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3.1 Introduction
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Sources of methane (CH4) within the Arctic are predominantly
natural (AMAP, 2015b). Wetlands and lakes, which cover
large expanses of the region, emit CH4 to the atmosphere,
as does the Arctic Ocean. Aside from a few limited areas in
which fossil-fuel extraction takes place, the region has little
human activity that releases CH4 to the atmosphere. These
characteristics stand in contrast to the black carbon (BC) that
affects the Arctic, sources of which are primarily anthropogenic
and originate from outside the region. Acknowledging these
differences, this section focuses on natural sources of CH4 in
the Arctic that originate from marine, freshwater and terrestrial
environments. Anthropogenic CH4 emissions – of Arctic and
non-Arctic origin – originating from within the borders of the
Arctic nations are discussed in Chapter 2.

emissions are dominated by tropical wetlands, which contribute
about 65% (Saunois et al., 2020), a considerable amount comes
from northern wetlands, including wet tundra and surrounding
environments. The overarching context for these substantial
emissions is the waterlogged nature of organic soils in the
Arctic, which host stable anaerobic environments with optimal
conditions for methanogenic activity.
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3.1.1

Such anaerobic conditions exist below the water table, where
CH4 is produced from soil organic matter by archaea (singlecelled prokaryotic organisms that are distinct from bacteria). In
places where the water table drops below the surface, CH4 may
be oxidized into CO2 by other microorganisms when it diffuses
upwards through the aerobic top layers of the soil. However,
it may also bypass this zone when channelled through plant
tissues or by bubbling upwards through the process of ebullition
(Christensen et al., 2003; Ström et al., 2003). The microbial
processes of methanogenesis (production) and methanotrophy
(consumption) are both temperature dependent, with the
position of the water table being dominant amongst controls on
their relative importance (Olefeldt et al., 2013). The production
of CH4 in lakes and ponds follows the same pathway as in
wetlands, but ebullition comprises a relatively larger fraction
of the emissions to the atmosphere from lakes, since diffusive
CH4 fluxes can be oxidized more readily in lake surface waters
(Walter et al., 2008a; Wik et al., 2016b). Compared to emissions

Terrestrial and freshwater sources
and sinks

Pre

Early studies of global atmospheric CH4 identified wetlands as
a major natural source (Ehhalt, 1974). The overall emissions
values calculated by these studies, of 140–280 teragrams of
CH4 per year (Tg CH4/yr), are still within the uncertainty
range for the total estimates of CH4 in the most recent budgets
(Christensen, 2014; Saunois et al., 2020). Although these global
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Figure 3.1 An overview of the diversity in natural sources and sinks of methane in the terrestrial Arctic. The width of the arrows indicates the rough
proportion of methane (CH4) emitted to the atmosphere by each source.
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from tropical wetlands, which are heavily influenced by seasonal
flooding, wet northern source areas tend to be more stable in
their extent, with emissions subject to the balance between
CH4 production at depth and microbial oxidation in aerobic
surface layers (Reay et al., 2010). Many factors – such as the
available nutrients, vegetation composition, soil carbon content,
topography and hydrology – modulate the size of emissions.
However, a stable, non-tidal, natural wetland will under normal
circumstances always be a source of atmospheric CH4.

Marine sources and sinks

How CH4 is produced, consumed and transported differs
significantly between terrestrial and marine environments.
Some similarity exists on the production side, since methanogens
produce CH4 in ocean sediments (Garcia et al., 2000), but
thermogenic processes are also an important producer of CH4
deep down in the ocean sediment (Archer, 2007). When CH4
of biogenic or thermogenic origin migrates up towards the sea
floor, it can be captured in gas hydrates (crystalline compounds
that are stable under high pressure and low temperatures [Buffett,
2000]), or geological traps, and it can be anaerobically oxidized in
the sulfate-methane transition zone near the ocean floor (Knittel
and Boetius, 2009). In areas with high production or hydrate
dissociation, this transition zone may be bypassed, with CH4
bubbles escaping the seafloor through gas seeps and entering
the water column. Whether this CH4 reaches the atmosphere
depends on the rate of dissolution of CH4 from these bubbles
into the ocean water (Rehder et al., 2009), and the amount of
aerobic CH4 oxidation in the water column (Steinle et al., 2015).
The importance of these processes depends on water depth,
since the probability of CH4 dissolving into and microbially
oxidizing in the ocean (Valentine et al., 2001) before reaching the
atmosphere becomes greater with increasing depth. Finally, in
the mixed surface layer, CH4 can be produced aerobically (Damm
et al., 2010) or, alternatively, taken up from the atmosphere in
undersaturated areas. An overview of the processes that lead to
the formation, oxidation and migration of CH4 in the ocean and
its sediments is depicted in Figure 3.2.
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Within the context of the wider landscape, the constantly
emitting wet-soil environments are surrounded by and
intermixed with uplands, glaciers, lakes and rivers as depicted
in Figure 3.1. As these all have distinct, and sometimes very
different, CH4 flux characteristics, spatial detail is needed to
estimate landscape-wide emission estimates. This is particularly
important in areas where small lakes and ponds abound; these
water bodies are poorly constrained, which may lead to the
double-counting of emissions, inflating budget estimates
(Thornton et al., 2016a). Due to this high heterogeneity of
CH4 sources, large temporal and spatial uncertainties exist in
estimates of overall composite landscape emissions. Therefore,
new observations of unexpected fluxes remain possible.

