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Climate change and the permafrost

carbon feedback
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Large quantities of organic carbon are stored in frozen soils (permafrost) within Arctic and sub-Arctic regions. A warming
climate can induce environmental changes that accelerate the microbial breakdown of organic carbon and the release of
the greenhouse gases carbon dioxide and methane. This feedback can accelerate climate change, but the magnitude and
timing of greenhouse gas emission from these regions and their impact on climate change remain uncertain. Here we find
that current evidence suggests a gradual and prolonged release of greenhouse gas emissions in a warming climate and
present a research strategy with which to target poorly understood aspects of permafrost carbon dynamics.

decade over the last 30 years, twice as fast as the global average'. This

is causing normally frozen ground to thaw**, exposing substantial
quantities of organic carbon to decomposition by soil microbes. This
permafrost carbon is the remnant of plants and animals accumulated in
perennially frozen soil over thousands of years, and the permafrost region
contains twice as much carbon as there is currently in the atmosphere>®.
Conversion of just a fraction of this frozen carbon pool into the green-
house gases carbon dioxide (CO,) and methane (CH,) and their release
into the atmosphere could increase the rate of future climate change’.
Climate warming as a result of human activities causes northern regions
to emit additional greenhouse gases to the atmosphere, representing a
feedback that will probably make climate change happen faster than is
currently projected by Earth System models. The critical question centres
on how fast this process will occur, and recent publications differ in their
outlook on this issue. Abrupt releases of CH, forecast to cause trillions of
dollars of economic damage to global society® contrast with predictions of
slower, sustained greenhouse gas release that, although substantial, would
give society more time to adapt™’. This range of viewpoints is due in part
to the wide uncertainty surrounding processes that are only now being
quantified in these remote regions.

Here we provide an overview of new insights from a multi-year synthesis
of data with the aim of constraining our current understanding of the
permafrost carbon feedback to climate, and providing a framework for
developing research initiatives in the permafrost region'®"". We begin by
reviewing new research, much of it published since the Intergovernmental
Panel on Climate Change (IPCC)’s Fifth Assessment Report (AR5)", on
the size of the carbon pool stored in the permafrost region. Synthesis research
has enlarged the number of observations in the permafrost region soil carbon
pool database tenfold", and confirms that tremendous quantities of carbon
accumulated deep in permafrost soils are widespread™®. We then discuss
new long-term laboratory incubations of these permafrost soils that reveal
that a substantial fraction of this material can be mineralized by microbes
and converted to CO, and CH, on timescales of years to decades, which

I n high-latitude regions of Earth, temperatures have risen 0.6 °C per

would contribute to near-term climate warming,. Initial estimates of green-
house gas release point towards the potential for substantial emissions of
carbon from permafrost in a warmer world, but these could still be under-
estimates. Field observations reveal that abrupt thaw processes are common
in northern landscapes, but our review shows that mechanisms that speed
thawing of frozen ground and release of permafrost carbon are entirely
absent from the large-scale models used to predict the rate of climate change.

Bringing together this wealth of new observations, we propose that green-
house gas emissions from warming permafrost are likely to occur ata mag-
nitude similar to other historically important biospheric carbon sources
(such asland-use change) but that will be only a fraction of current fossil-fuel
emissions. At the proposed rates, the observed and projected emissions of
CH, and CO, from thawing permafrost are unlikely to cause abrupt climate
change over a period of a few years to a decade. Instead, permafrost carbon
emissions are likely to be felt over decades to centuries as northern regions
warm, making climate change happen faster than we would expect on the
basis of projected emissions from human activities alone. This improved
knowledge of the magnitude and timing of permafrost carbon emissions
based on the synthesis of existing data needs to be integrated into policy
decisions about the management of carbon in a warming world, but at the
same time may help temper the worst fears about the impact of carbon
emissions from warming northern high-latitude regions.

Permafrost carbon pool

The first studies that brought widespread attention to permafrost carbon
estimated that almost 1,700 billion tons of organic carbon were stored in
terrestrial soils in the northern permafrost zone®”'*. The recognition of
this vast pool stored in Arctic and sub-Arctic regions was in part due to sub-
stantial carbon stored at depth (>1 m) in permafrost, below the traditional
zone of soil carbon accounting'. Deeper carbon measurements were initially
rare, and it was not even possible to quantify the uncertainty for the permafrost
carbon pool size estimate. However, important new syntheses continue to
report large quantities of deep carbon preserved in permafrost at many
previously unsampled locations, and that a substantial fraction of this deep
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permafrost carbon is susceptible to future thaw'®. The permafrost carbon
pool is now thought to comprise organic carbon in the top 3 m of surface
soil, carbon in deposits deeper than 3 m (including those within the yedoma
region, an area of deep sediment deposits that cover unglaciated parts of
Siberia and Alaska'®®), as well as carbon within permafrost that formed
onland during glacial periods but that is now found on shallow submarine
shelves in the Arctic. Recent research has expanded our knowledge consi-
derably while at the same time highlighting remaining gaps in our under-
standing of this vulnerable carbon pool®.

