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Earth system models mustinclude permafrost

carbon processes
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Accurate representation of permafrost carbon
emissionsis crucial for climate projections,
yet current Earth system modelsinadequately
represent permafrost carbon. Sustained
funding opportunities are needed from
government and private sectors for prioritized
model development.

Permafrost carbon emissions are one of the largest uncertainties
in future climate projections and therefore need to be accurately
represented in Earth system models (ESMs). Quantifying the poten-
tial of additional carbon emissions from the permafrost region is of
high urgency given that the region is warming up to four times faster
thantherest of the globe. Despite steady improvement of land model
process representation, permafrost carbon remains eitherinadequately
represented, or notrepresented atall,in current ESMs. Incorporation
of permafrost carbon feedbacks into ESMs is of unique urgency given
the exceptional warmingin the Arctic and the threat to global climate
mitigation goals.

Carbonbudget estimates need to include permafrost
emissions
Terrestrial feedbacks are critical for understanding future changes in
the global coupled climate system. Of these, the permafrost carbon
feedback is considered one of the most important biogeochemical
feedbacks that can influence the trajectory of future climate. Vast
amounts of carbon, roughly double the amount that is currently in
the atmosphere’, are stored in terrestrial permafrost (permanently
frozenground) regions, and exceptional warminginthe Arcticis already
causing permafrost to thaw and previously frozen organic matter to
be released to the atmosphere. Despite advances in understanding
of permafrost dynamics and carbon processes over recent decades,
substantial uncertainty remains regarding how much carbon will be
released, in what form (CO, versus CH,) and at what timescales'’.
Giventhe potentially large amount of future emissions from per-
mafrost degradation (22-524 billion metric tons of CO, by 2100 across
awiderange of scenarios’), estimates of the ‘remaining carbon budget’
of anthropogenic emissionsto constrain warming to1.5°Cor 2°C must
consider permafrost carbon emissions. The recent IPCC Sixth Assess-
ment Report (AR6) states there is ‘high confidence’ that permafrost
will continue tothaw and will lead to carbon release to the atmosphere.
However, the report gave a ‘low confidence’ rating to the timing, mag-
nitude and ratio of CO, versus CH, emissions. This low confidence
is due to the wide range of empirical and modelled estimates of the

permafrost carbonfeedbackintheliterature, coupled with thefactthat
most global-scale ESMs poorly represent essential permafrost physical
and permafrost carbon processes, and in many models, some perma-
frost processes are entirely missing (Fig. 1). AR6 includes permafrost
carbon emissions inits assessment of remaining carbon budgets, but
itisbased on upscaled field and laboratory studies, not on ESMs. The
use ofincomplete or inaccurate biospheric emissions estimates poses
the danger of overestimating the remaining carbon budget consistent
with keeping global warming at or below agreed levels®*.

Meaningful projections of the permafrost carbon feedback can
only be made ifimportant processes and features of permafrost ecosys-
temsareaccuratelyrepresented inmodels used for climate projections.
Forexample,in AR6, only2 of 11 ESMsincluded arepresentation of per-
mafrost carbon. Both of these models used the same land component
(version 5 of the Community Land Model (CLM5)), thereby providing
little diversity in model response, and little ability to assess uncer-
tainties or biases in the representation of these processes. Moreover,
none of the ESMs included important processes such as abrupt thaw
(for example, thermokarst, and other thermo-erosional processes)
or interactions between permafrost and vegetation cover change or
wildfire, eventhough these interactions are known to be major drivers
of permafrost carboncycling (Fig.1). Despite progressin the Coupled
Model Intercomparison Project Phase 6 (CMIP6) over CMIP5, which did
notinclude permafrost carbon dynamics at all, confidence in current
model estimates remains low”.

Multiple challenges for model improvement

The permafrost region is large and spatially heterogeneous, and
changes are not occurring uniformly. For example, thawing and degra-
dation of near-surface permafrost creates complexlandscape patterns
of wetand dry ecosystems due to the spatial distribution of groundice
and subsidence patterns that can occur when that ground ice melts.
This heterogeneous response has consequences for carbonrelease as
drier conditions favour CO, emissions whereas waterlogged, anoxic
soils promote emissions of CH,, which has a higher global warming
potential than CO,.

