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Permafrost carbon emissions
In a changing Arctic

Kimberley R. Miner

and Charles E. Miller®’

impact on the Earth system.

Permafrost underlies ~25% of the Northern Hemisphere
land surface and stores an estimated ~1,700 Pg (1,700 Gt)
of carbon in frozen ground, the active layer and talik"?.
Rapid anthropogenic warming and resultant thaw
threaten to mobilize permafrost carbon stores™,
potentially increasing atmospheric concentrations
of carbon dioxide (CO,) and methane (CH,), and
converting the Arctic from a carbon sink to a carbon
source. This process, and its potential impact on future
warming, is known as the permafrost carbon feedback
(PCF) to climate>. Despite its importance to climate
predictions'”, the PCF remains highly uncertain, and
accurate projections of the locations, magnitudes
and speeds of permafrost carbon release are lack-
ing. Furthermore, permafrost dynamics are often not
included in Earth system models (ESMs).

Since 2015, sediment cores®, surface tempera-
ture readings’ and other proxies'®'' have contributed
to global permafrost characterization. Upscaling of
research and airborne missions have identified the
importance of shoulder and cold season emissions,
especially in terms of CH, (REFS'*""). Most PCF model-
ling activities have focused on gradual permafrost thaw
via active layer thickening. This type of permafrost
thaw occurs progressively, with thaw depths increasing
a few centimetres per decade®”, and impacts microbial

"™ Merritt R. Turetsky
Johanna Tamminen®, A. David McGuire®, Andreas Fix’, Colm Sweeney?®, Clayton D. Elder’

2 Edward Malina', Annett Bartsch3#4,

Abstract | Arctic permafrost stores nearly 1,700 billion metric tons of frozen and thawing
carbon. Anthropogenic warming threatens to release an unknown quantity of this carbon to
the atmosphere, influencing the climate in processes collectively known as the permafrost
carbon feedback. In this Review, we discuss advances in tracking permafrost carbon dynamics,
including mechanisms of abrupt thaw, instrumental observations of carbon release and model
predictions of the permafrost carbon feedback. Abrupt thaw and thermokarst could emit a
substantial amount of carbon to the atmosphere rapidly (days to years), mobilizing the deep
legacy carbon sequestered in Yedoma. Carbon dioxide emissions are proportionally larger
than other greenhouse gas emissions in the Arctic, but expansion of anoxic conditions within
thawed permafrost and soils stands to increase the proportion of future methane emissions.
Increasingly frequent wildfires in the Arctic will also lead to a notable but unpredictable carbon
flux. More detailed monitoring though in situ, airborne and satellite observations will provide a
deeper understanding of the Arctic’s future role as a carbon source or sink, and the subsequent

activities and rhizosphere priming'®"’. However, it is
becoming increasingly clear that abrupt thaw processes,
such as thermokarst and thermoerosion, could expose
many metres of permafrost carbon to mobilization on
the timescale of days to a few years>'*.

Abrupt thaw can be triggered by climate warm-
ing or landscape disturbances, including wildfires or
hydrological regime changes»”'~*. In turn, abrupt thaw
causes thermal, hydrological and vegetation changes
that amplify warming and thaw*->’. As a result, spatial
disaggregation expands and landscape morphology
changes, mobilizing carbon®". The three-dimensional,
fine-scale nature of thaw and resulting feedbacks make
abrupt carbon release difficult to model or forecast®.
Adding to these challenges, unknowns around the future
Arctic climate wetting, drying and thaw patterns limit
the accuracy of PCF forecasts.

In this Review, we outline progress in understand-
ing permafrost change and the PCE, including dynam-
ics contributing to abrupt thaw in the Arctic system.
Permafrost distribution and carbon stocks under
anthropogenic warming are reviewed, followed by a dis-
cussion of carbon emissions across scales and sources.
Finally, research priorities to enable accurate PCF fore-
casts across the permafrost-affected regions of the high
northern latitudes are described.
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Key points

¢ Tundra fire and abrupt thaw events are increasingly driving the release of permafrost
carbon into the atmosphere.

* Observational tools improve carbon flux estimates across scales, but scaling remains

a major challenge.

e Satellite systems scheduled to come online by 2025 will provide high-frequency data
and enable better monitoring of permafrost carbon emissions.

e Earth system models must include permafrost dynamics to enable accurate
permafrost carbon feedback projections.

Active layer

In permafrost environments,
the top layer of substrate
that often freezes in winter
and thaws in the spring and
summer (less than 50cm
thick in the tundra and up
to 3m in boreal regions).

Talik

A layer of soil that is unfrozen
year-round within the
permafrost. Often found
below lakes, wetlands or rivers.

Permafrost carbon feedback
(PCF). The accelerated release
of carbon into the atmosphere
from the thawing of the
permafrost.

Abrupt thaw

Rapid permafrost thaw that
occurs on timescales of

a few days to a few years.

Thermokarst

An erosional landscape
process of abrupt thaw,
resulting in permafrost
structural collapse.

Yedoma

Carbon-rich (at least 210 PgC
globally), Pleistocene-era
permafrost containing up

to 90% ice.

RCP4.5

The median Representative
Concentration Pathway (RCP)
used by the Intergovernmental
Panel on Climate Change (IPCC)
for climate modelling on the
IPCC Fifth Assessment Report
in2014.

RCP8.5

The highest carbon emission
scenario Representative
Concentration Pathway (RCP)
used by the Intergovernmental
Panel on Climate Change (IPCC)
for climate modelling on the
IPCC Fifth Assessment Report
in2014.