Surface carbon

The new northern permafrost zone carbon inventory reports the surface
permafrost carbon pool (0-3m) to be 1,035 = 150 Pg carbon (mean *
95% confidence interval, CI)'>* (where 1Pg = 1billion tons) (Fig. 1a).
This estimate supported the original studies while improving precision
by increasing the number of deeper (>1 m) sampling locations tenfold.
This surface permafrost carbon pool is substantial. The rest of Earth’s
biomes, excluding the Arctic and boreal regions, are thought to contain
2,050 Pg carbon in the surface 3 m of soil’". Even though these northern
regions account for only 15% of global soil area, the 0-3 m global soil
carbon pool is increased by 50% when fully accounting for the carbon
stored deeper in permafrost zone soil profiles.

Deep carbon in yedoma

Processes that accumulate carbon deep into permafrost soils do not stop
at3 m depth, and our previously limited understanding of those deep carbon
deposits (>3 m depth) has been improved. In particular, several new esti-
mates have emerged for carbon that accumulated during, and since, the
last Ice Age in the yedoma region in Siberia and Alaska'®*%. These new data
support previous findings of relatively high carbon concentrations in per-
mafrost soil at depth, but revised the understanding of total carbon stock
by improving the estimates of spatial extent, type of deposit, sediment depth,
and ground ice content. These deep, perennially frozen sediments are par-
ticularly ice-rich, where ice occupies 50%-80% of the ground volume®***.
Although this excess ice does not alter soil carbon concentration, it affects
the total carbon inventory contained in a particular volume of soil, decreasing
carbon stocks per unit soil volume by 22%-50% compared to previous
estimates™. Because of the continued difficulty of measuring total ground
ice content and total sediment depth, carbon pool estimates for the yedoma
region still range by twofold even as new data from this region have accu-
mulated. This region is now thought to contain between 210 = 70 Pg
carbon (ref. 16) and 456 * 45 Pgcarbon (ref. 18), still supporting the
original accounts of several hundred billion tons of carbon stored deep
in the permafrost even when recalculated with new observations.

Deep carbon outside the yedoma region

While new measurements of deep carbon have been largely focused on
the 1.2 million square kilometres of the yedoma region in recent years,
other areas in the northern permafrost zone with thick loose sedimentary
material may also contain substantial organic carbon pools in permafrost
(Fig. 1b). The major Arctic river deltas are now thought to contain
91 = 39 Pgcarbon (95% CI)'?, while carbon contained in the approxi-
mately 5 million square kilometres of thick (>5-10 m) sediments over-
lying bedrock outside the yedoma and river delta regions remain largely
unknown. Taking the spatial extent of these poorly known permafrost
areas, along with an estimated thickness in the tens of metres (similar
to that of yedoma), and average carbon content of a few deep borehole
soil samples, there could be an additional deep permafrost carbon pool of
350-465 Pg C outside the yedoma region (calculated using a depth interval
of 3-10m and carbon content of 11-14 kg Cm ™3, which accounts for
ground ice®).

Subsea permafrost carbon

Much of the inventory until this point has focused on terrestrial ecosystems
where permafrost is currently sustained by cold winter air temperatures.
But permafrost also exists below Arctic Ocean continental shelves, in
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particular the East Siberian Arctic Shelf, the largest and shallowest shelf
on Earth. This permafrost is an extension of the terrestrial permafrost
that existed during the last Ice Age, but became submerged when sea level
rose during the late Pleistocene-Holocene transition, and at the beginning
of the Holocene epoch. The shallow shelf area exposed as dry land in the
area around Alaska and Siberia during the last Ice Age (<125 m current
ocean depth), at almost 3 million square kilometres, is about 2.5 times the
size of the current terrestrial yedoma region'®*. But the quantity of organic
permafrost carbon stored beneath the sea floor is even more poorly quan-
tified than on land and could be lower than it once was®?®. Subsea permafrost
as a whole has been slowly degrading over thousands of years as relatively
warm ocean water has warmed the newly submerged sea floor. Frozen
sediments are thickest near the shore, where submergence with seawater
occurred more recently than on the outer shelf, which is now underlain by
discontinuous, patchy permafrost**°. During this time of thaw, organic
carbon was mineralized by microbes within the sediment in low-oxygen
conditions that promote the formation of CH,, reducing the pool of
permafrost carbon remaining under the sea.