3.1.2

3.2 Natural

methane sources:
estimates from observations
and process models

Pre

Recently, glacial outflow of CH4 has been identified as a hitherto
unknown source of atmospheric CH4 in the terrestrial domain
(Christiansen and Jørgensen, 2018; Lamarche-Gagnon et al.,
2019), although its relative contribution to the Arctic CH4
budget appears minor since it is restricted to areas of rapid
glacier or ice-sheet retreat. Another interesting new discovery
is that of crater-like formations, tens of meters across and
deep, in Siberian Russia – notably on the Yamal Peninsula
(Bogoyavlensky et al., 2020). It has been suggested that they
are the result of explosive degassing events, or cryovolcanism,
although the exact mechanism for their formation remains
under debate (Buldovicz et al., 2018; Bogoyavlensky et al.,
2020). The dramatic and sudden appearance of these craters
in the landscape, and the high CH4 concentrations measured
within them, have attracted much media attention. However,
they do not seem to represent a significant new source of CH4
to the atmosphere, given their seemingly limited extent and
indications that they may revert to lakes a few years after
formation (Chuvilin et al., 2020).

Most uncertainties in the Arctic CH4 budget arise from temporal
and spatial shortages in current monitoring efforts. Once CH4
enters the atmosphere, it can be taken up again by drained
upland soils and oxidized by methanotrophs, which may lower
estimates when included in models (Oh et al., 2020). However,
these areas are often overlooked in observational studies. The
winter period is also under-sampled, even though the cold
season may account for up to half of annual emissions (Treat
et al., 2015). Short-lived pulses caused by freeze-thaw actions
can contribute significantly to cold season emissions, but
observations remain sparse (Mastepanov et al., 2013; Pirk et al.,
2015; Raz-Yaseef et al., 2017). The extent to which observed
CH4 emissions are due to the release of ancient carbon from
thawing permafrost soils remains uncertain, although sitelevel studies have shown that most CH4 comes from modern
carbon (Cooper et al., 2017). Improved mapping of Arctic
landscapes and year-round monitoring are needed to provide
more accurate budget estimates.

3.2.1

Terrestrial methane emissions

From a ground-based measurement perspective, extrapolated
estimates of northern wetland emissions have, for a long
time stayed between 20 and 100 Tg CH4/yr. Sebacher et al.
(1986) estimated that Arctic and boreal wetlands contributed
45–106 Tg CH4/yr, while Crill et al. (1988) estimated that 72 Tg
CH4/yr came from undrained peatlands north of 40°N. Whalen
and Reeburgh (1992) derived an estimate of 42±26 Tg CH4/yr,
from their measurements in wet-meadow and tussock-shrub
tundra, and Christensen (1993) estimated 20±5 Tg CH4/yr
from measurements taken in comparable habitats in the Alaska
North Slope region. Reviewing the literature available at the
time, Bartlett and Harriss (1993) estimated mean emissions
from wetlands north of 45°N to be 38 Tg CH4/yr – a value not
far from the early estimates of 42–45 Tg CH4/yr made using
inverse modeling for the northern hemisphere to derive an
estimate for total emissions (Chen and Prinn, 2006).
All of these early, mostly ground-based, extrapolated estimates
lie at the higher end of the ranges that emerged once dynamic
process models capable of simulating CH4 emissions became
available. Historically, these models focused on wetlands; not
only did these ecosystems represent the largest source of CH4
in the Arctic but they provided a longer and more extensive
record of observations for testing and validating the models.
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Figure 3.2 Typical areas of CH4 production, oxidation and migration within the ocean and subsea sediments (not drawn to scale).

were explicitly represented. Most CH4 schemes that are used
in land-surface models today incorporate some or all of the
concepts introduced by the studies above (see e.g. Kaiser et al.,
2017; Parmentier et al., 2015; Wania et al., 2010, 2013; Zhuang
et al., 2004). Moreover, new processes continue to be added,
such as the inclusion of microbial mechanisms (Xu et al., 2015),
sensitivity to pH (Zhuang et al., 2004) and improved oxidation
of atmospheric CH4 in upland soils (Oh et al., 2016). These
continued improvements to how processes are represented
has made CH4 models capable of estimating CH4 emissions,
and their outputs compare well to field observations made at
the site level (see e.g. Treat et al., 2018b).
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One of the earliest modeling attempts to establish a budget for
northern wetlands modified a vegetation model by allocating a
fixed fraction of heterotrophic respiration to CH4 production
(Christensen et al., 1996). This built upon the assumptions
that CH4 production generally correlates with net primary
production (NPP – the amount of CO2 taken in by vegetation
through photosynthesis, minus that released by plants through
respiration) and that forested and open wetlands each showed
a narrow range of CH4/CO2 ratios. This study estimated that
wetlands north of 50°N emitted 20±13 Tg CH4/yr. Surprisingly,
this was comparable to the 21.3 Tg CH4/yr estimated by a
more process-based study released in the same year, which
modeled CH4 production in relation to soil and vegetation
carbon pools, temperature and the position of the water table
(Cao et al., 1996). Nonetheless, both of these estimates were
lower than the ~35 Tg CH4/yr that atmospheric inversions and
extrapolations from flux measurements indicated at the time
(Christensen et al., 1996).