Permafrost carbon dynamics

In the past decade, an increased interest in permafrost
degradation and the impacts of anthropogenic climate
change have facilitated a better understanding of per-
mafrost carbon dynamics. These advances are now
highlighted.

Permafrost distribution and carbon stocks. Permafrost
currently covers ~30 million km? of the planet’. An
estimated 13-18 million km? of permafrost is in the
Arctic”, 1.06 million km? is on the Tibetan Plateau®
and 16-21 million km? is submerged in the subsea®
(FIC. 1a). However, the underlying depth, structure and
status of permafrost remain challenging to quantify’.
Cataloguing Pleistocene-aged Yedoma permafrost is
particularly difficult, due to its general depth (below
>3m) and thickness (often covering >40m), with cur-
rent estimates of its areal extent at ~1 million km? (REF*).
Regardless, understanding its distribution is critical
to predicting the future PCF*~*. Yedoma contains up to
90% ice per volume™* and more carbon than any other
permafrost strata per square metre (2-4 wt%; totalling
at least 210 PgC globally)**'. Abrupt degradation dis-
proportionately affects these carbon-rich and ice-rich
areas, with thermokarst, hollows and hummocks
currently covering ~20% (3.6 million km?) of the Arctic'*.

In addition to Yedoma carbon stocks, the top 3m
of permafrost soils in the northern circumpolar region
cumulatively store an estimated 1,000 PgC (range: —170,
+186)". Diverse Arctic vegetation, soils and microor-
ganisms introduce regional variability in both legacy
and contemporary carbon stocks across landscapes®, so
carbon stocks vary substantially within even small areas.
From the local to the landscape scale, soil carbon den-
sity estimates vary substantially (17-73%), mirroring the
underlying substrate structure®.

Warming events in the Arctic have increased in fre-
quency in the past few years*>*%, and regional temper-
ature anomalies of up to +40°C during the deep cold
season overlay some of the largest areas of carbon-rich
permafrost (>100 kgm-2)*". Measurements from the
Global Terrestrial Network for Permafrost suggest that,
between 2007 and 2016, continuous permafrost in the
top 3m throughout the Arctic warmed 0.39£0.15°C on
average™ (FIG. 1b), raising concerns about the rapid rate
of thaw and potential old carbon release™*->°. Where
peatlands and permafrost overlap, deeply buried carbon
within is increasingly at risk from warming, and a sub-
stantial loss of Yedoma could potentially result in a 50%
increase in the PCF by 2100 (REFS***%). Additionally,
while peatlands currently function as a carbon sink,

continued warming could thaw an estimated 0.8 to
1.9 million km? of permafrost peatlands, increasing
permafrost carbon release by up to 50%™.
Incorporating contemporary warming, model sim-
ulations predict a total loss of near-surface permafrost
(0-3m) ranging from 0.2 to 58.8 x 10°km? per year’. This
estimate reflects a loss of 3-5 million km? permafrost in
the RCP4.5 scenario and 6-16 million km? for RCP8.5
by 2100 (REF*). Subsequently, vulnerable permafrost in
the top 3 m is expected to discharge 0.62 PgCO, per year
(624 million tons) by 2100 through gradual thaw alone**.

Thermokarst expansion. Increasingly frequent abrupt
permafrost thaw events are expected with climate
change®” (FIC. 2). Thermokarst slumps — erosional fea-
tures associated with abrupt thaw — increased 60-fold
between 1984 and 2015 (REFS"*). While the magnitude
of forecasted emissions varies, in situ calculations high-
lighted the rapid loss of carbon after thermokarst and
high CH,:CO, ratios'*.

Thermokarst thaw lakes®' now cover 1.095 million km?,
representing an estimated release of 14-18 TgC per year®.
Additionally, talik expansion below thermokarst
lakes might have already released ~2.5Pg of legacy
(Pleistocene-age) Yedoma carbon, providing a direct
route between deep carbon and the atmosphere**>”’. As
permafrost ice structures degrade, meltwater seeks the
lowest local elevation, creating spatially disparate frozen
and thawed areas at greater risk of thaw***-**. Permafrost
impacted by abrupt degradation can lose ground ice
within 1-3 weeks after snowmelt, maintaining higher
temperatures than the surrounding area and thawing
rapidly in the spring®. Meltwater from abrupt degrada-
tion also acts as an efficient lateral transport mechanism,
quickly mobilizing carbon.

Landscape hotspots exhibiting abrupt thaw are
expected to double to 1.6 million km?* by 2100 under
RCP8.5, corresponding to emissions of 613-802 TgCO,e
per year, by 2100 (REF?). These estimates for abrupt thaw
expansion would impact only ~1% of the total projected
permafrost area, but emissions from this area could
grow to 80+ 19 PgC by 2300 — nearly half of the output
expected from gradual thaw’. The potential for abrupt
thaw to rapidly release a disproportionate fraction of
permafrost carbon is a growing concern®.