Taken together, the known pool of terrestrial permafrost carbon in the
northern permafrost zone is 1,330-1,580 Pg carbon, accounting for sur-
face carbon as well as deep carbon in the yedoma region and river deltas,
with the potential for ~400 Pg carbon in other deep terrestrial permafrost
sediments that, along with an additional quantity of subsea permafrost
carbon, still remains largely unquantified.

Carbon decomposability

Permafrost carbon stocks provide the basis for greenhouse gas release to
the atmosphere, but the rate at which this can happen is also controlled
by the overall decomposability of organic carbon. Conceptual models and
initial data on decomposability suggested that a portion of permafrost
carbon is susceptible to rapid breakdown upon thaw'*'. But it has not
been clear to what degree this could be sustained on the decade-to-century
timescale of climate change, or what degree of variation exists within soils
across the vast landscape of the permafrost zone. New research has confirmed
that initial rates of permafrost carbon loss are potentially high, but continued
observation reported declines in carbon loss rates over time, which might
be expected as more labile carbon pools are exhausted”. This has high-
lighted the need for long-term observation under controlled conditions
to estimate the potential decomposability of permafrost carbon. New data
from a 12-year incubation of permafrost soil from Greenland showed
that 50%-75% of the initial carbon was lost by microbial decomposition
under aerobic and continuously unfrozen laboratory conditions over that
time frame®. This experiment, of unprecedented length for permafrost
soils compared to typical incubations that might be only weeks to months
long®**, was then extended geographically in a new synthesis of long-term
(>1 year) permafrost zone soil incubations. Soils from across the permafrost
region showed similarly high potential for microbial degradation of organic
carbon upon thaw in the laboratory, with a wider range of decade-long
losses projected to be 1%-76% (Fig. 2a) under laboratory conditions’™.
A major cause of landscape-scale variation in decomposability across
soils was linked to the carbon to nitrogen ratio of the organic matter, with
higher values leading to more greenhouse gas release. This simple metric
(the carbon to nitrogen ratio) is in part illustrated by grouping soils as organic
(>20% C) with mean decade-long losses of 17%-34% (lower-to-upper
97.5% CI) and mineral (<20% C) with mean decade-longlosses of 6%-13%
(Fig. 2a). The metric takes into account the ability of microbes to process
permafrost carbon for metabolism by breaking down organic carbon for
energy, and to grow by acquiring nutrients such as nitrogen released
during the decomposition process. Because carbon and nitrogen are often
measured in soil surveys, maps of permafrost carbon pools can then be
combined with the findings from laboratory incubations to project potential
carbon emission estimates across the permafrost region to determine which
regions could be emission hotspots in a warming climate. The location of
such potential emission hotspots is expected to be affected by both the total
pool of permafrost carbon and the potential for that carbon to be broken
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Figure 1| Soil organic carbon maps. a, Soil organic carbon pool (kg C m™?)
contained in the 0-3 m depth interval of the northern circumpolar permafrost
zone'. Points show field site locations for 0-3 m depth carbon inventory
measurements; field sites with 1 m carbon inventory measurements number in
the thousands and are too numerous to show. b, Deep permafrost carbon pools
(>3 m), including the location of major permafrost-affected river deltas (green
triangles), the extent of the yedoma region previously used to estimate the

down by microbes after thaw as controlled by the energy and nutrients
contained within the organic matter.

The inherent range of permafrost carbon decomposability across soil
types also intersects with environmental conditions, and aerobic decomposi-
tion is only part of the story for northern ecosystems. While temperature
control over decomposition is implicit when considering permafrost thaw,

carbon content of these deposits'’ (yellow), the current extent of yedoma region
soils largely unaffected by thaw-lake cycles that alter the original carbon
content'” (red), and the extent of thick sediments overlying bedrock (black
hashed). Yedoma regions are generally also thick sediments. The base map layer
shows permafrost distribution with continuous regions to the north having
permafrost everywhere (>90%), and discontinuous regions further south
having permafrost in some, but not all, locations (<90%)°.

