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The northern permafrost region holds almost half of the world’s soil carbon in just 15%
of global terrestrial surface area. Between 2007 and 2016, permafrost warmed by an
average of 0.29°C, with observations indicating that frozen ground in the more southerly,
discontinuous permafrost zone is already thawing. Despite this, our understanding of
potential carbon release from this region remains not only uncertain, but incomplete.
SROCC highlights that global-scale models represent carbon loss from permafrost only
through gradual, top-down thaw. This excludes “pulse” disturbances — namely abrupt
thaw, in which frozen ground with high ice content thaws, resulting in subsidence and
comparatively rapid ongoing thaw, and fire — both of which are critically important to
projecting future permafrost carbon feedbacks. Substantial uncertainty remains around
the response of these disturbances to ongoing warming, although both are projected
to affect an increasing area of the northern permafrost region. This is of particular
concern as recent evidence indicates that pulse disturbances may, in some cases,
respond nonlinearly to warming. Even less well understood are the interactions between
processes driving loss of permafrost carbon. Fire not only drives direct carbon loss, but
can accelerate gradual and abrupt permafrost thaw. However, this important interplay
is rarely addressed in the scientific literature. Here, we identify barriers to estimating the
magnitude of future emissions from pulse disturbances across the northern permafrost
region, including those resulting from interactions between disturbances. We draw on
recent advances to prioritize said barriers and suggest avenues for the polar research
community to address these.

Keywords: Arctic, Boreal, disturbance, fire, permafrost, thaw, carbon, climate

INTRODUCTION

Permafrost soils across the boreal and tundra biomes constitute the world’s largest vulnerable
carbon pool. Disturbance to this pool through ground thaw, and the subsequent magnitude,
timescale, and form of carbon release into the atmosphere, will have a decisive impact on future
climate change (Schuur et al., 2015).

Climate change drives disturbance of northern permafrost through a number of
distinct processes (Kokelj et al, 2017) (Figure 1). These include gradual warming of the
ground and subsequent thickening of the active layer; the upper layer of permafrost
soils which undergoes seasonal thaw. This “gradual thaw” is projected to result in
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FIGURE 1 | Conceptual figure illustrating possible changes in permafrost environments due to ongoing climate change, including (a) active layer thickening; (b)
combustion of soil organic matter during more frequent and severe fires; (c) accelerated active layer thickening following fire; (d) surface subsidence and development
of abrupt thaw features, including in response to increased fire activity; () progressive, fire-induced thaw of the full permafrost table in more southerly regions of
discontinuous permafrost, including through the formation and lateral expansion of taliks.

Active layer

the loss of 24 to 69% of near-surface (upper 3m) permafrost
this century (likely range; IPCC, 2019). Estimates of carbon
release resulting from gradual thaw on the same timescale range
from 30Pg C to 150Pg C (Natali et al., 2021); equivalent to the
cumulative emissions through 2100 from Japan to those of the
United States through 2100, at their current rate of emissions
(UCS, 2020).

Gradual thaw can be likened to a “press” disturbance; a
disturbance with a comparatively low magnitude and long
duration (Jentsch and White, 2019). Currently, only gradual
permafrost thaw is represented in Earth system models (ESMs).
This excludes important, relatively slow press disturbances such
as the formation of subsurface layers of perennially thawed soil
known as taliks, which can drive additional thaw (Devoie et al.,
2019), and some gradual thermokarst processes (such as lowland
thermokarst lakes), which result from uneven ground subsidence
following thaw.

However, climate change is driving not just an acceleration of
press disturbance, but also an increase in some types of “pulse”
- abrupt, high magnitude per unit duration - disturbance across
permafrost regions. This is of concern as pulse disturbances can
in many cases result in substantial carbon emissions.

Notable among these pulse disturbances is abrupt permafrost
thaw. Abrupt thaw is a collective term encompassing a range of
thermokarst processes, where degradation of hillslope permafrost
with a high ice content results in comparatively rapid, high
magnitude ground disturance and the formation of features (e.g.
retrogressive thaw slumps, Kokelj and Jorgenson, 2013). The
term also includes the development of some lowland thermokarst
landforms, such as thermokarst wetlands and lakes; although
some thermokarst features form gradually over decades, and
therefore may be better described as press disturbances. While
gradual thaw proceeds top-down over years and decades, abrupt
thaw can expose several meters of permafrost on a timescale of
days to years.