Owing to the diversity of processes driving it, there is
ongoing uncertainty in forecasting abrupt thaw, making
it increasingly important to resolve the mechanisms that
result in permafrost carbon emissions. The impacts of
abrupt thaw are not incorporated into a majority of cur-
rent PCF models, and, therefore, into few ESMs, substan-
tially increasing uncertainty in estimates of future carbon
flux. For example, the high fluxes of contemporary car-
bon (1950 to present) in Siberian rivers mask the signal
of Holocene and Pleistocene carbon released in abrupt
thaw*'. Systematic radiocarbon (**C) measurements of
dissolved carbon in Arctic river networks (by the Arctic
Great Rivers Observatory, for example) could be used to
trace mobilization of carbon from Holocene, Pleistocene
and older deposits. Such measurements could provide
early warning of abrupt or subsurface permafrost thaw
over vast areas. Classifying the lability of deep permafrost
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Fig. 1 | Permafrost location and temperature in the
Arctic. a| Location of permafrost in the Arctic, delineated
into continuous, discontinuous, sporadic and isolated"".

b | Subsurface temperature change at 2m depth between
1997 and 2018 based on satellite data and thermal
modelling'®*. Warming is greatest near the poles, where
permafrost ice content is highest and most vulnerable to
thaw. Panel a adapted from REF.***, Springer Nature Limited.

carbon and ground ice density is also critical to accurately
forecasting the PCF under abrupt thaw*.

Microbially mediated emissions. Arctic greenhouse gas
emissions are currently dominated by microbially medi-
ated CO, release”%, although thermokarst development
could increasingly provide a pathway for greater CH,
release”” (FIC. 3). Most current CO, and CH, fluxes are
from carbon sequestered within the last 1,000 years”.
While the average Arctic CH,:CO, ratio is 0.2, the cur-
rent ratio of CH,:CO, emitted from Yedoma thermokarst
lakes in Alaska and Siberia is 0.3, with mean annual CH,
output (129.6+ 8.6 gCm? per year) lower than mean CO,
(449.0gCm™ per year)”. The ratio from non-Yedoma
thermokarst lakes is similar (0.25 CH:CO,), indicating
that CO, dominates carbon emissions in a variety of
Arctic land cover types®. However, observed emissions
with Pleistocene-aged "“C could continue to grow as
Yedoma thaws. Further estimates suggest that Yedoma
could lose an additional 354 £ 196 gCO, kgC™ (Cand Ce
from oxic and anoxic soils) by 2100 (REF*).

Although anoxic environments typically emit 3.4 times
less total carbon than oxic environments, and CO, emis-
sions continue to dominate, enhanced CH, emissions
have ~35 times more warming potential than CO, on a
100-year timescale. Therefore, an increase of CH, pro-
duction will have marked impact on the PCF*”. CH, is
produced by methanogenic microorganisms in anoxic
subsurface environments. Most of the CH, is metabo-
lized by methanotrophs, and even a few centimetres of
oxic environmental buffering can facilitate the microbial
oxidation of all CH, that passes through diffusively’>”.
In wetland environments, for example, methanotrophs
typically oxidize 20-60% of the CH, produced in sub-
surface permafrost’. Therefore, the most efficient routes
of CH, dispersion into the atmosphere are ebullition and
aerenchymous transference in thermokarst wetlands
and lakes, ~4% of the global methane budget**".

In thawed permafrost, microbial carbon transfor-
mation is impacted by soil moisture, temperature, light
and nutrient availability**’**-*2. With increased inunda-
tion related to changing precipitation or abrupt thaw,
CH, release will increase proportionally with anoxic
environment expansion as microbial carbon transfor-
mation increases®. In a recent example, in the tundra
north of 60° latitude, subsurface CH, oxidation doubled
(to ~5.5TgCH, per year) between 2000 and 2016, indi-
cating the potential for an increasing trend in methane
release®. However, in thawed permafrost, zones with
higher redox potential create ideal regions for meth-
anotrophs to convert CH, to CO, at a similar rapidity,
making moisture and aeration essential determinants of
greenhouse gas composition'®*,
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Permafrost-affected soil carbon content: kgC m (% region vulnerable to type of thawing)

Rapid thawing

Gradual thawing

W >139(8%) W 139-105 (10%) M 104-70 (60%) M 69-36 (19%)

W >139(4%) M 139-105 (3%) ™ 104-70 (26%)

35-0(3%)

69-36 (39%)  35-0(28%)

Fig. 2 | Vulnerability of carbon stocks to permafrost thaw. Permafrost regions by
carbon content affected by rapid or abrupt (reds) and gradual (blues) thaw. There is
noticeable overlap between areas of greatest warming (FIC. 1b) and the 20% of ice-rich
regions with a potential for abrupt thaw*’. Adapted from REF.*’, Springer Nature Limited.

Ebullition
The action of bubbling
or boiling.

Aerenchymous transference
Movement of gas through air
spaces found in aquatic plants.

Rhizome priming

The stimulation of microbial
organic matter remineralization
due to plant root activity.

Zombie fires

Fires that burn year to year
and extend through the winter
into the early spring, before
wildfire season.

Small-scale processes, such as rhizome priming and
nutrient availability, also impact large-scale carbon
emissions trends'”*. In rhizome priming, changes in
the microbial respiration of organic carbon are driven
by plant roots. The compounding effect of increased
microbial community activity, carbon availability, and
soil pH or density changes increase respiration up to
380%". In the presence of oxygen, rhizome priming
accelerates carbon decomposition up to fourfold, leading
to a potential Arctic loss of about 40 PgC by 2100 from
this mechanism alone. Rhizome priming can directly
enable the enhanced incorporation of older carbon®,
predominantly in shallower permafrost strata, with 84%
of transformation in soils shallower than 20 cm (REF").