this region is characterized by widespread lakes, wetlands, and soils water-
logged as a result of surface drainage restricted by underlying permafrost.
The lack of oxygen in saturated anaerobic soils and sediments presents
another key control over emissions from newly thawed permafrost carbon.
Comparing the results from the aerobic permafrost soil incubation synthesis™
with those from another circumpolar synthesis of anaerobic soil incubations®
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Figure 2 | Potential camulative carbon release. Data are given as a percentage
of initial carbon. a, Cumulative carbon release after ten years of aerobic
incubation at a constant temperature of 5 °C. Thick solid lines are averages for
organic (red, N = 43) and mineral soils (blue, N = 78) and thin solid lines
represent individual soils to show the response of individual soils. Dotted lines
are the averages of the 97.5% CI for each soil type. b, Cumulative carbon release
after one year of aerobic and anaerobic incubations (at 5 °C). Darker colours
represent cumulative CHy-carbon calculated as CO,-carbon equivalent (for
anaerobic soils) on a 100-year timescale according to ref. 38. Positive error bars
are upper 97.5% CI for CO,-carbon and negative error bars are lower 97.5% CI
for CH,-carbon. N = 28 for organic soils and N = 25 for mineral soils in
anaerobic incubations. Aerobic cumulative carbon release is redrawn from ref.
36 and anaerobic cumulative carbon release is calculated based on ref. 37.

shows that cumulative carbon emissions, over an equal one-year incubation
time frame, are, on average, 78%-85% lower than those from aerobic soils
(Fig. 2b). Specialized microbes release CH, along with CO, in these envi-
ronments, and the more potent (that is, it affects climate change more power-
fully) greenhouse gas CH, in the atmosphere can partially offset a
decreased decomposition rate. While mean quantities of CHy are 3% (in
mineral soils) to 7% (in organic soils) that of CO, emitted from anaerobic
incubations (by weight of carbon), these mean CH, values represent 25%
(in mineral soil) to 45% (in organic soil) of the overall potential impact on
climate over a 100-year timescale when accounting for CH, (ref. 38).
Across the mosaic of ecosystems in the permafrost region, controlled
laboratory observations brought together here imply that, in spite of
the more potent greenhouse gas CH,, a unit of newly thawed permafrost
carbon could have a greater impact on climate over a century if it thaws
and decomposes within a drier, aerobic soil as compared to an equivalent
amount of carbon within a waterlogged soil or sediment.

Controlled laboratory work is critical for identifying the key mechanisms
for potential greenhouse gas release from permafrost carbon, but some
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important processes are difficult to address with incubation experiments.
For example, CH, generated from permafrost carbon can be oxidized in
aerobic soil layers above the water table and released to the atmosphere as
CO, instead. This effect can be modified by vegetation, for example, sedge
stems acting as pipes provide a pathway for CH, to avoid oxidation and to
escape to the atmosphere®. A synthesis of field CH, emission rates showed
that sedge-dominated sites had emission rates 2-5 times higher*’, due in
part to sedges allowing the physical escape of CH, as well as providing
more decomposable carbon to the microbial community**>. But even
with sedges, it is likely that CH, oxidation as a whole would decrease the
warming impact of permafrost carbon decomposing in a waterlogged envi-
ronment compared to what was measured from a laboratory potential.
Incubation results, while needing to be interpreted carefully, are useful for
scaling the potential of permafrost soils to release greenhouse gases upon
thaw, and also for helping to quantify the fraction of soil carbon that is
likely to remain relatively inert within the soil after thaw.

Projecting change

A number of ecosystem and Earth system models have incorporated a first
approximation of global permafrost carbon dynamics. Recent key improve-
ments include the physical representation of permafrost soil thermody-
namics and the role of environmental controls, in particular the soil freeze/
thaw state, on decomposition of organic carbon*~**. These improved models,
which specifically address processes known to be important in permafrost
ecosystems but that were missing from earlier model representations, have
been key for forecasting the potential release of permafrost carbon with
warming, and the impact this would have on the rate of climate change.
Model scenarios show potential carbon release from the permafrost zone in
the range 37-174 Pgcarbon by 2100 under the current climate warming
trajectory (Representative Concentration Pathway RCP8.5), with an
average across models of 92 = 17 Pgcarbon (mean * s.e.) (Fig. 3)* ™
Furthermore, thawing permafrost carbon is forecasted to impact global
climate for centuries, with models, on average, estimating that 59% of
total permafrost carbon emissions will occur after 2100. While carbon
releases over these time frames are understandably uncertain, they illus-
trate the momentum of a warming climate that thaws near-surface per-
mafrost, causing a cascading release of greenhouse gases as microbes
slowly decompose newly thawed permafrost carbon. At the scale of these
models not all differentiated between CO, and CH, loss, but expert assess-
ment, a method for surveying expert knowledge, placed CH, losses at about
2.3% of total future emissions from the permafrost zone>**, This has the
effect, in the expert assessment, of increasing the warming potential of
released carbon by 35%-48% when accounting for the more potent
greenhouse gas CH, over a 100-year timescale.