The representation of CH4 production and consumption in
these early model runs was rudimentary. This meant they
were mostly useful to estimate steady-state budgets rather than
the response of wetland emissions to future change. Seeking
to overcome this limitation, Walter and Heimann (2000)
designed a CH4 model that improved upon these pioneering
studies, and was both process-based and climate sensitive. This
made it useful for studies of global change. Production and
consumption of CH4 were modeled as temperature-sensitive
processes, while diffusion, transport via plants and ebullition

Efforts to obtain accurate budgets for the entire terrestrial
Arctic have been hampered by a lack of knowledge on the
total surface area of wetlands and where they are located.
It is telling that, despite valuable attempts to overcome this
challenge, the global wetland map presented in the seminal
paper by Matthews and Fung (1987) was still in use several
decades later (see e.g. McGuire et al., 2012; Parmentier et al.,
2015). This was mostly due to a lack of alternatives proven to
perform substantially better in the Arctic. Depending on the
prescribed wetland extent, budget estimates can easily vary by a
factor of four (Petrescu et al., 2010). Still, even if static wetland
maps were perfect representations of the location of current
wetlands, it could not be expected that this extent would stay
constant for decades – especially under a changing climate.
This hampers the modeling of an accurate transient response.
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3.2.2.1

Lakes and ponds

Wik et al. (2016a) elevated the relative importance of lakes and
ponds as a source of CH4 in the Arctic, when they derived a
pan-Arctic estimate of emissions from these bodies of 16.5 Tg
CH4/yr. Although the overlapping and conflation of small,
shallow lakes and ponds with wetlands, and lake-wetland
interface zones, continued to be a challenge (Thornton et al.,
2016a), this estimate by Wik et al. (2016a) indicated that CH4
emissions from Arctic lakes were of a similar magnitude to
those from wetlands. Local hydrology is a key regulator of
carbon cycling and CH4 emissions in landscapes underlain by
thawing permafrost. For example, terrestrially produced CH4
can be transported from the active layer within wetlands into
lakes via groundwater flow (Paytan et al., 2015).
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In recent years, this problem has been tackled by combining
the knowledge gleaned from static wetland maps with that of
the dynamics of surface-inundation products derived from
microwave remote sensing data (Poulter et al., 2017). In practice,
this is a shift away from defining wetlands ecologically, such as
by vegetation composition, to describing them in relation to a
physical property, such as the water table. However, this method
assumes that wetlands do not emit CH4 in winter when soil
water is frozen, even though up to half of annual emissions from
permafrost wetlands may originate from deeper unfrozen layers
during the winter (Mastepanov et al., 2008; Treat et al., 2018a;
Zona et al., 2016). Despite these limitations, though, combining
wetland maps with inundation products is a valuable advance
from the perspective of modeling global emissions of CH4.

Large numbers of Arctic lakes lie in thermokarst environments,
which are characterized by the thawing of ice-rich permafrost
and subsequent surface subsidence. Such lakes are often quite
shallow, which makes them more vulnerable to heating and
increased permafrost thaw taking place below and around
them under climate warming (e.g. Arp et al., 2016). The net
contribution of small lakes and thaw ponds has proven difficult
to determine; such lakes are numerous and rich in dissolved
organic carbon (DOC) and CH4 (e.g. Langer et al., 2015; Wik
et al., 2016a). However, one recent study of lakes in the West
Siberian Lowlands (a well-known major terrestrial wetland
CH4 source) found only a minimal contribution to total CH4
from the small thaw lakes within this landscape (Polishchuk
et al., 2018).
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The study by Saunois et al. (2020) is one of the most recent
applications of a hybrid wetland and inundation product.
The authors used the global remote-sensing-based Wetland
Area Dynamics for Methane Modeling (WAD2M) dataset
with 13 biogeochemical models to determine global wetland
emissions. For the region north of 60°N, these models estimated
that wetlands emitted 9 [2–18] Tg CH4/yr in the time period
2008–2017. This is more than three times lower than the
35 [21–47] Tg CH4/yr estimate derived using two process
models for the significantly smaller area of Arctic tundra
(McGuire et al., 2012). This lower estimate was likely influenced
by two main factors. First, WADM2 has a lower wetland
extent at high latitudes than the previously used Sustainable
Wetlands Adaptation and Mitigation Program – Global Lakes
and Wetlands (SWAMPS–GLWD) monthly wetland dataset
(Saunois et al., 2016). This is due to the subtraction of surface
area covered by ponds and small lakes to avoid double-counting
(Thornton et al., 2016a). Second, the exclusion of frozen soils
also reduced the extent of CH4-emitting wetlands in the
winter, which may have led to an underestimation of fluxes.
While observations of winter fluxes remain limited, a recent
study estimated that, for the region north of 60°N, they may
contribute as much as 1.6±0.6 Tg CH4/yr (Treat et al., 2018a).
Then again, biogeochemical models may also underestimate
the oxidation of atmospheric CH4 in drained upland soils by
as much as 5.5 Tg CH4/yr for the area north of 50°N (Oh et al.,
2020). These errors cancel each other out to some extent, and
the estimate by Saunois et al. (2020) could therefore be relatively
close to the emissions from Arctic wetlands minus the uptake
by drained uplands.
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Similar to wetlands, it has become more recognized in recent
years that, during the so-called ‘edge’ seasons of spring and
autumn, lakes can be major and variable contributors to total
annual CH4 emissions, depending on lake ice-out and freezeup conditions. Moreover, these edge seasons are anticipated
to experience the most dramatic warming changes in the
future, as ice-free seasons of lakes are extended. Year-round
eddy covariance observations have demonstrated that lake
spring CH4 efflux varies from year to year (Jammet et al., 2015,
2017), being lower in years with less snowmelt (Jansen et al.,
2019). Spring contributions to total annual emissions vary
hugely (from 4% to 74%) between years (Denfeld et al., 2018a),
driven by the build-up of sub- and within-ice CH4 over winter
(e.g. Juutinen et al., 2009; Walter Anthony and Anthony, 2013;
Wik et al., 2011; Langer et al., 2015; Denfeld et al., 2018b).
Although the spring emission of CH4 was once thought to be a
single large burst or pulse at ice-out and lake overturn (mixing
of the entire water column), recent measurements have shown
more variability (Denfeld et al., 2015).