Carbon emissions from permafrost-affected areas
are often measured during the summer, overlooking
winter emissions. However, winter carbon loss is diffi-
cult to observe or model, increasing the potential that
there is an unquantified winter carbon release. In situ
monitoring advances highlight an increase in micro-
bially mediated winter carbon emissions of 73+ 11%
since 1975, potentially outpacing summer uptake
capacity'>". Higher winter temperatures associated with
global anthropogenic climate warming increase micro-
bial activity and meltwater, increasing CH, emissions

throughout the winter'*. The variability and trajectory of
CH,:CO, emission ratios from dynamic permafrost envi-
ronments emphasize the importance of understanding
the complexity of microbially mediated processes and the
need to constrain the spatiotemporal heterogeneity of
landscape change in the warming Arctic'®*"%.

Increasing wildfire disturbances. Arctic wildfires rap-
idly expand the active layer of permafrost, mobilizing
carbon, burning vegetation and promoting thermokarst
development****. Northern boreal forests store sub-
stantial carbon stocks, the loss of which could impact
the PCF in the short term”. As the climate warms,
Arctic wildfires are projected to increase 130-350% by
the mid-century, releasing above-ground biomass and a
growing quantity of permafrost carbon, while abruptly
altering the landscape®. Increases in severity, frequency
and extent of wildfires in boreal landscapes underlain by
discontinuous permafrost and tundra landscapes with
continuous permafrost can amplify permafrost deg-
radation, simultaneously altering the topography and
hydrologic flows”".

Permafrost thaw could transform some types of
below-ground organic carbon into more flammable
fuel for wildfires. During 2014, wildfires in Canada’s
Northwest Territories released 8.62+ 1.05TgC to the
atmosphere, with ~30% of emissions attributed to
the combustion of fuels that predated the last fire and, thus,
could be considered early-Holocene-aged carbon®. This
loss of legacy carbon during the 2014 fires represented
more than 20% of the mean annual net primary pro-
ductivity in global boreal forests®. In 2020, over 50%
of Arctic wildfires burned permafrost areas with high
ice content, suggesting a substantive transformation
in fuel availability”>. Moreover, wildfires are extending
beyond the traditional June-August fire season into the
shoulder season months. Overwintering or ‘zombie fires’
burn year-round underground, even during the cold
season’"””. These smouldering, below-ground fires could
release legacy carbon from environments previously
thought to be fire-resistant®*?, and be responsible for
up to 38% of the total burned area in the Arctic”.

Incorporating wildfire disturbances and its impacts on
thermokarst into permafrost and PCF models is a critical,
missing component of constraining projections of future
Arctic carbon emissions. Though difficult, the ability
to integrate changing dynamics into static permafrost
system models and observations is a necessary step to
improving forecasting and the detection of carbon release.

Understanding carbon across scales
As the Arctic rapidly changes, the scientific community
has sought to expand its capacity to monitor, understand
and predict transformation and carbon release®*%.
Instrumentation designed to sample across spatial and
temporal scales has improved understanding of abrupt
thaw dynamics®®?, the age and impact of released
carbon™**, the effects of changing Arctic hydrology®-’
and the importance of technological integration in
forecasting future dynamics’”.

Detection of carbon release spans multiple scales and
integrates data from multiple methodologies (TABLE 1).
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For example, land plots and flux chambers are used to
quantify and characterize carbon release from specific
environments at the 1-10-m scale’. Eddy covariance
(EC) towers monitor surface—atmosphere fluxes of car-
bon, water and energy on scales of 100-1,000m (REF®").
At regional to continental levels, tall tower networks
complemented by larger-scale aircraft campaigns deliver
carbon release information on 10-1,000-km scales'®.
For observation scales >1,000 m, a growing number of
satellite sensors monitor surface and atmospheric var-
iables that can be used to infer carbon flux across the
entire Arctic'”’"'”®. This combination of observations and
model scenarios across scales provides a picture of rapid
thaw and an abrupt loss of carbon (FIC. 2), on the order
of decades or less.

Laboratory-based research. Laboratory-based research
(usually on samples collected in the field) has produced
important information on the dynamics of permafrost
microbial communities, including the myriad survival
strategies that have preserved extremophile permafrost
microbes for up to a million years in stasis. These adapta-
tions include the production of carotenoids'*, high abun-
dance of stress-response genes'”, lipid-rich membrane
fluidity'*, dormancy'*>'” and DNA repair'*'%.
DNA-based analyses, including metagenomics and
16S rRNA gene sequencing, have illuminated adaptations,
origins, metabolic potential and microbial community
composition in representative permafrost samples’! !,
However, these analyses do not distinguish between live

Discontinuous\

permafrost

Gradual
thaw

©OPERMAFROST

and dead cells, which is critical to determining the carbon
transformation potential of microorganisms''?. Therefore,
advances in live-dead staining and endospore enrichment
with conditions controlling for pH, acidity and carbon
concentration are increasingly critical to determine the
carbon transformation potential of permafrost microbial
communities'*',

Incubation of permafrost and permafrost-affected
soil samples is another method used to understand
microbially mediated carbon release. Carbon release was
3.4 times higher in aerobic conditions than in anaero-
bic conditions in permafrost incubations'”. A greater
loss of permafrost carbon is, therefore, predicted for
oxic conditions by laboratory assessments and mod-
elling. However, as this loss is expected to be primar-
ily in the form of CO, emissions, an equal amount of
released CH, under anaerobic conditions has consider-
ably more warming potential®. The increase in activity
from reactivated microorganisms in anoxic conditions
could increase carbon emissions across the Arctic by
27-38 TgCH, per year by 2100, effectively doubling
current CH, emissions®. Therefore, determining the
processes driving the degradation and release of perma-
frost carbon by the increased microbial activity expected
with permafrost thaw is essential to understanding the
transformation of permafrost carbon.