Within the wide uncertainty of forecasts, some broader patterns are just
beginning to emerge. Models vary widely when predicting the current
pool of permafrost carbon, which is the source of future carbon emissions
in a warmer world. The model average permafrost carbon pool size was
estimated at 771 = 100 Pg carbon (mean = s.e.), about half as much as the
measurement-based estimate, potentially related in part to the fact that
models mostly represented carbon to only 3 m depth. A smaller modelled
carbon pool could, in principle, constrain forecasted carbon emissions.
Normalizing the emissions estimates from the dynamic models by their
initial permafrost carbon pool size, 15% % 3% (mean = s.e.) of the initial
pool was expected to be lost as greenhouse gas emissions by 2100°. This
decrease in the permafrost carbon pool is similar, but somewhat higher,
than the 7%-11% (95% CI) loss predicted by experts®>*, and the relatively
constant fraction across model estimates does hint at the importance of pool
size in constraining carbon emissions. However, sensitivity to both modelled
Arctic climate change, as well as the responses of soil temperature, moisture
and carbon dynamics, are important controls over emissions predictions
within these complex models, not pool size alone****””. Full diagnosis of the
important parameters that regulate the permafrost carbon feedback is not
currently possible from the small number of modelling studies that exist,
but the estimates do seem to converge on a vulnerable fraction of permafrost
carbon that seems to be in line with other approaches.
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Figure 3 | Model estimates of potential cumulative carbon release from
thawing permafrost by 2100, 2200, and 2300. All estimates except those of
refs 50 and 46 are based on RCP 8.5 or its equivalent in the AR4 (ref. 97), the A2
scenario. Error bars show uncertainties for each estimate that are based on an
ensemble of simulations assuming different warming rates for each scenario
and different amounts of initial frozen carbon in permafrost. The vertical
dashed line shows the mean of all models under the current warming trajectory
by 2100.

These dynamic models also simultaneously assess the countering influence
of plant carbon uptake, which may in part offset permafrost carbon release.
Warmer temperatures, longer growing seasons, elevated CO,, and increased
nutrients released from decomposing organic carbon may all stimulate plant
growth®. New carbon can be stored in larger plant biomass or deposited
into surface soils®. A previous generation of Earth system models that did
not include permafrost carbon mechanisms but did simulate changes in
plant carbon uptake estimated that the vegetation carbon pool could increase
by 17 = 8 Pg carbon by 2100, with increased plant growth also contributing
to new soil carbon accumulation of similar magnitude®. The models
reviewed here that do include permafrost carbon mechanisms (as well
as many of the mechanisms that stimulate plant growth that were used in
the previous generation of models) generally indicate that increased plant
carbon uptake will more than offset soil carbon emissions from the per-
mafrost region for several decades as climate becomes warmer*>**¢, Over
longer timescales and with continued warming, however, microbial
release of carbon overwhelms the capacity for plant carbon uptake, lead-
ing to net carbon emissions from permafrost ecosystems to the atmo-
sphere. Modelled carbon emissions projected under various warming
scenarios translate into a range of 0.13-0.27 °C additional global warming
by 2100 and up to 0.42 °C by 2300, but currently remain one of the least
constrained biospheric feedbacks to climate'.

Abrupt permafrost thaw

Recent progress towards predicting change in permafrost carbon dynamics
focuses mostly on gradual top-down thawing of permafrost. However, increas-
ing evidence from the permafrost zone suggests that abrupt permafrost thaw
may be the norm for many parts of the Arctic landscape'”'*¢'%* (Fig. 4).
Abrupt permafrost thaw occurs when warming melts ground ice, causing
the land surface to collapse into the volume previously occupied by ice.
This process, called thermokarst, alters surface hydrology. Water is attracted
towards collapse areas, and pooling or flowing water in turn causes more
localized thawing and even mass erosion. Owing to these localized feedbacks
that can thaw through tens of metres of permafrost across a hillslope within
only a fewyears, permafrost thaw occurs much more rapidly than would be
predicted from changes in air temperature alone. This raises the question
of whether key complexity is missing from large-scale model projections
that are based on first approximations of permafrost dynamics.

Abrupt thaw occurs only at point locations but often causes much deeper
permafrost thaw to occur more rapidly. This is in contrast to top-down
thawing, which occurs across the entire landscape but affects only the perma-
frost surface. New regional research is beginning to reveal that a large fraction
of permafrost carbon is vulnerable to abrupt thaw. For example, since the
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end of thelast Ice Age, thermokarst thaw-lake cycles have affected 70% of
the yedoma permafrost deposits in Siberian lowlands'”. These cycles occur
when abrupt permafrost thaw forms lakes that can drain over time, allowing
sediments and carbon to refreeze into permafrost, while elsewhere new
thaw lakes form and repeat this cyclic process (Fig. 4a, ¢). Abrupt thaw in
upland regions, where water does not generally pool and form lakes, often
creates gullies and slump features that can erode permafrost carbon into
streams, rivers and lakes (Fig. 4b, d). These thaw features can also be wide-
spread but are not as well recognized as are thaw lakes; over 7,500 upland
thaw features were mapped within a 1,700-square-kilometre foothill region
of Alaskan tundra®. Studies such as these illustrate a widespread influence
of abrupt thaw in both upland and lowland permafrost landscapes, even
though they do not provide a chronology of change.