3.2.2

Freshwater methane emissions

Freshwater systems (lakes, ponds, rivers, streams) are
abundant in the Arctic, and are subject to strong seasonal
variability in their CH4 emissions due to freeze-thaw cycles.
Although formerly thought to be mostly inert during the
ice-covered or winter season, it is now well known that CH4
is actively produced and destroyed in below-ice processes,
with a rapid release of stored CH4 at spring thaw (Jammet
et al., 2015). The dynamic nature of these systems, combined
with the fact that current freshwater studies are taking place
within a wider landscape that is already experiencing effects
from climate change (Callaghan et al., 2010), complicates
interpretation of observations when extrapolating to the
Arctic as a whole.

CH4 emissions from lakes occur via various pathways (Bastviken
et al., 2004). Ebullition- and turbulence-driven diffusion are
generally the most important, although very shallow lakes
can contribute substantial emissions via transport through
vascular plants. Ebullition is historically the most difficult
to quantify, due to its episodic and often stochastic nature.
Approaches have included ice-bubble surveys of frozen lakes
(Walter Anthony et al., 2010; Wik et al., 2011), bubble traps
(e.g. Wik et al., 2013; Walter et al., 2008a), and synthetic
aperture radar surveys of frozen lake surfaces (Walter et al.,
2008b; Engram et al., 2020). The high temporal variability of
ebullition, combined with the difficulty and expense of long-
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term ebullition sampling from lakes in the Arctic, has likely
led to many studies underestimating CH4 emissions from lakes
(Wik et al., 2016b).

3.2.2.2

Streams and rivers

int

The development of large lake-site-specific datasets (e.g.
Jansen et al., 2020) has facilitated detailed analysis of how
different regulators of CH4 emissions, such as wind shear and
temperature, control emissions over short and long timescales.
Proposed controls for ebullition include the energy input to lakes
(Wik et al., 2014), as well as temperature and lake productivity
(DelSontro et al., 2016). Shallow lakes in permafrost regions
appear more vulnerable to warming (Arp et al., 2016), while
all lakes are experiencing increased energy input due to longer
ice-free seasons (Wik et al., 2014; Thornton et al, 2015). These
observations indicate that lakes will become a sustained CH4
source under climatic warming (Wik et al., 2018), a prediction
not confined to the Arctic (see e.g. Zhu et al., 2020).

The Arctic Ocean has extensive shelf seas that are relatively
shallow (Jakobsson, 2002), with known large petroleum basins
(Cramer et al., 2005), and subsea permafrost that contains large
amounts of frozen organic material laid down when the land
was exposed to the air in previous ice ages (Romanovskii et
al., 2000). Even larger stores of CH4 exist as methane hydrates
(clathrates), a solid methane-water compound that is stable
at great depths (Romanovskii et al., 2005; Ruppel and Kessler,
2017). Despite these large potential sources of CH4, loss
processes in the sediment (e.g. Overduin et al., 2015; Stranne
et al., 2019) limit present-day CH4 releases to the ocean water,
and ultimately the atmosphere. The past decade has seen a wide
variety of estimates put forward for present-day CH4 emissions
from the Arctic Ocean – and considerable uncertainty remains
– but the most recent studies have supported total emissions
of less than 10 Tg CH4/yr, with most studies pointing to less
than 5 Tg CH4/yr. Significant uncertainty remains about the
net emissions from the surface waters from the Arctic Ocean
proper, and how that may change in the future. Finally, it is
worth noting that reductions in sea-ice coverage will likely
affect not only marine CH4 emissions, but also terrestrial
Arctic CH4 emissions. This is because the sea-ice albedo effect
increases atmospheric warming, which ultimately extends to
the land (Parmentier et al., 2013, 2015).
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A compilation of measurements from freshwater fluvial systems
indicated that 7.5 Tg CH4/yr are emitted from streams and
rivers alone north of 66°N (Stanley et al., 2016; Thornton et al.,
2016a). This figure was 25 times higher than a similarly derived
earlier estimate of 0.3 Tg CH4/yr (Bastviken et al., 2011). Both
compilations were quite limited in their number of observations.
However, the influence of large freshwater fluvial systems on
coastal marine CH4 cannot be understated, as large increases in
dissolved CH4 in surface waters have been frequently observed
near major river outlets (Bussmann, 2013; Shakhova et al.,
2010ab; Kohnert et al., 2017; Schneider et al., 2014).
3.2.2.3