In situ and fieldwork. In situ research is critical to
accurately upscaling projected changes to permafrost
ecosystems''*''%, by providing the data continuity needed

\ Mineral

soil

Continuous permafrost

Yedoma

Fig. 3| Carbon flux dynamics in permafrost landscapes. Carbon transformation in an idealized Arctic environment

experiencing wildfire and thermokarst disturbances. Sources and sinks for CO, and CH, are indicated by arrows. Tundra
has lost an estimated 761.8 gCm™since ~2005. Currently, thermokarst thaw lakes emit ~14-18 TgC per year. Overall,
permafrost-affected regions in the Arctic are trending towards greater carbon release; wildfires in boreal forests could
increase 130-560% by 2100 and carbon release from abrupt thaw is projected to increase to 613-802 TgCO,e per year.
Adapted with permission from REF.'*>, ACIA 2004.
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Table 1| The range and availability of observational data sources for Arctic greenhouse gas assessments

Observation Resolution Arctic Timescale Locations
technique coverage
In situ
Permanent Point Local Multi-year Dozens to hundreds,
measurements coverage data sets on a (semi-)
permanent basis
Campaign Point Local Severalhours Variable
measurements coverage or days
Towers Point 100-1,000m  Multi-year Dozens to hundreds,
measurements data sets on a (semi-)
in the boundary permanent basis
layer (>50m)
Airborne
In situ Point Regional Several hours Variable, depending
measurementsin coverage or days on study
the troposphere  (profiles) Typically focused
to specific areas
and times
Remote Surface pixels Regional Several hours Variable, depending
sensing (>25m) coverage or days on study
(active and .
o Typlcall.y‘focused
to specific areas
and times
Satellite
Short-wave Surface pixels Seasonal Multi-year Low Earth orbit,
infrared (>5.5x7km CH,; daylight data sets giving global daily
>1x2km CO,) coverage coverage
Geostationary
orbit, giving
hourly coverage of
localized regions
Thermal Pixels(2x2km)  Total Multi-year Low Earth orbit,
infrared coverage data sets giving global

Zero curtain

The transition of water to ice
is slowed due to latent heat
release in the surrounding
soil, despite sub-zero air
temperatures.

daily coverage,

or geostationary
orbit, giving
hourly coverage of
localized regions

to understand the local dynamics of permafrost thaw.
Analyses of gradual thaw have now spanned multiple
decades, documenting the release and uptake of carbon
at the site to landscape scales, often using rivers or lakes
as landscape integrators'"”. For example, one of the long-
est in situ assessments of carbon exchange in Alaskan
tundra and rivers systems identified a local increase in
carbon emission and uptake over the last 15 years, with a
net carbon loss of 781.6 gCm ™2 (REFS'?*'?!). This increase
suggests that, although Arctic vegetation increases
could lead to higher carbon uptake”'??, an increase in
respiration could offset these gains.

In situ monitoring is also necessary in identifying
soil-level changes that are difficult or impossible to

Advantages (+) and
disadvantages (-)

+ Long-term data sets that
are able to identify trends

— Highly localized data
with few locations;
not a coherent network

+ Can target locations not
available from other data
sets

— Expensive; short-term
trends, usually not in winter

+ Identifies transport of
trace gases in the boundary
layer

— Poor coverage, few
permanent locations,
limited sensitivity, not a
coherent network

+ Bridges spatial scales
between local and satellite
data

— Expensive to run regular
campaigns

+ Bridges gaps between
scales; good for satellite
validation and targeted
observations

— Expensive to run regular
campaigns

+ Daily coverage of the
Arctic CH,

— Large spatial footprints,
poor coverage in winter
months, CO, observations
are limited by satellite swath

+ Daily coverage of the
Arctic, sensitive to
the troposphere

— Low sensitivity to the
surface, large spatial
footprint

Example missions or
programmes

NOAA Earth System
Research Laboratories
Global Monitoring
Laboratory

The Multidisciplinary
drifting Observatory for
the Study of Arctic Climate
(MOSAIC)

FLUXNET

HIAPER Pole-to-Pole
Observations (HIPPO)

of Carbon Cycle and
Greenhouse Gases Study

Airborne Visible-Infrared
Imaging Spectrometer
—Next Generation
(AVIRIS-NG)

GOSAT"%, 0CO-2 (REF'7),
TanSat'®’, GOSAT-2
(REF.*®Y), Sentinel-5P*%,
GHGSat, MERLIN!®3184,
CO2M™, Sentinel-5
(REF.*%%), AIM-North'®’,
geoCARB***

Aqua/AIRS*™,
MetOp-IASI**® and Suomi
NPP CriSte1%2

monitor using remote sensing tools. For example, in situ
soil temperature profile measurements have shown that
active layer zones at 20-30-cm depths in tundra wet-
lands remain thawed, but hovering near 0°C for months
into the cold season. This so-called zero curtain period
extends microbial metabolism and both CO, and CH,
emissions well past the point when the surface has

refrozen'>'**

. The shoulder season period currently

contributes an estimated ~50% of annual permafrost
wetland CH, emissions'~". Similarly, a synthesis of
northern thermokarst lake emissions suggested that
Arctic lakes and ponds could increase CH, release
20-54% before 2100, as warm seasons lengthen with

climate change™.
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Year-over-year permafrost changes are more visi-
ble where thaw meets physical erosion, making field-
work especially valuable. In an Alaskan riverbank, for
example, retrieved data covering 1995-2011 illustrates
permafrost retreat of ~11m per year (880 tons of C)'*.
As permafrost thaw increases hydrologic change, these
dynamics might be mirrored across increasingly large
areas. While in situ data are not immediately able to
be upscaled, long-term laboratory and field research
provide invaluable information on permafrost loss and
carbon transformation, especially in combination with
remote sensing tools.

