 29.

Marine CH,4 emissions are generally assumed to have a small influence in comparison to
other methane sources (e.g. Kirschke et al., 2013; Saunois et al., 2020). Emissions from the
Arctic Ocean are assumed to gain more importance in the future due to the declining sea ice
cover, which allows increased exchanges between the sea surface and the atmosphere, and
also because of the destabilization of sub-sea permafrost, which will be further described in
Section 3.2, page 35.

2.3 Wildfires

Wildfire events are a pyrogenic CH4 source. Currently, fire events are only a minor source
of methane emissions but their importance may increase in the future, both globally and in
the Arctic (Jenkins et al., 2014).
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Figure I1.8: Spatial distribution of wildfire events in Siberia during different periods of time.
Only areas where more than 2500 ha were burnt are mapped here. Source: Ponomarev et al.
(2021)

The trigger for growing risks of wildfires in Arctic regions are higher air temperatures,
increased surface dryness, shrinking snow covers and extended fire seasons whereby these
events also partially influence each other. For instance, earlier snowmelt due to rising tem-
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peratures exposes the ground to elevated evapotranspiration which effectively dries the sur-
face and promotes the spread of wildfires (Kim et al., 2020).

The wildfires occurring in Siberia in 2019 caused the government to declare a state of
emergency (Anon, 2019) and similar events in the following year have led to the highest
temperatures ever recorded in the Arctic Circle: 38 °C were measured in the Russian city of
Verkhoyansk on June 20, 2020 (Farge and Soldatkin, 2020; Overland and Wang, 2021). Even
though the number of wildfires in Siberia doesn’t show any increase between 2001 and 2020,
the burned area has more than doubled during this period, from 6.32 to 16.06 MHa (Pono-
marev et al., 2021). A map of the wildfires in Siberia between 2002 and 2020 is shown in
Figure I1.8 on page 30. Statistics on forest fires in Siberia after 2020 have not yet been pub-
lished, however it has been reported, that wildfires were difficult to control due to the use of
manpower and resources in the war (e.g. Patel, 2022).

Besides the CHy4 that is directly emitted by wildfires, those events can also indirectly in-
fluence methane emissions in the Arctic. Fire events occurring in permafrost regions lead to
abrupt permafrost degradation (e.g. Brown et al., 2016; Potter and Hugny, 2020) and thereby
promote the formation of thermokarst lakes as well as increased exposure of degradable car-
bon.

2.4 Anthropogenic sources

Around one fifth of the global anthropogenic methane emissions comes from the eight
Arctic nations.
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Figure I1.9: Distribution of anticipated oil and gas resources in the Arctic. The differ-
ent shades of purple refer to the probability of potential oil and gas fields. The map is
built on information from the US Geological Survey (USGS). Source: Arctic Portal Library,

www.library.arcticportal.org.
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Approximately 90 % of those emissions are contributed by Russia and the USA, 6 % by
Canada and 4 % by the remaining Arctic nations (Norway, Sweden, Finland, Iceland and
Greenland). Since anthropogenic activities related to GHG emissions are often reported by
country however, the CH4 emissions don’t necessarily take place in Arctic regions. In fact, an-
thropogenic methane sources only make up approximately 28 % of the total CH, emissions
in high northern latitudes (Saunois et al., 2020), since the Arctic represents one of the least
populated areas in the world, with only sparse settlements and few large cities. The high-
est contribution of methane emissions is hereby caused by the fossil fuel industry (around
4 TgCH,4 yr'!) whereas the combined emissions from wastewater management, farming ac-
tivities and biomass burning are estimated to be around 2 TgCH, yr!.

Several policies, both legally binding regulations as well as voluntary agreements, that are
designed to directly or indirectly limit CH4 emissions have already been established by all Arc-
tic nations. The largest potential for decreasing methane emissions in the USA and Canada
are hereby limiting CH,4 fluxes from unconventional gas extraction as well as extending ex-
isting separation, recycling and treatment schemes for biodegradable waste. Russia could
potentially reduce emissions by limiting leakages from gas pipelines and networks as well as
extending recovery and utilization of associated gas from oil extraction (AMAP, 2015).