Model improvement and development require data products
derived from observational, experimental and synthesis sources that
effectively constrain and benchmark model processes. However, for
many model parameters, spatially distributed datasets are either not
available (for example, disturbance datasets), are known to be insuf-
ficient (for example, ground-ice distribution maps) or large regional
gaps exist (for example, in Siberia). In other cases, available datasets
are underutilized® or not yet integrated into models”®, partially due
to the challenges of model development outlined in this Comment.
Good data products with spatial and temporal coverage are required
to make advances towards credible projections of the permafrost
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Fig.1|Model components and processes relevant to modelling permafrost
carbon dynamics. a-¢, Model components and processes are grouped by how
well they are represented: poor (a), intermediate (b) and better (c). Dark blue
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boxes represent biogeochemical processes, medium blue boxes represent
physical processes and light blue boxes represent model components.
Processes are on decadal timescales. GPP, gross primary productivity.

carbon-climate feedback, and model development needs to proceed
simultaneously with improvement of input datasets.

Another major challenge is rooted in the increasing complexity
of the ESMs, and the need for concomitant increases in resources to
support continued modelimprovement. Increased model complexity
also provides challenges for model benchmarking and evaluation as
it gets harder to trace model performance to specific model choices
and process representation.

Consequently, increased model complexity requireslargerinvest-
ments in training new members of the modelling community. Most
grant-funded science projects have a duration of three years, which
gives little time for early-career researchers to complete meaningful
ESM development and research before transitioning to a new project
or position. In addition, model development and improvement often
consist of many intermediate steps that do not directly address big
science questions, and hence are unlikely to attract traditional fund-
ing. The grand challenge of improving permafrost processes in ESMs
requires highly skilled domain and numerical methods experts with suf-
ficient time tofocus on modelimprovement. Funding agencies should
recognize the changing landscape and prioritize these long-term model
development needs.

Model development needs

Several important permafrost components and processes (Fig.1) would
provide a stronger basis for prediction of the permafrost carbon-
climate feedback if better represented in ESMs.

Physical processes affecting the carbon cycle. Currently, ESMs
that consider permafrost thaw treat it as a gradual top-down process
where warming air thaws the ground uniformly across the landscape.
However, in areas with ice-rich permafrost, the loss of ground sup-
port when ground ice melts can result in subsidence, erosion and
slumping, which can further accelerate thaw rates and have substantial
consequences onlocal hydrology. Inventory approachesindicate that
abrupt thaw processes (that is, thermokarst) could increase carbon
emissions from permafrost by up to 40% (ref. 9), thereby effectively
doubling the radiative impact of permafrost thaw due to the relatively

high fraction of emissions from abrupt thaw processes being CH, emis-
sions. Thisincreasein carbon emissions due to abrupt thaw, a process
thatisentirely missingin current ESMs (Fig.1), may be high even under
relatively low amounts of warming and is thus particularly important
within the context of ambitious climate stabilization targets.

Representing the distribution of (excess) ground ice and
modelling excessice meltinfluences the thaw rate and resulting carbon
emissions. Thaw-induced changes in surface hydrology are not accu-
rately represented in ESMs. For example, most models predictadrying
landscape after thaw'’; however, both experimental and observational
datashow that permafrost degradation canresultininundation, pond-
ing and the formation of new lakes when drainage is limited, altering
plantand microbial processes and climate feedbacks'. At the same time,
permafrost thaw can openup new flow channels, leading to soil drying
and lake drainage in some regions. Whether permafrost regionsin the
future will be wetter or drier is an urgent question for climate projec-
tions, as atmospheric feedbacks to changed permafrost hydrology
could affect climate far beyond permafrost areas.