Flux towers. Measurements from EC flux towers span
the gap between in situ terrain-scale research and air-
borne sensing at the landscape level. Across the Arctic,
over 212 active flux towers'** have revealed carbon flux
patterns and storage, and physical or seasonal controls
on emission'”. Flux towers can incorporate vertical
surface and near-atmosphere-level fluxes to quantify
photosynthesis, evapotranspiration, soil moisture and
respiration'?>'*°. Placement versatility has further high-
lighted carbon fluxes from lake and thermokarst envi-
ronments. For example, when placed in lakes, flux towers
expose winter ebullition and summer uptake patterns,
incorporating atmospheric pressure and temperature
dynamics'”’. Flux towers are often able to span the gap
between in situ and atmospheric measurements, provid-
ing critical information about fluxes in the near-surface
atmosphere.

When incorporated into systems models, flux tower
data are instrumental in constraining model outputs.
Utilizing flux tower data in carbon models resulted in
a 13.4% decrease in mean carbon residence for tundra
ecosystems in Alaska, indicating that carbon cycling in
the boreal ecosystem could be increasing®. The granular,
scalable data provided by flux towers identify ecosystem
controls that are difficult to model and measure.

Advances in instrument and analysis techniques
have enabled the application of airborne EC flux mea-
surements to evaluate regional-scale carbon release in
the Arctic'**'”. Airborne EC fluxes provide a powerful
tool with which to test methods for upscaling flux tower
measurements to regional scales'*"'%*, as well as regional-
scale inversions of atmospheric concentration data from
tall towers and/or aircraft'>'**-"*%, Pan-Arctic CO, and CH,
flux measurements could soon be possible by integrating
current and future space-based flux towers by matching
plot-scale measurements under known conditions'*.

Remote sensing. Satellite observations are expanding the
variety and quality of global data available to research-
ers, providing an unprecedented view of carbon cycle
dynamics and PCF processes. High-resolution remote
sensing tools retrieve data on greenhouse gases with
high spatial resolution and low noise interference, deter-
mining CO, and CH, hotspots'*”. Current on-orbit satel-
lite spectrometers that gather CO, or CH, measurements
at high latitudes provide diverse data (TABLE 1). Satellites
show high potential for categorizing soil carbon'®'*,
upscaling emissions* and identifying land surface het-
erogeneity at high latitudes'. Soil wetting and carbon
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content have been quantified with multispectral'>'** and
synthetic aperture radar observations'*’. An increase
of data on heterogeneous Arctic landscapes is already
improving methane hotspot detection at specific
sites, allowing further exploration of localized emis-
sion across wetlands, thermokarst and tundra'”. The
high-resolution observations from satellite hyperspec-
tral instruments could be vital to determining hydro-
logic heterogeneity and land cover change'***. However,
remote sensing for jointly mapping carbon hotspots and
permafrost thaw is still in its infancy”.

At an international level, the combined efforts of
numerous satellites are ideal for integrating all existing
data, as missions from ESA, NASA and others work to
standardize data for rapid sharing and transposition.
Future satellite missions are expected to improve sea-
sonal and diurnal observations (TABLE 1). For example,
MERLIN (launch ~2025) will measure atmospheric
methane independent of sunlight, seasonality or some
cloud cover. Satellite CO2M (launch 2025) will mea-
sure CO, and CH, total columns to increase carbon
flux monitoring at small pixel sizes (2x2km) and a
relatively wide field of view (250 km). Smaller pixel
sizes will improve cloud-free observations, enabling
scale-matching between satellite data, aircraft remote
sensing, flux towers and in situ sampling. Airborne
remote sensing of Arctic methane hotspots using hyper-
spectral imagery with metre-scale pixels indicates that
upcoming space-based hyperspectral imagers (such as
EnMAP, PRISMA-SG, SBG and CHIME) will make
major contributions to the understanding of Arctic car-
bon emissions'”. The potential of these imagers is fore-
shadowed by the use of Sentinel-2 data (20-m resolution)
to detect methane point sources'"'.

While remote sensing is practical on a global scale,
higher-spatial-resolution data (below 20 m) is required to
consistently determine precise carbon release locations.
Satellite carbon flux estimates are limited in summer by
low reflectivity from ice, snow and water, and are severely
degraded during the Arctic night (October-April).
Furthermore, thermal infrared satellite sensitivity is
largest in the upper troposphere between 200 and
750 hPa, making it challenging to identify specific
release locations at the surface. Comparing satellite
data to in situ carbon flux and land change measure-
ments requires high-efficacy downscaling tools that are
still under development. Similarly, interpolating data
from flux towers with footprints typically ranging from
0.01 to 1.0km? for regional or pan-Arctic carbon fluxes
requires accurate upscaling capabilities'*>. The diverse
scales, modelling parameterizations and locational data
mean that upscaling does not match downscaling'*. The
discontinuity between flux data across available instru-
ments makes estimating and predicting Arctic carbon
release difficult'*'*.