Of the pulse disturbances considered here, fire affects the
largest area of the Arctic-boreal zone (Stocks et al, 2002;
van der Werf et al., 2017). The incidence of fire has already
increased in boreal and tundra biomes since the mid-20th
century (Kasischke et al., 2010; Hanes et al., 2019), with
evidence suggesting that intensifying fire regimes are linked to

exceptionally high fire emissions in recent years (Veraverbeke
et al., 2017; Walker et al., 2018; McCarty et al., 2020; Scholten
et al., 2021). While some ESMs include fire, they exclude
combustion of soil organic matter which is the dominant
means of carbon loss at high latitudes. Further, fire can
accelerate permafrost thaw following combustion of insulating
soil organic layer, both by initiating or accelerating gradual
thaw and by promoting abrupt thaw processes in ~20%
of the high-latitude region which is prone to abrupt thaw
(Olefeldt et al., 2016; Gibson et al., 2018).

Although  pulse disturbances occur  comparatively
infrequently in time and space, they can have impacts equal
to those of press disturbances. For example, across the Arctic,
abrupt thaw could result in radiative forcing equal to that of
gradual thaw, despite affecting less than 20% of the permafrost
region (Turetsky et al., 2020).

The body of literature addressing carbon release from
pulse disturbances is growing, and in some cases, notably
for fire, is already substantial. However, the stochastic nature
of pulse disturbances, the complexity underlying both their
impacts and responses to climate change, and the challenges
inherent in acquiring data across high-latitude regions, are still
major obstacles to incorporating these important processes into
comprehensive assessments of future carbon release from the
northern permafrost region. Here we reflect on these obstacles,
with the objective of highlighting priority issues for future
research and approaches which - we argue - represent the most
efficient means of addressing these.

BARRIERS TO ESTIMATING CARBON
LOSS

Of the disturbances considered here, recent carbon loss from
fire can be assessed with the most confidence. A number of
gridded datasets derived from satellite data report burned area
and fire emissions at annual or greater temporal resolution at
regional to pan-Arctic scales (Randerson et al., 2015; Veraverbeke
et al., 2015; Giglio et al., 2018; Otén et al., 2019; Dieleman
et al., 2020). Links with climatic change are also well established,
with warming, drying, and increased lightning strike rate all
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implicated in increasing fire activity (Walsh et al., 2020; York
etal., 2020; Chen et al., 2021; McCarty et al., 2021).

However, projected increases in burned area, a primary
determinant of fire emissions (Veraverbeke et al., 2015), range
from less than 50% to more than 150% per °C of global warming,
with similarly wide ranges reported even for well-studied regions
such as Alaska (7-93% °C™!) (estimated from: Euskirchen et al.,
2009; Eliseev et al., 2014; Genet et al,, 2018). The breadth of
these ranges demonstrate that future fire activity remains highly
uncertain, due both to the complexity of the underlying processes
and the challenge of scaling these across large regions (Kitzberger
etal., 2017; Boulanger et al., 2018).

In contrast to fire, there is no pan-Arctic assessment of
abrupt thaw incidence. This is partly due to the difficulty of
detecting abrupt thaw features - which can be comparatively
small and, in contrast to the thermal signatures associated with
fire, lack a signal that is easily detectable through moderate-
resolution satellite remote sensing. Recent studies illustrate that
even High Arctic permafrost can rapidly undergo abrupt thaw
in response to warming (Farquharson et al., 2019; Jones et al.,
2019; Lewkowicz and Way, 2019). However, while local-scale
observational studies provide critical insights into (for example)
the drivers of different thaw trajectories, an ongoing reliance
on local-scale studies alone to quantify abrupt thaw incidence
across large and heterogeneous Arctic regions means that the
links between climatic change and abrupt thaw rates remain
poorly constrained.