It is however suspected that the Arctic is a large source of unexplored fossil fuel resources,
as shown in Figure I1.9 (page 31). Estimates assume that around 30 % of the global undis-
covered natural gas and 13 % of undiscovered mineral oil can be found in the Arctic Circle
(Gautier et al., 2009). Moreover, the increasing accessibility by declining sea ice in the Arc-
tic Ocean makes this region attractive for the fossil fuel industry regarding future offshore
drilling campaigns.

3 The influence of permafrost thaw on future methane emissions

Thawing permafrost, both on land and on the seabed, as a result of rising temperatures in
the Arctic can have various impacts on methane emissions.
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Figure I1.10: Schematic illustration of permafrost related methane emissions with specifica-
tion of their origin. Source: AMAP (2015), redrawn from Ruppel (2011)

32



CHAPTER II. THE ROLE OF METHANE WITH SPECIAL CONSIDERATION OF THE ARCTIC

CH,4 fluxes associated with destabilisation of permafrost soils are schematically shown in
Figure 11.10 (page 32) and the corresponding processes leading to those direct and indirect
methane emissions will subsequently be described.

3.1 Terrestrial permafrost

Several studies identify terrestrial permafrost as an stand-alone emission source of methane
(e.g. Saunois et al., 2020). Permafrost thaw can however both have a direct and an indirect in-
fluence on CH4 emissions in the Arctic, which makes permafrost related methane fluxes hard
to quantify. Direct fluxes of methane are of thermogenic origin and are estimated to have a
small impact (around 1 Tg per year, USEPA, 2010).

Permafrost destabilization additionally impacts microbial CH4 emissions in three differ-
ent ways. As described before in Section 3.2, permafrost regions contain large pools of soil
organic matter whose exposure can lead to increasing anaerobic respiration and therefore, in-
creasing methane emissions. The estimated distribution of carbon contained in high north-
ern latitude permafrost soils is shown in Figure I1.11.
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Figure I1.11: Soil carbon distribution in upper soil layers (up to 1 m depth). Map derived from
Northern Circumpolar Soils Database (Hugelius et al., 2013, 2014), Source: AMAP (2015).

Even though around 87 % of permafrost soils are estimated to be comprised of carbon-
poor mineral cryosols (Hugelius et al., 2014), it is assumed, that 45 Pg of carbon from northern
permafrost regions could be released to the atmosphere by 2040 and by 2100, up to 288 Pg.
Thereby, it is assumed that only 2.3 % of the carbon will be released in the form of CH4. Due to
the increased RF of methane (Section 1.1), those emissions could however make up between a
third and a half of the expected climate forcing connected with the elevated carbon emissions
AMAP (2015).
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A potential limitation could hereby be provided by increased microbial activity of methane-
consuming archaea (described more detailed in Section 4.2). Oh et al. (2020) concluded, that
the majority of the methane assumed to be produced from accessible permafrost carbon in
future scenarios would be consumed by methane-oxidizing bacteria whose activity increases
at elevated temperatures. The actual extent of CH4 emissions associated with exposed carbon
pools from permafrost soils remains therefore difficult to assess.

Another indirect influence of permafrost thaw are hydrological changes such as wetland
formation and elevated groundwater levels which favour anaerobic decomposition of organic
material. Finally, sudden permafrost thaw (e.g. by wildfire events) can cause erosion and soil
collapse and promote the formation of thermokarst lakes which are, as mentioned before, a
source of CH4 emissions.

An additional phenomenon that has been occurring during recent years are so called
methane craters (see Figure 11.12), also known as gas emission craters (GEC). GECs have so far
only been detected on the West Siberian peninsulas Yamal and Gydan (Kizyakov et al., 2020;
Zolkos et al., 2021). They generally start with the mitigation and build-up of biogenic and
thermogenic methane in the permafrost soils, causing a mount to form as the pressure rises.
As soon as the pressure exceeds a critical point defined by the density of the upper soil layer,
an explosion hurls debris hundreds of metres away (e.g. Dvornikov et al., 2019). GECs could
potentially gain more importance in the future in terms of methane emissions (Schuur et al.,
2022). The amount of CH, released from these craters has however not yet been estimated.

Figure 11.12: Gas emission crater discovered in 2014 on the Yamal Peninsula in northern
Siberia. Photo: Vladimir Pushkarev.