Modelling. Despite the advances in measuring and mon-
itoring permafrost carbon dynamics, efforts to model
Arctic changes lag. However, some notable progress has
been made. In the past 10 years, models have produced
the first reliable forecasts of permafrost carbon release.
Based the RCP4.5 and RCP8.5 scenarios, 15 model
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Fig. 4 | Simulated cumulative changes in permafrost area and storage capacity. a | Projected permafrost active
layer thickness (ALT) less than 3 m over 2010-2299 in several models forced with RCP4.5. b | As in panel a but for RCP8.5.
c| Predicted total ecosystem carbon storage over 2010-2299 under RCP4.5. d | As in panel ¢ but for RCP8.5. Vegetation
growth under RCP scenarios might be a primary source of carbon uptake over the next 100 years, as the Arctic shifts
towards a new steady state. Adapted with permission from REF’, PNAS.

simulations all predicted a total loss of near-surface per-
mafrost (less than 3 m deep) over the region by 2100,
with differences in the magnitude of loss rates among the
models (0.2 to 58.8 x 10°km? per year)’ (FIC. 4). The sim-
ulations indicated a total loss of 3 to 5 million km? per-
mafrost (mean loss 4 PgC) in the RCP4.5 scenario and
6 to 16 million km?* (mean loss 341 PgC) for the RCP8.5
scenario. An increase in future net primary productivity
is modelled to increase vegetative carbon storage from
156 to 954 TgC per year between 2010 and 2299.
However, the modelled vegetation carbon gains were
not substantial enough to compensate for even larger
soil carbon losses under RCP8.5, the current Arctic
trajectory’. The magnitude of this offset is limited by
temperature and nutrients, with wide variation in
models projecting CO, plant uptake”*"**1*” (FIC. 5).
Similarly, models focusing on small-scale permafrost
processes forecast an increase of ~12 times current car-
bon release by 2100 under RCP8.5 (REF.*). Deepening
active layer thaw estimates for this period ranged from
one to eight times deeper relative to 2020, even without
considering ground subsidence in regions with high ice
content®. As models are refined, patterns of abrupt thaw
emerge more strongly, impacting soil temperature, soil
moisture conditions, surface fluxes and vegetation'**'*.

To truly capture Arctic thaw dynamics, system mod-
els must integrate scaled data between land surface
observations and terrain-level permafrost models'*-'>2.
Since carbon partitioning depends on numerous envi-
ronmental factors, iterative system models incorporating
vegetation sensitivity, the physical dynamics driving per-
mafrost degradation, hydrologic cycling and microbial
transformation must all be included'*’>’*. Whether and
to what extent the permafrost landscape, already inter-
spersed with thaw lakes and thermokarst, transforms
from a carbon sink into a carbon source in a warmer
world can only be answered with combined modelling
and observational data®.

Summary and future perspectives

The Arctic is warming two to four times faster than the
global average, changing thaw dynamics, vegetation
type and density. Yet, it remains one of the Earth’s
least investigated regions'*, challenging forecasts for
future dynamics. Despite these challenges, advances in
modelling and forecasting thaw dynamics has led to a
better understanding of carbon release and landscape
change>”. In situ and satellite observations dedicated
to monitoring the carbon system have generated an
entirely new data set for the research community'*»'*,
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These observations are being bridged by airborne
campaigns that provide new, seasonal data across the
Arctic'™'*, Scientific cooperation across diverse fields
has already increased the modelling accuracy and data
integration for carbon transport, permafrost thaw and
climate scenarios”'*. However, further international
collaboration, monitoring and exploration is needed
to determine the areas of greatest change. All efforts to
quantify carbon release expand scientific understand-
ing of complex, changing and emergent dynamics of a
warming Arctic. Topics that have the greatest potential
to transform abilities to monitor or forecast perma-
frost carbon emissions, and, thereby, understand future
tipping points in the climate crisis, are now discussed.

Systematically monitor carbon mobilization. A com-
prehensive synthesis of Arctic carbon fluxes concluded
that the Arctic has been a sink for carbon for decades,
but the strength of this sink is uncertain'*°. Contemporary
estimates suggest a sink of 110 TgC per year CO, (range
80-291 TgC per year) and emission of 19 TgC per year
CH, (range 8-29 TgC per year)'*°. The high level of
uncertainty highlights that the current atmospheric
CO, and CH, measurement system is inadequate to
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Fig. 5| Projected change in Arctic net carbon balance to 2300. a| Cumulative net
ecosystem carbon balance (NECB) for different environments. b | Partitioning of carbon
into CO, and CH,. A decreasing trend in overall ecosystem carbon balance is apparent
until the year 2300 for thaw lakes, with a slight increase in carbon balance in permafrost.
Adapted from REF.?, Springer Nature Limited.
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quantify the Arctic carbon budget, identify the source(s)
of changes in long-term atmospheric trends and detect
the onset of large-scale old carbon mobilization from
permafrost, a critical Arctic tipping point'*’~'*° (FIC. 5).

A new, unified observing system tailored to moni-
toring the PCF is urgently needed. A dense network of
tall towers, airborne vertical profile measurements and
flux towers should be deployed and maintained through
the coming decades. The resulting multi-decadal time
series will serve as the foundation of the observation
system. Rapid development and deployment of active
CO, and CH, remote sensing tools are required to sup-
plement the growing collection of passive, space-based
remote sensing instruments, which are challenged by
the polar night'*'. Regular, sustained deployment (at
intervals of less than a decade between launches) of active
CO, and CH, sensors should be investigated as a poten-
tial method for obtaining these data in a cost-effective
way, and on an accelerated schedule compared with
airborne and space-based systems. Finally, the observa-
tional network should be augmented with radiocarbon
analyses of dissolved carbon to monitor changes in the
old carbon fraction mobilizing in the Arctic’*"'. Emergent
optical methods'*”'®' could soon offer continuous in situ
detection of atmospheric *CO, and “CH, to comple-
ment the traditional mass spectral analyses of whole
air samples'®’. These observations will be essential to
identifying where and when large amounts of old carbon
begin to mobilize.