Similarly, although regional-scale modeling demonstrates
that abrupt thaw can have decisive consequences for carbon
vulnerability (Nitzbon et al., 2020), comprehensive assessments
of its impact on carbon fluxes are scarce, particularly regarding
lateral fluxes, which can account for more than half of total
carbon loss (Plaza et al., 2019). The one existing pan-Arctic
estimate suggests that abrupt thaw-driven net carbon losses could
equal 40% of those for gradual thaw (Turetsky et al., 2020).
However, data scarcity remains a limiting factor in this first-
order approach.

Quantification of post-fire thaw also relies heavily on single-
site studies, often with less than a decade of observational data
reported (but see e.g. Jafarov et al., 2013; Gibson et al., 2018).
For tundra ecosystems, where the largest proportional increases
in fire regimes are expected (Chen et al., 2021), no long-term
monitoring of post-fire active layer thickness has been reported
to date (Holloway et al., 2020). Therefore, our understanding
of post-fire thaw trajectories, and especially their spatial and
geographical variation, remains limited.

The obstacles posed by a lack of observational data are
compounded by limitations in current modeling approaches. The
spatial resolution at which global scale models operate is much
coarser than stochastic, fine-scale and highly heterogeneous pulse
disturbance processes. Moreover, simplified model structures
do not lend themselves to mechanistically simulating these
disturbances. For example, ESMs typically employ one soil
column per grid cell, and a “big leaf” representation of vegetation;
effectively collapsing complex eco-physiological, biogeochemical,
and geomorphological processes across thousands of km? into a
single site.

Climatic changes (=)
1(b)
. - (c)
Environmental drivers
(d(i)) (d(iii))
(d(ii))
Disturbance [——{ Carbon fluxes [=— Recovery

[ I f
i

Carbon stocks

FIGURE 2 | Simplified framework for predicting carbon loss from pulse
disturbances under climate change. Predictive understanding relies on a
foundational understanding of how the incidence of and recovery from
disturbance affects carbon fluxes, and how those carbon flux changes
translate to longer-term changes in carbon storage (processes shaded in light
gray). Predicting future carbon loss from disturbance under climate change
scenarios then requires (a) predictions of climatic changes; (b) mechanistic
understanding of how these variables drive (c) key environmental variables that
influence incidence of the disturbance in question, and data describing
variation in these variables across tundra and boreal biomes; and (d) a
mechanistic understanding of how these variables affect (i) disturbance
characteristics such as frequency, duration, and spatial distribution; (i) the
severity or intensity of impacts on ecosystem carbon fluxes and (iii)
characteristics of recovery such as duration and final state.

PRIORITIZING FOR BETTER PREDICTIONS

Predicting future consequences of pulse disturbances is complex.
It requires predictions of climatic changes, identification
of the key environmental drivers (including variables
describing environmental context, such as those related to
soil characteristics, topography and drainage) which govern the
incidence of, and recovery from, disturbance, and mechanistic
understanding of how climatic changes affect those drivers.
Data describing geographical and spatial variation in key
environmental drivers, and mechanistic understanding of how
those drivers affect the incidence, impacts of, and recovery from
disturbance are also required to apply predictions across large
spatial scales.

We propose a conceptual framework (Figure 2) to describe
these data and knowledge needs. Below, we use this framework
to identify priorities to deliver near-term improvements in
predicting carbon loss from pulse disturbances. In doing so,
we emphasize the need for improvements in: (a) mechanistic
understanding of how environmental variables drive disturbance
impacts (Figure 2d); and (b) gridded data describing these
driving variables (Figure 2c). “Mechanistic understanding” here
refers to a predictive understanding of the means through which
variation in a given environmental variable drives variation
in the impacts of disturbance. “Driving variables” here refers
to variables with causal influence over disturbance impacts.
Together, improvements in (a) and (b) can deliver better
understanding of how heterogeneity across the Arctic currently
influences the incidence and consequences of pulse disturbances,
and therefore how environmental change will influence pulse
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disturbances in the future. Addressing each of these concepts
(a & b) respectively, we provide specific recommendations and
priorities for future research.