as ocean water and sulfate-rich seawater in sediments are
hostile to CH4, rapidly dissolving any of the gas contained
in small bubbles and then readily oxidizing it into CO2 once
dissolved. Seafloor vents of CH4 and its widespread production
in and release from the oxic surface layer of the ocean, while
scientifically interesting, were not seen as liable to change under
a warming climate. In the Arctic seas, early measurements
supported this view (Kvenvolden et al., 1993). However, over
the past decade, this view has shifted, especially regarding
emissions from shallow seas where the water-column depth is
more favorable for mixing dissolved or bubbled CH4 out of the
water and into the atmosphere (McGinnis et al., 2006). It is clear
that some CH4 from seafloor gas seeps reaches the atmosphere
via bubble transport (Leifer and Patro, 2002), although the
total amount of CH4 reaching the atmosphere via this pathway
is controversial.

 rocess modeling of methane emissions
P
from freshwater sources

Pre

While many advances have been made in simulating the
biogeochemistry of wetlands and their extent, very few
studies have attempted to model CH4 emissions from lakes –
and even fewer have been able to estimate a budget for lakes
across the entire Arctic. One of the few studies that did attempt
this estimated the pan-Arctic budget to be 11.9 [7.1–17.3]
Tg CH4/yr (Tan and Zhuang, 2015). In this model, CH 4
production in lake sediment, and transport through diffusion
and ebullition, were explicitly represented (Tan et al., 2015).
Since there are no other comparable lake models that have been
used at the pan-Arctic level, and limited validation data exists,
this number is uncertain but it compares reasonably well to the
above-mentioned bottom-up estimates based on extrapolations
of flux measurements (Bastviken et al., 2011; Saunois et al.,
2020; Wik et al., 2016a). Ongoing development, such as the
integration of nutrient loading and primary production into
models, (see e.g. Bayer et al., 2019), will lead to more precise
simulations of the Arctic freshwater budget and its transient
response to climate change.
3.2.3

Marine methane emissions

Not long ago, marine emissions of CH4 to the atmosphere
were thought to be almost negligible globally, and were not
considered to have contributed to recent atmospheric CH4
increases (Reeburgh, 2007). This point of view was reasonable,

3.2.3.1

 ast Siberian Arctic Shelf and
E
other marine regions

Interest continues to be focused on shallow shelf areas of the
Arctic seas, especially the East Siberian Arctic Shelf (ESAS;
consisting of the Laptev, East Siberian, and in most definitions,
the Chukchi Sea), for example as in Kosmach et al. (2015).
Emissions are, in some areas, enhanced by direct bubble
transport from the sediment to the atmosphere, and resupply of
CH4 to surface waters by dissolving bubbles. Berchet et al. (2016)
used a regional inverse model to propose that ESAS emissions
had been overestimated in early studies, and suggested a range
of 0–4.5 Tg CH4/yr. A global modelling study (Warwick et al.,
2016) indicated that Arctic wetland emissions would have to
be overestimated to accommodate the previously suggested
large ESAS emissions. Thornton et al. (2016b) used surface
water and atmospheric measurements in the central ESAS to
suggest 2.9 Tg CH4/yr from the ESAS region, dramatically lower
than earlier estimates of 17 Tg CH4/yr (Shakhova et al., 2014).
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Meanwhile, an eddy covariance-based study (Thornton et al.,
2020), estimated 3.02 Tg CH4/yr for the ESAS, even though
emission ‘hotspots’ above seafloor gas seeps reached emission
rates of >600 milligrams per square metre per day (mg/m2/d)
– roughly an order of magnitude higher than onshore sources.
The apparent spatial rarity of these large emissions seems to
limit their influence at the regional scale.