Climate change is expected to increase the initiation and expansion of
abrupt thaw features, potentially changing the rate of this historic disturbance
cycle® . Wetland expansion due to abrupt thaw has affected 10% of a
peatland landscape in northwestern Canada since the 1970s, with the fastest
expansion occurring in the past decade®. Landscape lake cover is also affected
by abrupt thaw, with net change being the sum of both lake expansion and
drainage. The area of small open-water features around Prudhoe Bay on
the Alaskan tundra has doubled since 1990 (ref. 67). In northwestern
Alaska, lake initiation has increased since 1950, while lake expansion rates
remained steady®®. In general, landscape lake cover is currently believed to
be stable or increasing within the continuous permafrost zone, whereas
there is a tendency for lake drainage and vegetation infilling to dominate
over lake expansion in the discontinuous permafrost zone®* 7>,

Abrupt thaw influences carbon emissions to the atmosphere by exposing
previously frozen carbon to microbial processes, and also by altering the
hydrology that is critical for determining the balance of CO, and CH,4
emissions. Some of the highest CH, emissions in the permafrost region
have been observed in lakes and wetlands formed through abrupt thaw**”.
At the same time, accumulation of new carbon under anaerobic conditions
in peat’™ and in lake sediments'® can be greater than permafrost carbon
losses, at least in some ecosystems. In this way, anaerobic environments
replace freezing temperatures as a mechanism for soil carbon stabilization,
keeping greenhouse gas emissions lower than they would otherwise be”.
In contrast, abrupt thaw processes in other landscapes clearly accelerate
carbon loss. Drained lakes and lowered water tables will expose previously
waterlogged carbon to microbial decomposition in aerobic conditions
with relatively higher rates of carbon emissions. Also, lateral movement
of permafrost carbon by leaching or erosion into lakes, rivers and the
ocean’”® can increase loss, as carbon may be more readily mineralized
through microbial and photochemical processes after mobilization”*’.
How carbon cycling at the landscape scale will change under a warming
climate will depend critically on how much of the landscape becomes wetter
or drier, a question difficult to answer. It is clear that abrupt thaw is an
important mechanism of rapid permafrost degradation, with widespread
but varying influences on hydrology and carbon cycling. Yet abrupt thaw
isnotincluded in large-scale models, suggesting that important landscape
transformations are not currently being considered in forecasts of permafrost
carbon—climate feedbacks. This is in part due to the fact that we do not know
at this stage what the relative importance of abrupt to gradual thaw across
the landscape is likely to be.

Subsea carbon emissions

A majority of the observations and all of the modelling to date has focused
on potential emissions from permafrost carbon on land. This is in part
because subsea permafrost is buffered from recent climate change by the
overlying ocean, and because ocean incursion at the end of the Ice Age has
already been thawing and potentially reducing the pool of permafrost carbon
under the sea. However, aside from organic carbon stored in permafrost,
the sea bed underlying Arctic shelves also accumulated fossil CH, stored
either as free CH, gas or as clathrates (CH,-ice lattices that are stable at
pressures and temperatures found at depth in this region). Layers of perma-
frost may serve as a physical barrier to the release of this CH, gas from the
sediment into the water column and eventually the atmosphere. These
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Figure 4 | Abundance of abrupt thaw features in lowland and upland
settings in Alaska. Left panels (a, ¢) show thermokarst lake (TKL) abundance,
expansion, and drainage on the Seward Peninsula, Northwest Alaska, between
1950 and 2006%, with collapsing permafrost banks (photo credit G.G.). Right
panels (b, d) show extensive distribution of ground collapse and erosion