Refine Arctic hydrology in large-scale models. Debate
continues on the future hydrologic state of the Arctic.
Whether climate shifts will force the Arctic towards
overall drying or wetting could have lasting implications
for carbon. In a greener, wetter Arctic, plants will offset
some or all permafrost carbon emissions through plant
uptake and the incorporation of detritus in soils”'®.
However, in a browner, drier Arctic, respiration and,
therefore, CO, emissions from decomposing soils are
expected to increase, while the amount and flammabil-
ity of fuels for wildfires grow*>**>'*, Currently, Arctic
climate models contain substantial uncertainty in pre-
cipitation, evapotranspiration and runoff parameters,
making it challenging to forecast coupled changes in
hydrology and vegetation®. Moreover, the complex
changes in hydrologic flow, topography and vegeta-
tion associated with abrupt thaw are not currently be
simulated in large-scale models. The development of
physically based hydrological models that include key
cold region processes such as ground freeze/thaw state
will be key in simulating the impacts of permafrost
thaw on complex patterns of vegetation and hydrolog-
ical change'®®, which, ultimately, will lead to improved
estimates of the PCF.

Represent permafrost processes in ESMs. Accurately pro-
jecting the timing and magnitude of the PCF has hin-
dered the oversimplification of permafrost dynamics in
many ESMs”'®. Greater collaboration across observa-
tional and modelling disciplines are needed to remedy
this oversimplification. Additionally, ESMs continue to
neglect or minimize the impact of Arctic cold season
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processes and winter CH, emissions on annual carbon
budgets'®”. The occurrence of notable winter CO, fluxes
has been known since at least the 1960s'**, yet, models
still do not simulate cold season fluxes accurately.

Forecasting drivers of permafrost thaw — shoulder
season length, precipitation and warming rates — continues
to present challenges. Seasonal changes can be captured
with satellite observations but are often confined to
coarse resolution (tens of kilometres), which does
not reflect the heterogeneity of Arctic landscapes®>'*’.
Therefore, estimates of winter carbon flux vary greatly,
from 0.19 to 210 gCO,-Cm™ per year, with uncer-
tainty driven by observational challenges, and require
ground-based validation'”’. While snow has long been
recognized as one of the most important controls on per-
mafrost resilience to thaw, cold season carbon emissions
are more important to annual emissions than previously
thought'**>'"!. Future research should minimize uncer-
tainties surrounding the estimation of seasonal thaw
and year-round soil respiration through ongoing remote
sensing and in situ validation”*. Collaborative, interna-
tional teams will be required to provide the continuity
and quality of data sought.

Improve understanding of vegetation and carbon
dynamics. Arctic greening is projected to offset at least
a portion of permafrost carbon release through bio-
mass formation and the incorporation of plant detritus
in soils”'®*. Under the RCP4.5 scenario, gradual thaw
model simulations suggest that vegetative carbon stor-
age could increase from 156 to 954 TgC per year by 2100,
offsetting permafrost carbon emissions’.

Large-scale ESMs must be diverse enough to cap-
ture both large variation in simulated Arctic CO, plant
uptake”*>*®1"7 and ecosystem carbon balance often
dictated by the strength of plant CO, fertilization in
combination with vegetation response to climate”'”’.
For example, permafrost thaw lakes could serve an
essential carbon sequestration function, with vegetation
and sediment storing up to 47 +10gC m™ per year'””.
However, thermokarst lake sequestration relies on

permafrost stability, the loss of which leads to drainage
and the release of carbon'”. A better understanding of
how to incorporate carbon release with abrupt thaw into
ESMs, plus a more realistic simulation of changing plant
distributions and uptake potential, represent important
topics for future research concerning both gradual and
abrupt thaw.

Understand palaeo-permafrost for insight into future
change. Little is known about how the modern desta-
bilization of permafrost compares with past periods
of abrupt climate change. Permafrost thaw rates were
rapid during the early Holocene, at least for thermokarst
lakes'”, but probably occurred under a lower tempera-
ture threshold than they do now, as the rapid warming
of the past 100 years outpaces much of the Holocene.
Similarly, a punctuated pulse of permafrost carbon
released to the atmosphere at the end of the Last Glacial
Maximum might have driven the global temperature
increase recorded at the start of the interglacial ”*'”>.
Research incorporating extremophiles preserved in
permafrost, carbon dating and nutrient characteri-
zation should be prioritized as permafrost microbes
increasingly enter the modern ecosystem.

Improve data scaling. Losses of old carbon through
permafrost thaw, particularly via abrupt thaw features
such as thermokarst lakes, are typically described and
upscaled as hotspots'”®. Future research should focus
on the point-source and atmosphere flux data required
to frame permafrost thaw carbon emissions within an
ecosystem control point framework'”’, which will lead
to a more robust mechanistic understanding of per-
mafrost biogeochemistry and improved ability to scale
and simulate the spatiotemporal dynamics of the PCE.
Coordination across field, airborne and remote sensing
campaigns is essential to the success of observing carbon
emissions across scales, enabling better predictions for
the future of the Arctic.
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