Even though the impact of those indirect emissions linked to permafrost thaw can cur-
rently not be accurately quantified, they are assumed to be able to trigger a positive climate
feedback and gain importance in the future with progressing global warming (Schuur et al.,
2015).

Recently, Schuur et al. (2022) concluded, that an abrupt “methane bomb” as a conse-
quence of permafrost thaw, releasing exorbitant amounts of CH,4 to the atmosphere over the
course of only a few years is currently not supported by either observations or projections.
It should however always be expected that unforeseen phenomena related to thawing per-
mafrost (such as the recent occurrence of methane craters) may change the current assess-

34



CHAPTER II. THE ROLE OF METHANE WITH SPECIAL CONSIDERATION OF THE ARCTIC

ment of indirect or direct methane emissions.

3.2 Sub-sea permafrost

Sub-sea permafrost thaw can influence marine CH4 emissions in two different ways. On
the one hand, similar to the terrestrial effects, declining sub-sea permafrost can expose or-
ganic material and thereby increase microbial methane production in the upper layers of the
seabed. Additionally, the emissions from gas hydrates in permafrost regions could potentially
increase if the overlying permafrost shielding them is destabilised.

In the Arctic Ocean, sub-sea permafrost thaw has for instance been observed in the East
Siberian Arctic Shelf (ESAS) and several studies indicate the importance of this region with
regards to future methane emissions (e.g. Shakhova et al., 2015, 2019; Wild et al., 2018).

However, it is debatable whether these processes will have a major impact in the near
future. The reasons for this are, on the one hand, that sub-sea permafrost responds slowly to
global warming since it can take centuries, or even millennia, until the elevated temperatures
reach the ocean floor (e.g. Kretschmer et al., 2015; Archer, 2015). Moreover, large quantities
of released oceanic CHy can either be oxidized in the overlying sediment or in the oxic water
column, which was for instance observed in the by Overduin et al. (2015) Laptev Sea. The
oxidation processes limiting oceanic methane emissions are further elaborated in Section 4.3
(page 37).

4 Atmospheric methane sinks and marine oxidation

Methane sinks describe processes in which the atmospheric CH4 molecules are broken
down into their individual components, resulting in the formation of other substances such
as CO, or CO. The methane molecules are hereby either oxidized by free radicals in the atmo-
sphere or by methanotrophic bacteria in the soil. Globally the methane sinks are estimated at
around 571 TgCH, yr'!, whereby the chemical loss account for approximately 93 % (Saunois
etal., 2020).

In marine environments, CHy4 is reduced by anaerobic or aerobic bacteria and also in the
oxic water column. These processes are not defined as methane sinks however, since they do
not remove CH,4 from the atmosphere, but rather as a restriction on oceanic methane sources.

4.1 Oxidation by free radicals

Free radicals are atoms, molecules or ions with at least one unpaired valence electron
and an open electron shell. The availability of unpaired electrons makes free radicals highly
chemically reactive with other substances or themselves. Regarding the atmosphere, free rad-
icals mediate oxidation reactions with toxic gases (e.g. CO), tropospheric ozone precursors
(e.g. VOCs) and greenhouse gases (e.g. CHa).

The hydroxyl radical OH is hereby the primary oxidant in the troposphere and lower strato-
sphere since it is highly reactive with a variety of substances (Levy, 1971; Prather and Spi-
vakovsky, 1990; Crutzen and Zimmermann, 1991; Singh et al., 1995). Its atmospheric lifetime
is therefore just around 1 ns. OH is also the dominant removal mechanism for methane and
accounts for around 90 % of the total CH, sinks (Saunois et al., 2020; Kirschke et al., 2013). The
concentration of the hydroxyl radial is therefore the main factor for the atmospheric lifetime
of CHy (9 £ 0.9 years, Prather et al. (2012)).

The primary source of OH in the troposphere results from the photolysis of ozone. Pho-
tolysis represents the absorption of a photon of solar radiation (hv) with sufficient energy to
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break the O; molecule. Thereby, electronically excited atomic oxygen is produced:
O3 + hv — 0, + O('D).

The majority of the excited atomic oxygen subsequently reacts with molecular oxygen (O2)
or nitrogen (N») to relinquish the extra energy it carries. However, a small fraction reacts with
water vapor to produce hydroxyl:

0o('D) + H,O —— 2 OH.