Sea ice may modulate emissions of CH4 from the ocean
surface (Damm et al., 2015), with polynya openings within
ice potentially emitting CH4, even during winter (Damm
et al. 2007; Shakhova et al., 2010b). Aircraft measurements
have demonstrated CH4 emissions from ice leads (long, linear
fractures) in the deep Arctic Ocean. These areas seem unlikely
to be influenced by seafloor CH4 sources (Kort et al., 2012),
although the Transpolar Drift (a major current in the Arctic
Ocean) seems to move some dissolved CH4 from shallow shelf
seas to the central Arctic Ocean (Damm et al., 2018). The
discovery of supersaturations of CH4 under sea ice in the ESAS
(Shakhova et al., 2010ab) and in the Canadian Arctic (Kitidis
et al., 2010) support the idea of wintertime accumulation and
later release of CH4.
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The ultimate source of emissions from marine shelf areas has
been controversial. CH4 could conceivably originate from
organic material eroded from thawing permafrost onshore,
thawing submerged permafrost, surface seawater CH4 sources
(see below), sub-seafloor transport of CH4-rich terrestrial
freshwater (Charkin et al., 2017), or deep thermogenic
(petroleum-associated) sources. The existence of extensive
petroleum sources in the ESAS is well established (Cramer and
Franke, 2005). However, the presence of vast subsea petroleum
reserves is not enough to imply that emissions of CH4 are being
released to the atmosphere. For example, while old thermogenic
CH4 is present at depth on the petroleum-rich Beaufort Shelf,
it does not reach the surface and atmosphere in substantial
quantities (Sparrow et al., 2018). Nonetheless, a study of
carbon-14 (C14) in CH4 and stable methane isotopologues from
water samples collected near a large gas seep in the outer Laptev
Sea has also pointed to a deep thermogenic source (Steinbach
et al., 2021). Measurements in other regions of the Arctic –
primarily in the North American Arctic (Fenwick et al., 2017)
and near Svalbard (Westbrook et al., 2009; Lund Myhre et al.,
2016) – have revealed much smaller CH4 emissions to the
atmosphere than from the ESAS. In one study conducted in the
waters near Svalbard, CO2 uptake from the atmosphere above
active seafloor CH4 seeps resulted in a net negative radiative
forcing, despite some CH4 reaching the atmosphere (Pohlman
et al., 2017).

between below-ice CH4 production and the more general
‘marine methane paradox’ of CH4 production in oxygenated
surface waters remains somewhat unclear. However, Damm et
al. (2010) proposed a model whereby phosphate-poor, Pacificorigin seawater led to more near-surface CH4 production than
phosphate-rich, Atlantic-derived seawater.
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Gas hydrates

3.2.3.4

For decades, the concept of large-scale releases of CH4 from
subsea hydrates to the atmosphere in rapid cataclysmic events,
has been seen as a potential climate tipping point (e.g. Nisbet,
1990; Dickens, 2003; Dickens, 2011). Such methane hydrates
are present beneath the Arctic continental shelves, and can be
exposed on some Arctic continental slopes (e.g. Westbrook
et al., 2009). However, due to the processes that destroy CH4 in
the ocean water (explained in Section 3.1.2), the scale of hydrate
emissions reaching the atmosphere is thought to be relatively
insignificant (James et al., 2016). Nonetheless, uncertainties
remain with respect to hydrate stabilities and rapid transport
through sediments under certain circumstances (Stranne et al.,
2016; Stranne et al., 2017). Over glacial-interglacial cycles, the
expansion and contraction of massive ice sheets has modulated
the location of the hydrate stability zone (e.g. Portnov et al.,
2016). The current understanding from modeling is that CH4
releases from hydrates under a warmer climate will most likely
take place over timescales of centuries or millennia (Kretschmer
et al., 2015; Archer, 2015).
3.2.3.3

Emissions from the ocean surface

In the central Arctic Ocean, where deep water prevents seafloor
CH4 sources from reaching the atmosphere, the connection

 rocess modeling of methane emissions
P
from marine sources

While detailed biogeochemical models exist to estimate
terrestrial sources of CH4 to the atmosphere, the situation is
quite different for the Arctic Ocean. Although the presence
and evolution of gas hydrates has been modeled in great detail
(Archer, 2015; Kretschmer et al., 2015), these models typically
calculate the release of CH4 into the ocean, not the atmosphere.
Since the ocean is an efficient filter for CH4 (Reeburgh, 2007),
even when CH4 is released from the seafloor as bubbles
(Sparrow et al., 2018), only a small amount is expected to reach
the atmosphere. At the same time, there is a paucity of reliable
data and insufficient understanding of related processes to
parameterize and validate models. More knowledge is needed
on the depth and location of gas hydrates, the carbon content of
the sediment, the extent of subsea permafrost, the thickness of
the sulfate-methane transition zone, the oxygen content of the
water column at different depths, and the influence of sea ice
and microbial processes on CH4 production in surface waters.
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3.2.3.2

Recent studies show that the production of CH4 in oxic surface
waters is more prevalent than previously believed (Bižić
et al., 2020; Klintzsch et al., 2020) and this provides a likely
additional source of CH4 from the marine environment in the
Arctic. However, the scale of this process in the Arctic marine
environment and the amount it contributes to the atmosphere
remain to be quantified.

Because of these issues, there are no process models that can
deliver a reliable estimate of the total release of CH4 from the
Arctic Ocean to the atmosphere, although models are useful
to study the interaction of processes and their hypothetical
impact on the atmospheric budget (see e.g., Wåhlström and
Meier, 2014). Other approaches, such as machine learning, can
provide insights in the meantime. A recent machine learningbased study (Weber et al., 2019) compiled surface seawater
CH4 concentration measurements globally from the MarinE
MethanE and NiTrous Oxide data collection (MEMENTO)
database (Data ref. 3.1; Kock and Bange, 2015) and suggested