shallow shelves are also depositional areas for carbon from the erosion of
coastal permafrost carbon and from inland permafrost carbon transported
by Arctic rivers®'. Together, these processes form ocean hotspots that are
documented sources of high CH, emissions to the atmosphere®>*, similar
to hotspots formed in Arctic lakes on land®. New quantification has
estimated that 17 Tg of CH, per year (where 1 Pg = 1,000 Tg) is emitted
from the East Siberian Arctic Shelf after accounting for both diffusive and
point-source bubble emissions®. Although this amount represents an increase
from what was previously estimated for this region”, this is probably because
of improved observations of these emissions that may have been persistent
over the thousands of years of land submergence. Climate warming, sea-ice
decline, and increasing storminess have been linked toa 2.1 °C increase in
bottom water (<10m depth) temperature since the mid-1980s in this
region®. Degradation of subsea permafrost from above by climate warming,
and also from below by ongoing geothermal heat, will tend to increase new
pathways between CH, storage areas deeper in the sediments and the sea
floor®. But it is not known whether meaningful increases in CH, emissions
via these processes could occur within this century, or whether they are more
likely to manifest over a century or over millennia®. What s clear is that it
would take thousands of years of CH, emissions at the current rate to
release the same quantity of CH, (50 Pg) that was used in a modelled ten-year
pulse to forecast tremendous global economic damage as a result of Arctic
carbon release®, making catastrophic impacts such as those appear highly

unlikely®®.

Permafrost and the global carbon cycle

Carbon pools in permafrost regions represent a large reservoir vulnerable
to change in a warming climate. While some of this carbon will continue to
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Feature type
o GTK

o RTS

features (ALD, active layer detachment slide; RTS, retrogressive thaw slump;
GTK, thermal erosion gullies) in upland tundra in a hill slope region in
Northwest Alaska®, and thawing icy soils in a retrogressive thaw slump (photo
credit E.A.G.S.).

persist in soils and sediments over the long term, our understanding that a
substantial fraction of this pool is susceptible to microbial breakdown once
thawed has been verified at the landscape scale (Box 1 and the Box 1 Figure).
The exponential nature of microbial decomposition and CO, and CH,
release over time means that the initial decades after thaw will be the most
important for greenhouse gas release from any particular unit of thawed
soil. Our expert judgement is that estimates made by independent approaches,
including laboratory incubations, dynamic models, and expert assessment,
seem to be converging on ~5%-15% of the terrestrial permafrost carbon pool
being vulnerable to release in the form of greenhouse gases during this century
under the current warming trajectory, with CO,-carbon comprising the
majority of the release. There is uncertainty, but the vulnerable fraction does
not appear to be twice as high or half as much as 5%-15%, based on this
analysis. Ten per cent of the known terrestrial permafrost carbon pool is
equivalent to ~130-160 Pg carbon. That amount, if released primarily in
the form of CO, at a constant rate over a century, would make it similar in
magnitude to other historically important biospheric sources, such as land-
use change (0.9 = 0.5 Pg carbon per year; 2003-2012 average), but far less
than fossil-fuel emissions® (9.7 = 0.5Pgcarbon per year in 2012).
Considering CH, as a fraction of permafrost carbon release would increase
the warming impact of these emissions. At these rates, the observed and
projected emissions of CO, and CH, from thawing permafrost are
unlikely to occur at a speed that could cause abrupt climate change over
a period of a few years to a decade"’. A large pulse release of permafrost
carbon on this timescale could cause climate change that would incur
catastrophic costs to society®, but there is little evidence from either
current observations or model projections to support such a large and
rapid pulse. Instead, permafrost carbon emissions are likely to occur over
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BOX |
Permafrost carbon feedback to
climate change

As shown in the Box 1 Figure, carbon stored frozen in permafrost, once
thawed, can enter ecosystems that have either predominantly aerobic
(oxygen present) or predominantly anaerobic (oxygen limited) soil
conditions. Across the permafrost region, there is a gradient of water
saturation that ranges from mostly aerobic upland ecosystems to
mostly anaerobic lowland lakes and wetlands. In aerobic soils, CO, is
released by microbial decomposition of soil organic carbon, whereas
both CO, and CH,4 are released from anaerobic soils and sediments.
Microbial breakdown of soil organic carbon can happen in the surface
active layer, which thaws each summer and refreezes in the winter,
and in the subsurface as newly thawed carbon becomes available for
decomposition after it has emerged from the perennially frozen pool.
The decomposability of soil organic carbon varies across the
landscape depending in part on the plant inputs as well as the soil
environment, and also with depth in the soil profile. The landscape
mosaic of water saturation is also affected by permafrost thaw.
Gradual and abrupt thaw processes such as top-down thawing of
permafrost (increasing the thickness of the active layer) and lake
draining can expose more carbon to aerobic conditions. Alternatively,
abrupt thaw processes can create wetter anaerobic conditions as the
ground surface subsides, attracting local water. Carbon can also be
mobilized by erosion or by leaching from upland soils into aquatic
systems or sediments. Plant carbon uptake can be stored in increased
plant biomass or deposited in the surface soils, which in part can offset
losses from soils.