Since only the excited form of atomic oxygen can react with H,O to produce OH, the pro-
duction of hydroxyl is favored by high levels of incident solar radiation and high concentra-
tions of water vapor. In high northern latitudes, the conditions are therefore not optimal for
the OH production, especially during the winter months.

In addition to the primary production of OH from water vapour, it can also be recycled by
chemical chain reactions including nitrogen monoxide (NO), the hydroperoxyl radical (HO,)
and the methyl peroxy radical (CH30,) which will not be described in detailed here.

The oxidation of methane with the hydroxyl radical begins with the production of the
methyl radical CHz:

OH + CH4 — HzO + CHg.
The methyl radical then reacts very rapidly with an oxygen molecule to produce a CH30:
CH3 + 02 — CHgog.

The methyl peroxy radical and all following reaction products undergo additional chemi-
cal reactions resulting either in the complete oxidation to CO, or the deposition of interme-
diate products to the Earth’s surface.

In addition to the hydroxyl radical, methane is also oxidized by atomic chlorine (Cl) and
atomic oxygen (O('D)). The reaction with tropospheric chlorine results in the formation of
hydrogen chloride (HCI) and CH3:

CH,4 + C1 — CH3 + HCL

HCl is thereby rapidly removed from the atmosphere by wet deposition or acts as a chemi-
cal precursor for the chlorine radicals if it reacts with OH. Atomic chlorine represents around
20 to 35 % of stratospheric methane sinks (McCarthy et al., 2003; Rice et al., 2003) and be-
tween 0.8 and 2.5 % of tropospheric sinks (Hossaini et al., 2016; Sherwen et al., 2016; Wang
etal., 2019, 2021).

Atomic oxygen is predominantly produced by ozone photolysis as described before. Since
O('D) quickly reacts with N, O, and Ar it only occurs in very small quantities in the atmo-
sphere. With CH4, atomic oxygen reacts as following:

CH, + 0('D) %25 CH; + OH.

In the stratosphere, O('D) accounts for around 20-40 % of CH, sinks (McCarthy et al.,
2003; Rice et al., 2003). The total stratospheric loss is estimated by Saunois et al. (2020) at
around 31 TgCH,4 yr'! which would result in 6.2 to 12.4 TgCH, yr! from atomic oxygen.

4.2 Soil uptake

Methanotrophic organisms in the soil consume methane as a source of energy. In anaer-
obic environments where methane is produced, certain species of bacteria consume CHy
before it gets emitted. Other methanotrophic organisms occur in oxic soils and reduce atmo-
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spheric CH4. Under aerobic conditions, CH4 and oxygen are combined to both CO,, which is
released to the atmosphere and formaldehyde (CH,0), which is subsequently incorporated
into organic compounds. Anaerobic conditions require electron acceptors (e.g. nitrate or
sulfate) to oxidize methane.

Certain studies highlight the importance of methane oxidation taking place in mineral
cryosols in high northern latitudes as a counterbalance to the existing CH, sources in the
Arctic, especially in permafrost areas with low soil organic carbon availability, low vegeta-
tion cover and low soil moisture (Emmerton et al., 2014; Lau et al., 2015). According to Lau
et al. (2015), the active atmospheric methane oxidation in permafrost-affected cryosols in-
creases with rising temperatures due to higher microbial activity. However, the oxidation of
methane is hereby strongly dependant on the soil conditions, and increased soil moisture
reduces the activity of methanotrophic organisms. It is therefore uncertain whether the mi-
crobial methane oxidation in northern tundra landscapes can act as a significant limitation
on increasing atmospheric CH4 concentrations.

Globally, soil oxidation accounts for around 7 % of the total CH, sinks (Saunois et al.,
2020). Altogether, the total estimated soil sink of Arctic landscapes remains small (up to
1.8 mgCHysm~2d~! in polar desert soils, Emmerton et al. (2014)) in comparison to the im-
portance of the oxidation by OH in the atmosphere (AMAP, 2015).