33

Chapter 3 · Natural sources of methane within the Arctic

that a strong correlation existed between surface ocean
CH4 emissions and NPP. This may be a way forward for the
modeling of CH4 emissions from the Arctic Ocean, although
it remains unclear how this correlation plays out in regions
with seasonal sea-ice cover. The vast majority of Arctic marine
CH4 measurements have been collected during the Arctic
summer season (Figure 3.3). Additionally, the Arctic marine
environment is undergoing dramatic changes in seasonal icecover extent and thickness, which are predicted to continue
(e.g. Barnhart et al., 2016). Incorporating these disparate effects
into models remains an enormous challenge.
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Table 3.1 shows a range of CH4 budget estimates from
terrestrial, freshwater and marine sources, most of which have
been published within the last ten years. These studies reflect
the wide range of estimates currently present in the literature,
and include both low and high estimates of CH4 from Arctic
sources. A simple average across these northern CH4 budgets
suggests that: terrestrial sources emit 23 [0–47] Tg CH4/yr;
freshwater sources 18 [7–33] Tg CH4/yr; and the Arctic Ocean,
including shelf seas, 7 [2–29] Tg CH4/yr. According to these
estimates, the total budget for natural sources of CH4 with a
high northern signature is 49 [9–109] Tg CH4/yr.
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Figure 3.3 CH4 measurements in Arctic marine surface water (<10 m depth)
at >60°N as of September 2020, from the MEMENTO database of global
marine methane measurements (Kock and Bange, 2015). Measurements
were made almost entirely in July and August, with almost no sampling
during the edge or winter seasons.

Total natural methane emissions

Table 3.1 Estimates for the CH4 budgets of terrestrial, freshwater and marine sources in the Arctic.
Source

Method

CH4 emissions (Tg/yr)

Study

Process models (13)

9 (2–18)

Saunois et al. (2020)

Process model (1)

31±5

Bousquet et al. (2011)

Wetlands and mineral soils >60°N

Process model (1)

21

Zhuang et al. (2004)

Wetlands and mineral soils >50°N

Process model (1)

Terrestrial
Wetlands >60°N
Wetlands >50°N

Oh et al. (2020)

Process models (2)

35 (21–47)

McGuire et al. (2012)

Tundra

Upscaled flux measurements

15 (0–29)

McGuire et al. (2012)

Lakes and ponds >50°N

Upscaled flux measurements

16.5±9.2

Wik et al. (2016ab)

Lakes and ponds >60°N

Process model (1)

11.9 (7.1–17.3)

Tan and Zhuang (2015)

Rivers and streams >54°N

Upscaled flux measurements

7.5

Stanley et al. (2016)

Rivers and streams >54°N

Upscaled flux measurements

0.3

Bastviken et al. (2011)

Arctic Ocean + Beaufort and
Chukchi Seas (<82°N)

Upscaled airborne flux measurements

2*

Kort et al. (2012)

East Siberian Arctic Shelf (ESAS)

Upscaled diffusive fluxes and ebullition
measurements

17 (12.9–26.5)

Shakhova et al. (2014)

ESAS

Upscaled diffusive fluxes

2.9

Thornton et al. (2016b)

ESAS

Upscaled eddy covariance flux measurements

3.02

Thornton et al. (2020)

ESAS

Regional atmospheric inversion

0–4.5

Berchet et al. (2016)

ESAS

Regional atmospheric inversion

0.58±0.47

Tohjima et al. (2021)

Beaufort Sea

Upscaled diffusive fluxes

0.05

Lorenson et al. (2016)

Arctic Ocean (seas >60°N, ESAS
excluded)

Regional atmospheric inversion

2 (1.7–2.2)**

Tohjima et al. (2021)

Pre

29.3±3

Tundra

Freshwater

Marine

*2 Tg/yr is upscaled from the emission rates given in Kort et al. (2012), extended for a year and scaled to the area they surveyed.
**Tohjima et al. (2021) reported 1.8±0.1 Tg CH4/yr for a September inversion and 2.1±0.1 Tg CH4/yr for a November inversion.
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techniques, such as drone surveys, are essential to quantify
pan-Arctic variability in CH4 emissions from both terrestrial
and freshwater systems. Equally important are greater efforts to
place existing infrastructure in a wider regional context through
an enhanced focus on capturing the high heterogeneity of Arctic
landscapes (Siewert et al. 2021), and scaling this information
up from the site level to the regional scale and the entire Arctic.
Leveraging remote sensing products to develop high-resolution
maps of CH4-emitting landforms, such as fens, bogs, marshes,
lakes and ponds, is essential to achieve this.
Significant advances have also been made in the marine domain
over the past six years, where shipborne observations and
atmospheric monitoring have delivered budget estimates for
the ESAS that were much lower than previous studies (Berchet
et al., 2016, Tohjima et al., 2021, Thornton et al., 2016b; 2020).
This suggests that the Arctic Ocean is a rather small component
of the global CH4 budget, contributing less than 2% of natural
CH4 sources globally. However, it remains uncertain how these
emissions will develop in the future in response to bottomwater warming, sea-ice decline and the thawing of subsea
permafrost. Vast knowledge gaps remain on the drivers of
marine fluxes, including the extent of gas hydrate deposits,
the size of the vulnerable carbon pool in subsea permafrost,
emissions rates from seafloor sediments to the ocean, and the
fraction of CH4 that may pass directly through the water column
and reach the atmosphere. Quantification of these processes is
essential and can provide data with which to validate models
for simulating responses to climate change. A recent expert
assessment suggests a moderate increase of 25% [13%–55%]
could be expected this century under the strong warming
scenario known as the Representative Concentration Pathway
(RCP) 8.5 (Sayedi et al., 2020). However, marine emissions
– given the small size of this source currently – would have
to show an extraordinary rise, vastly exceeding this expert
estimate, to strongly affect global atmospheric concentrations
(Christensen et al., 2019).