CO, CO,
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- | Active layer C |
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Box 1 Figure | Key features regulating the permafrost carbon
feedback to climate from new, synthesized observations.

REVIEW

decades and centuries as the permafrost region warms, making climate
change happen even faster than we project on the basis of emissions from
human activities alone. Because of momentum in the system and the
continued warming and thawing of permafrost, permafrost carbon emis-
sions are likely not only during this century but also beyond. Although
never likely to overshadow emissions from fossil fuel, each additional ton of
carbon released from the permafrost region to the atmosphere will prob-
ably incur additional costs to society.

Next steps for model-data integration

The Earth system models analysed for the IPCC AR5' did not include perma-
frost carbon emissions, and there is a need for the next assessment to make
substantive progress analysing this climate feedback. It is clear, even among
models that are currently capable of simulating permafrost carbon emissions,
thatimprovements are needed to the simulations of the physical and biological
processes that control the dynamics of permafrost distribution and soil
thermal regime*****’. The initial model projections we review here are based
on a range of different model formulations, many of which are known to
lack key structural features. Critical next steps that are being achieved by
the research community include a permafrost carbon model intercomparison
using standard driving variables to improve model formulations and con-
ceptualization. Initial intercomparison results point towards several key
structural features that should be implemented by models attempting to
forecast permafrost carbon emissions. These include explicitly defining
the vertical distribution of carbon in permafrost soils to account for the
way atmospheric warming at the surface propagates through the soil, causing
permafrost thaw and carbon decomposition at depth. Additionally, many
large-scale models do not distinguish CH, versus CO, release and project
only total carbon emissions. This partitioning depends on explicitly de-
scribing the interactions between permafrost thaw and surface hydrology
and is critical to produce credible projections of the effect of permafrost
carbon on climate. A first-order issue is whether the terrestrial landscape
in the permafrost region, already interspersed with thaw lakes, wetlands
and waterlogged soils, becomes wetter or drier in a warmer world®. Lastly,
new modelling formulations for describing abrupt thaw are being developed.
These are needed to understand how gradual warming from the surface,
occurring across the entire landscape as currently modelled, compares to
hotspots on the landscape where permafrost undergoes catastrophic ground
collapse and rapid thaw. These issues go beyond temperature sensitivity
alone and are at the forefront of current ecosystem model development
and research.

Models are useful tools for making projections, but need to use observations
more effectively for benchmarking and parameterization. Current models
show a wide range of results when compared against benchmark data sets
of permafrost soil temperatures*, soil carbon stocks®, and high-latitude
carbon fluxes”, emphasizing the high uncertainty in these projections.
Now, new data sets on decomposability (reviewed here) are available and
should be used to parameterize key aspects of model carbon feedbacks.
The databases on decomposability however, remain two orders of mag-
nitude smaller than surface (<1 m) carbon pool data sets. Increasing the
number of laboratory incubations will help to constrain uncertainty regarding
the potential for permafrost carbon to remain stable under different environ-
mental conditions and will allow researchers to understand which controls
over decomposition are most important for the slow turnover pools that
comprise a large fraction of the total permafrost carbon pool. At the same
time, further work is required to quantify the permafrost carbon pool itself
better. Despite substantial recent progress, remote regions such as the Canadian
High Arctic, central Siberia, and the subsea continental shelves remain
poorly represented, with very few data points deeper than 1 m. Other data
sets synthesizing field observations of CH, emissions and CO, exchange
provide process-level understanding available for model validation as
well***'~%, Model-data fusion using these newly created databases from both
laboratory and field observations is urgently needed to evaluate which
models can credibly represent the permafrost region and thus help reduce
the uncertainty in forecasting the permafrost carbon feedback.
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High-latitude warming and the emission of permafrost carbon remains
alikely global carbon cycle feedback to climate change. The sheer size of these
frozen carbon pools and the rapid changes observed in the permafrost region
warrant focused attention on these remote landscapes. The observations
and modelling steps outlined here will help in forecasting future change.
At the same time, it is imperative to continue developing effective observation
networks, including remote sensing capability®, to adequately quantify
real-time CO, and CH, emissions from permafrost regions”. While increased
permafrost carbon emissions in a warming climate are more likely to be
gradual and sustained rather than abrupt and massive, such observation
networks are needed to detect the potential emissions predicted here, and
also to provide early warning of phenomena and potential surprises we do
not yet fully appreciate or understand. The combination of robust observations
with appropriate modelling tools for forecasting change is essential to properly
evaluate permafrost carbon sources. The quantification of carbon sources
in addition to those that are a direct result of human activity is necessary
when developing and evaluating climate change mitigation policies.
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