4.3 Marine oxidation

Approximately 90 % of the total methane produced in marine sediments, either of biotic
or abiotic origin, is consumed by anaerobic oxidation (Reeburgh, 2007). Anaerobic oxida-
tion of CH4 occurs by a microbial consortium of archaea and sulfate-reducing bacteria be-
tween more than 200 m below the seafloor up to the topmost layers of the sediments (Knittel
and Boetius, 2009). This consumption of CH4 produces high concentrations of bicarbonate
(HCO3 ™) and hydrogen sulfide (HS ™) and contributes to the dynamic biogeochemistry found
at the very top of the sediment column. The general process can be described as by the fol-
lowing reaction:

CH4 + 8042_ —— HCO3~ + HS™ + H,0.

Since this process both requires methane and sulfate (SO4%7), the highest anaerobic oxi-
dation of methane rates are found in the sulfate-methane transition zone below the sediment
surface (Iversen and Jorgensen, 1985).

The marine sediment therefore acts as a microbial filter for CH4. Once methane bypasses
this anaerobic filter it can subsequently be reduced through the oxidation of aerobic bacte-
ria at the surface of the seabed (Boetius and Wenzhdofer, 2013) or in the oxic water column
(Hanson and Hanson, 1996; Murrell, 2010). These processes are described in the following
reaction:

CH4 +2 02 — COZ + HzO.

Hereby, aerobic CH4 oxidation may lower potential methane emissions from marine sources
to the atmosphere. However, it leads to other possibly harmful changes in marine environ-
ments such as reduced oxygen concentration, enhanced partial pressure of CO, as well as
lower pH values (Biastoch et al., 2011).

Oxidation processes are however only relevant for dissolved methane. Since the solubility
of CH,4 in water is low, this can lead to the formation of bubbles, shown in Figure 11.13 on
page 38, in areas where the marine sources of methane are very concentrated. These gas
bubbles, whose CH,4 concentration account for around 90 % of the gas mixture within the
bubble, (Leifer and Patro, 2002), rise quickly through the water column and can therefore be
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an important pathway for possible emissions to the atmosphere. The methane concentration
inside the gas bubbles can however be reduced by dissolution (McGinnis et al., 2006; Rehder
et al., 2009) which is dependant on different factors e.g. the water depth and density and
viscosity.

Figure I1.13: Left: Rising gas bubbles in the East Siberian Sea. Photo: Tomsk Polytechnic
University, Source: The Siberian Times, www.siberiantimes.com. Right: Frozen methane
bubbles in Lake Baikal. Photo: Kristina Makeeva, Source: NASA Science, www.science.nasa
. gov.

Even though the Arctic Ocean is the world’s smallest ocean, its surface accounts for around
85 % of the total Arctic region. As mentioned before (e.g. Chapter I, Section 3.1 and Sec-
tion 3.2), thawing subsea permafrost as well as diminishing sea-ice promote both the pro-
duction of oceanic CH, and the exchange between sea-surface and atmosphere. The various
processes contributing to the oxidation of methane are therefore important limitations of
marine CH, emissions, especially regarding the progressing Arctic warming.

Conclusion of the chapter

Methane is a powerful greenhouse gas and a primary contributor to the formation of
ground-level ozone. The average global concentration of CHy in the atmosphere has in-
creased by around 163 % since record keeping began in the early 1980s. This trend of in-
creasing atmospheric CH4 concentrations is also mirrored in the Arctic.

There are currently a variety of methane sources present in the high northern latitude re-
gions: both natural and anthropogenic, terrestrial and oceanic. Natural emissions are hereby
dependant on a variety of environmental conditions and it is anticipated that rising tem-
peratures in the Arctic will cause future increases in regional methane emissions. This is, for
instance, due to the thawing of terrestrial and sub-sea permafrost. Different processes reduce
CH,4 concentrations in the atmosphere or limit fluxes of methane by oxidizing it before it gets
emitted. Some processes, such as oxidation in the high northern latitude soils, could poten-
tially gain more importance with rising temperatures and therefore, compensate increasing
emissions in the Arctic.
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1. APPROACHES TO ESTIMATE METHANE EMISSIONS

HE PRODUCTION AND REDUCTION OF METHANE in high northern latitude regions involve
numerous different processes which are sensitive to a variety of climatic and environ-
mental conditions, as described in the previous chapter. However, precisely quanti-

fying methane sources and sinks is a key factor to gain an accurate picture of the concentra-
tions of CH4 in the atmosphere and thus, their impact on global warming. Moreover, it is also
critical to accurately estimate present sources and sinks in order to assess their sensitivity to
changes in environmental conditions, and thus improving future climate projections.