3.3 Conclusions
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This estimate is double that indicated by global atmospheric
inversions for the area north of 60°N (Saunois et al. 2020;
Chapter 6), which suggests that our central estimate is at the
high end. However, some of the studies listed in Table 3.1 define
the area between 50°N and 60°N latitude as part of the Arctic,
which explains some of this discrepancy. The varying definitions
of the Arctic domain by biome, permafrost status, watershed
or latitude range make it difficult to directly compare source
estimates. To compensate for this, this assessment included
studies with a broad definition of the Arctic (>50°N), as well
as those with a narrow definition, such as the tundra biome
at sea level. The latter excludes the treeless tundra of northern
highlands, despite having the same vegetation types and being
of similar extent (Virtanen et al., 2016). Double-counting of
sources is another factor that can contribute to overestimations
by bottom-up methods (Thornton et al. 2016a). It is worth
noting that the bottom-up-versus-top-down discrepancy
observed in this chapter was also noted by Saunois et al. (2020),
and that the AMAP assessment’s central estimate is close to
their bottom-up estimate of 43 [26–72] Tg CH4/yr – albeit
with a higher uncertainty range. Global bottom-up estimates
of natural CH4 sources suggest a total budget of 371 [245–488]
Tg CH4/yr (Saunois et al. 2020), which means that the Arctic
constitutes 13% [10%–20%] of all global natural CH4 sources
– about 2.5 times lower than global emissions from fossil fuels.

and recommendations
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At present, the Arctic terrestrial and marine environment
is most likely a modest source of CH4 to the atmosphere
of 49 [9–109] Tg CH4/yr. According to this study’s central
estimates, terrestrial ecosystems are responsible for around 48%
of this budget; lakes, ponds and rivers approximately 37%, and
the Arctic Ocean in the region of 15%. However, the absolute and
relative sizes of these estimates carry high uncertainties. Despite
decades of research on the processes that govern CH4 emissions
from northern wetlands, there is only medium confidence on
the size of this source. Freshwater budget estimates are even
less constrained and carry medium-to-low confidence, while
there is low confidence in the proposed marine contributions.
The reasons for these low confidence levels are many, but
include the difficulty of performing fieldwork in the harsh
Arctic environment, the high spatial heterogeneity of terrestrial
and freshwater systems, and the inadequate accuracy of spatial
datasets used for upscaling.

Since the 2015 AMAP assessment on Arctic methane was
undertaken (AMAP, 2015b), progress has been made at the
site level to attain year-round monitoring of CH4 fluxes from
terrestrial ecosystems (Treat et al. 2018a). There is now also
increased airborne coverage at the regional level (Miller et
al. 2019). And, remote sensing instruments – airborne or
from orbital platforms – are increasingly capable of mapping
CH4-emitting landforms (see e.g., Elder et al., 2020; Engram
et al., 2020). However, these studies still need to be validated
with reliable ground-based monitoring, which remains sparse
outside of Alaska and northern Scandinavia due to logistical
limitations, such as transport and the availability of a stable
power supply. Increased monitoring in Siberia and the Canadian
Arctic (especially in carbon-rich landforms), aided by novel

Whether the Arctic will play a larger role in the global CH4
budget with future climate change remains uncertain. This will
strongly depend on whether the region continues to harbor
environments favorable to methanogenesis, such as wetlands
and lakes. If the Arctic becomes wetter as a result of climate
change, it is anticipated that CH4 emissions will rise with
further temperature increases (Watts et al., 2014). If the Arctic
becomes drier, CH4 emissions may not increase at the same
pace, although soil carbon could be respired by microorganisms
and released as CO2 instead (Schuur et al., 2015). Abrupt
thawing of permafrost could further amplify the loss of soil
carbon, a process which present-day Earth system models do
not account for (Turetsky et al., 2020). Wetting and drying
will also affect the natural release of nitrous oxide (N2O) from
the Arctic, emissions that probably take place across a quarter
of the Arctic terrain (Voigt et al., 2017). To fully understand
these feedbacks, and because of the close interactions among
processes, we recommend that future assessments consider
the full greenhouse gas budget of the Arctic – including the
long-lived greenhouse gases CO2 and N2O.
At the pan-Arctic level, there is significant evidence for an
increased seasonal cycle of CO2, with an enhanced uptake in
summer and a stronger release in winter. However, natural CH4
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emissions may only have increased marginally (Bruhwiler et al.,
2021). This could change in the future, although likely scenarios
of Arctic CH4 release – from terrestrial, freshwater and marine
sources – are lower than the maximum feasible reduction in
CH4 emissions from anthropogenic sources (Christensen et al.,
2019). Reducing anthropogenic emissions carries the added
benefit of reducing global warming, and lowering the risk of
Arctic climate feedbacks, such as an increased release of CH4
into the atmosphere.
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