Snow regulates permafrost temperatures due to the insulation
it provides. The complex vertical snowpack structure with the for-
mation of insulative depth hoar and dense wind-affected layers are
snow processes that are not fully represented, and models struggle to
correctly represent the insulative capacity of the Arcticsnowpack and
associated future changes.

Biogeochemical processes. The representation of both soil organic
matter decomposition and vegetation changes are crucial processes
for accurately modelling permafrost carbon dynamics, and both are
not adequately refined in ESMs. Most ESMs use first-order kinetics
to characterize soil organic matter decomposition but do not explic-
itly include microbial processes even though soil carbon turnover
prediction is strongly improved when including a microbial model™.
Vegetation type and amount is critical to represent carbon inputs in
permafrost systems (Fig. 1); yet, despite the rapid changes in Arctic
vegetation distributions, most ESMs lack appropriate Arctic plant
functional types and do not represent changing Arctic vegetation
types over time.
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Moreover, many current ESMs predict a strong increase in plant
carbon uptake with increasing atmospheric CO, concentrations and
relaxed nutrient limitations associated with increased nutrient release
from thawing permafrost’. Experimental data from non-Arctic eco-
systems, however, suggest that plants will not continuously benefit
fromelevated CO, concentrations,and models donot properly repre-
sent the underlying processes of plant productivity under increased
CO.. For example, nutrient interactions and limitations on plant
productivity remain poorly represented in ESMs and are not well
constrained by observations.

Finally, increased wildfires in the Arctic and boreal domains
emit carbon directly and accelerate carbon release from permafrost
ecosystems'. Yet both fire consumption of soil organic matter and
wildfire-permafrost interactions are not well represented in ESMs.

Improving physical and biogeochemical process representation
in models would not only improve permafrost modelling but also
generally be beneficial for a better understanding of the terrestrial
carbon cyclein models.

Substantive funding opportunities as asolution

More attention should be given to ESM development for permafrost
processes, particularly those thatimpact carbon cycling (Fig.1). Many
of the building blocks needed to improve modelling of permafrost
processes arein place (for example, computational resources, skilled
modellers and scientific expertise), and increased and targeted funding
can help solve the longstanding challenges of permafrost modelling.
Substantial funding, of the order of multiple millions of (US) dollars
per ESM, is needed to provide the necessary infrastructure and sup-
portneeded for model development (including improvement of input
datasets). To considerably advance models and speed improvement,
highly skilled people are needed, including software engineers and
programmers.

The key advantage of using ESMs is that they are capable of a
self-consistent quantification of the feedbacks shaping the climate
response to human-induced greenhouse gas emissions, which can
directly inform policy-relevant tools such as the IPCC remaining car-
bonbudget. We envision a path forward thatincludesa core set ofland
models within ESMs that canbe runinland-only modein alarge variety
of configurations and resolutions, and then can be readily coupled
to an ESM. Land models within ESMs tend to have comprehensive,
flexible and constantly evolving code bases. We suggest that the ESM
community strives towards more shareable modules using existing
structural representations of permafrost and carbon processes from
currently available ESMs. Another component of model progress
entails the incorporation of parameterization knowledge obtained
from advancing small-scale highly detailed models (for example, the
Arctic Terrestrial Simulator (ATS)" or Ecosys™). In addition, interme-
diate complexity ESMs (for example, Uvic ESCM”) and emulators
(for example, OSCAR?) could be used to gain a better understand-
ing of feedbacks on the climate, although they would not be used
for process-based model development. We also propose that model
development would be most successful if it was coordinated among
groups and in parallel with robust and shared tools for model evalua-
tion and assessment against a wide range of observations.

In conclusion, ESMs can provide information on societally relevant
impacts such as predictions of carbon emissions from permafrost; yet,
inmost cases, model predictability is limited by deficient (for example,
vegetation shifts, nutrient limitation) and entirely missing (for example,
abrupt thaw, wildfire carbon interactions) processes, creating large
uncertaintiesin permafrost carbon emissions predictions. Substantive
and targeted fundingis required to prioritize model developmentand
to work collaboratively among modelling centres and in partnership
with data owners.
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