In this chapter, the two common approaches of estimating CH4 fluxes and uptake are in-
troduced (Section 1) and, in connection to that, the main objectives of this work are outlined
(Section 2).

1 Approaches to estimate methane emissions

Precise estimations of CH4 emissions are challenging to obtain and are often still con-
nected with high uncertainties. Modelling estimates quantifying methane sources and sinks
generally follow two approaches: bottom-up and top-down estimates. Both approaches will
be briefly outlined in the following sections.

1.1 Bottom-up approach

Bottom-up approaches are based on a large number of statistical information for source
sectors and processes which are subsequently extrapolated to larger spatial scales. Those
estimates generally include three different methods to estimate the various emission sources.

A first approach to obtain bottom-up estimates is using process-based land surface mod-
els which simulate physical, chemical and biological processes. Those models are often im-
proved by integrating measurement data (e.g. from satellites) and/or data from laboratory
experiments and are often used to assess methane emissions from wetlands (e.g., Tang et al.,
2010; Poulter et al., 2017) or biomass burning (e.g., van der Werf et al., 2017).

Process-based land surface models require a large number of input variables to represent
fundamental biogeochemical processes, which are often based on simplified assumptions.
The uncertainty hereby increases with the spatial extent of the models and while they provide
useful information on local scales, their use for regional to global scales is rather uncertain.
Another source of uncertainty is the sparsity of direct measurements of CH, emissions to
initialise and parameterise the models.

Another method, usually used to assess and report methane emissions from anthropogenic
sources, are emission inventories based on demography and statistics. Hereby, so called ac-
tivity data, which describes emission-related socio-economic activities, is combined with an
emission factor, which quantifies the sources or sinks per unit of activity for a certain re-
gion. Inventories provide emissions using different classifications of anthropogenic source
categories (e.g. fossil fuel exploitation or livestock farming) and are usually available at the
global, regional and national scales (e.g., Janssens-Maenhout et al., 2019; Hoesly et al., 2018).

Uncertainties on this approach are for instance caused by missing, incomplete or unclear
information on the reported CH4 emissions or missing data which does not allow the charac-
terization of individual emissions. Similar to the process-based models, the numerical mod-
els used to generate inventories are based on simplifications that do not entirely represent
realistic conditions and are therefore another source of uncertainties.

The third method to implement bottom-up approaches is the extrapolation of direct mea-
surements of regional CH,4 fluxes to the regional or global scales. This approach is for instance
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used for natural sources such as geological CH,4 emissions (e.g., Etiope et al., 2019).

The measurements made at the local scale may however not be representative for larger
scales, which is a source of uncertainties for up-scaling models. Since CH4 emissions follow
complex, non-linear processes and are often dependant on local conditions (e.g. the soil
conditions and vegetation), they have a high spatial and temporal variability which can not
be fully captured by the models.

Many bottom-up estimates on methane sources and sinks are generated at global scale
(e.g. Ridgwell et al., 1999; Riley et al., 2011; Ringeval et al., 2012; Poulter et al., 2017; Etiope
et al., 2019). However, several studies have been implemented exclusively for high northern
latitude regions. Those include, for instance, estimates on CH, fluxes from northern peat-
lands (Wania et al., 2010), Arctic lakes (Tan et al., 2015) and from boreal and arctic ecosystems
(Kuhn et al., 2021). The various data sets from bottom-up estimates on methane sources and
sinks are presented in Part II, Chapter V, Section 3 (page 67).

1.2 Top-down approach

As described in the previous section, the uncertainties on bottom-up approaches are var-
ious and inevitable. The goal of top-down methods is therefore to improve such estimates,
in this case on CH, emissions, and decrease their uncertainties. The basis of the top-down
approach is called atmospheric inverse modelling. Atmospheric inversion methods are sta-
tistical approaches that minimise the differences between simulations and observations (e.g.
of atmospheric CH4 mixing ratios) by adjusting the input variables of numerical atmospheric
transport model (e.g. CH4 fluxes). The hereby assessed optimal values of the input vari-
ables are therefore best able to explain the given observations. The approach is schematically
shown in Figure III.1, page 42.

The observations which are generally used for those approaches are measurements of
atmospheric mixing ratios of methane, which is also the case in this work. It is however pos-
sible to include other types of observation in inverse modelling set-ups like for instance satel-
lite measurements of the CH4 column as well as measurements of co-emitted gases such as
ethane (CyHsg) or of the isotopic composition of methane (e.g. Rice et al., 2016; Thompson
et al., 2018; Thanwerdas et al., 2021).

Top-down approaches may provide estimates that are more consistent with available at-
mospheric observations but sometimes insufficiently differentiate between the different emis-
sion sectors. The results obtained by inverse modelling studies are also not independent from
the bottom-up approaches that they are based on and which are usually referred to as prior
estimates. Therefore, sources that are not well constrained by the atmospheric observations
will tend to be close to its prior value in the top-down (posterior) result.

The first global study using an inverse modelling approach to estimate the spatial distri-
bution of methane emissions was implemented by Houweling et al. (1999). One of the key
findings in this study was that the top-down distributions of emissions tended to be reduced
in high northern latitudes in comparison to the bottom-up estimates that they were based on.
Since then a variety of inverse modelling studies on global CH4 emissions has been imple-
mented (e.g. Bergamaschi et al., 2009; Kirschke et al., 2013; Houweling et al., 2014; Bruhwiler
et al., 2014; Saunois et al., 2016, 2020).

While the top-down studies show relatively good agreement with each other, global pos-
terior estimates all tend to reduce CH4 emissions in high northern latitudes in comparison
to the prior information, implying that the emissions in the bottom-up approaches are too
large and inconsistent with observed CH4 concentration in the atmosphere. Other possible
reasons for the decreased posterior methane emissions in high northern latitudes are due
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Figure II1.1: Schematic illustration of atmospheric inverse modelling approaches. Source:
AMAP (2015).

to the lack of observation sites in the Arctic and Sub-Arctic, fewer data points for satellite
measurements (further explained in Part II, Chapter V, Section 1), the unequally large cells
in models based on Cartesian grids and the low resolution of global models which don't re-
produce the Arctic atmosphere properly (Saunois et al., 2017). Moreover, none of the global
top-down studies demonstrated an upward trend of CH4 emissions in the Arctic so far with
the longest period (1980 to 2010) being covered by Kirschke et al. (2013).

1.3 Discrepancies of methane emission estimates

Although efforts on the different approaches aiming at quantifying CH, sources and sinks
are continuously improving, accurate estimates are challenging to obtain. Bottom-up esti-
mates of methane emissions are restrained by inevitable uncertainties, that can only reduced
to a certain extent by top-down approaches due to insufficient constraints (e.g. lack of suit-
able observations). Therefore, different estimates on the various CH, sectors show partially
large discrepancies.

Globally, bottom-up estimates on the total CH,4 emissions differ from each other by 287 Tg
(594 to 881 TgCH,4 yr'!) and top-down estimates by 44 Tg (550 to 594 TgCH, yr'!) for the
period between 2008 and 2017 (Saunois et al., 2020). The discrepancies are thereby gener-
ally smaller for anthropogenic sources (bottom-up: 349 to 393 TgCH, yr'!, top-down 336 to
376 TgCH,4 yr'!) in comparison to natural sources (bottom up: 245 to 488 TgCH,4 yr!, top-
down: 183 to 248 TgCH,4 yr'!) and CH, sinks (bottom-up: 500 to 798 TgCH, yr!, top-down:
501 to 574 TgCH,4 yr'l).

Regarding high northern latitudes (between 60 and 90 °N), the total CHs emissions be-
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tween 2008 and 2017 are hereby estimated almost twice as high by bottom-up models and
inventories (around 43 TgCH,4 yr'!, ranging between 26 and 72 Tg) than by global top-down
approaches (around 22 TgCH, yr'!, ranging between 17 and 29 Tg).

The discrepancies between the estimated magnitudes of methane emissions from differ-
ent sources in high northern latitudes obtained by both bottom-up and top-down estimates
are illustrated in Figure III.2.
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Figure II1.2: Methane emissions [TgCH,4 yr'!] between 60 and 90 °N from five broad CHy
sectors for the 2008-2017 decade. Top-down estimates are shown on the left (light-coloured
box plots) and bottom-up estimates on the right (dark-coloured box plots). Median value and
first and third quartiles are presented in the boxes. The whiskers represent the minimum and
maximum values when suspected outliers (shown as stars) are removed. Bottom-up quartiles
are not available for bottom-up estimates, except for wetland emissions. Mean values are
represented with a "+" symbols. Figure derived from Saunois et al. (2020).

2 Main objective of this work: Estimating CH, sources and sinks in
the Arctic

In order to obtain precise estimates on CH4 sources and sinks in high northern latitudes,
in this work an inverse modelling approach is used to quantify CH, emissions as well as soil
uptake in the Arctic during the most recent years. This also includes studying temporal and
spatial differences as well as analysing the current limitations in obtaining definite conclu-
sions.

2.1 Relevance of studying methane in the Arctic

Various inverse modelling studies have already been carried out at different regional scales
in Arctic regions and with regard to different CH4 emission sectors and time scales. In the
Canadian Arctic, such studies have for instance been implemented by Ishizawa et al. (2018)
for the years 2012 to 2015, in which methane emissions from various sources are estimated.
A similar study was carried out by Baray et al. (2021) for the years 2010 to 2015. The work by
Miller et al. (2016) assesses wetland emissions in North America for the years 2005 and 2006
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and Chan et al. (2020) analyzed oil and gas emissions in Western Canada between the years
2010 and 2017. In Finland, Tsuruta et al. (2019) estimated anthropogenic and biospheric
methane emissions between the years 2004 to 2014. Natural and anthropogenic methane
emissions in high latitude Eurasian regions were estimated by Berchet et al. (2015) for the
year 2010 and for Siberian lowlands by Winderlich (2012) for the year 2009. In the pan-Arctic
(over 60 °N), Tan et al. (2016) assessed methane fluxes from wetlands and lakes for the year
2005 and Thompson et al. (2017) implemented an inverse modelling study on anthropogenic
and natural CH,4 sources between 2005 and 2013 for high northern latitudes above 50 °N.

These works provide useful information on different local scales and emission sectors; it
remains however difficult to obtain a complete picture of the CH4 emissions for the whole
Arctic and Sub-Arctic. The Arctic is generally an understudied region and accurate estimates
are challenging to acquire, for instance due to the limited availability of observations (Part II,
Chapter V, Section 1).

Especially regarding the observed temperature increase during the most recent years and
the associated evident environmental consequences, studying the anticipated response of
induced methane emissions is essential. This could hereby, on the one hand, be beneficial
to better assess the current impact of Arctic methane sources on the global atmospheric CHy
concentrations but also, to detect trends in either sources or sinks that may continue in the
future.

2.2 OQutline of the thesis

The main objective of this thesis was to implement top-down approach to estimate dif-
ferent sectors of CH4 emissions and uptake for the whole Arctic and Sub-Arctic in order to
analyze their development during the most recent years. This includes identifying eventual
trends in any of the present methane sources or sinks as well as analyzing any occurring sea-
sonal patterns of the different sectors. Additionally, this thesis also aimed to study the capa-
bility of the current observations network in the Arctic in detecting anticipated future trends
of different CH4 emission sources.

The theoretical framework to achieve this is presented in Part II. Chapter IV thereby the-
matises the mathematical concepts and assumptions of atmospheric inverse modelling. In
Chapter V, the numerical tools, such as the applied atmospheric transport model, as well as
the provided datasets of observations and prior information used in this work are described.

The scientific applications are specified in the Part III. In Chapter VI first of all the pro-
vided measurements of atmospheric CHs mixing ratios are analyzed. The objective hereby
was, on the one hand, to investigate regional differences in the atmospheric CH4 concentra-
tions and also to determine whether the observations alone allow conclusions to be drawn
about regional methane sources. Following this analysis were three main questions:

Question 1: Is the current observation network of stationary measurement sites in the Arctic
nations able to adequately constrain different sectors of CHy sources and sinks?

Question 2: What information can be derived about seasonal patterns and trends of CHy
sources and sinks between the years 2008 and 2019 in different parts of the Arctic?

Since these two questions are interrelated, they are both discussed in Chapter VII. Hereby,
an inverse modelling approach is performed with the specific parameters, assumptions and
general outline explained in detail in this chapter. The analysis of the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>