Identify Mechanisms

Identifying and quantifying causal processes can highlight
variables that influence disturbance characteristics in predictable
ways. These variables can then guide ground or remote data
collection and/or inform predictive modeling approaches. For
example, recent work has highlighted that “bottom-up” drivers,
such as fuel availability, can exert a stronger influence over fire
emissions compared to “top-down” drivers (such as fire weather;
Walker et al,, 2020). In this case, site-level drainage played
an outsized role in determining fuel availability and carbon
emissions, yet large-scale estimates of drainage do not exist. It
follows that better quantifying drainage conditions should be
a high research priority for understanding and predicting the
impact of intensifying fire regimes on carbon cycling.

A mechanistic focus has strong potential to reduce uncertainty
around carbon loss due to post-fire permafrost thaw. It has been
shown that post-fire organic layer depth is a decisive factor in
determining subsequent thaw trajectory (Jafarov et al., 2013).
And since belowground carbon pool size, vegetation type, and
soil moisture influence organic layer combustion, these variables
are likely significant drivers of post-fire thaw (Minsley et al., 2016;
Walker et al., 2020).

Mechanisms driving ground thermodynamics are relatively
well-understood (Jafarov et al., 2013), allowing robust site-level
estimates of gradual ground thaw (e.g., Garnello et al., 2021);
yet, pan-Arctic assessments are limited by lack of robust gridded
datasets (e.g., snow depth and density). While ground ice content
is the primary determinant of ground subsidence following
thaw, abrupt thaw processes are also strongly influenced by
landscape characteristics such as surface moisture content,
hydrological connectivity, soil type, topography, slope and
deposit stratigraphy (Shiklomanov and Nelson, 2013; Lara
et al,, 2015; Olefeldt et al., 2016). Further, the initiation and
progression of abrupt thaw may be exacerbated by other pulse
disturbances, including fire (Raynolds et al., 2013; Baltzer et
al., 2014; Lewkowicz and Way, 2019; Christensen et al., 2021).
A causal, quantified understanding of how these landcover
characteristics — and interacting disturbance types - influence
abrupt thaw processes could therefore inform improved pan-
Arctic carbon predictions.

Another  priority area for improved mechanistic
understanding is post-disturbance changes in vegetation
characteristics, such as increased productivity (Reichstein et al.,
2013), or dominance of deciduous species (Mack et al., 2021).
It is often suggested that these changes may to some extent
“offset” soil carbon loss; but long-term, integrated understanding
of disturbance-driven changes in carbon uptake is needed to
assess how realistic this is — particularly as individual disturbance
events can have large, near-term impacts on net carbon loss
(Abbott et al., 2016). For example, emissions from the Anaktuvuk
River fire, which burned 1,039 km? of Alaskan tundra in 2007,
were equivalent to annual net carbon uptake by the entire tundra
biome (Mack et al., 2011). Further, fire has knock-on impacts on

permafrost by changing ground surface albedo and removing the
vegetation and organic soil that insulate ground temperatures
and permafrost from warm summer air temperatures; e.g. via
shading and the insulative/conductive capacity of dry/wet moss
(O’Donnell et al., 2009). These effects can promote gradual,
top-down permafrost thaw over a number of decades, as well
initiating the development of thermokarst features, including
larger-scale abrupt thaw features (e.g. retrogressive thaw slumps,
Liu et al., 2014; Jones et al., 2015). However, the trajectory of
post-fire permafrost thaw depends on processes such as the depth
of combustion of the soil organic layer and the trajectory of post-
fire vegetation recovery; which are in turn mediated by variables
such as topography, soil moisture status and ground ice content
(Jafarov et al., 2013; Nossov et al., 2013; Gibson et al., 2018).

A process-based approach is also an avenue for addressing
nonlinearity. Recent work suggests high-latitude fire regimes
may be undergoing a step-change in response to climate change,
featuring an abrupt advance in the timing of the fire season. This
advance is thought to indicate an increasing role for holdover
or “zombie” fires which persist throughout the winter through
sub-surface smoldering, before re-commencing their spread the
following spring (Scholten et al., 2021). Similarly, the last few
years have seen increased burning of traditionally fire-resistant
landscapes such as wetlands (McCarty et al., 2020). These
phenomena highlight the value of process-level understanding
in addition to observations of net impacts; in a rapidly changing
and no-analog climate, responses that are unfamiliar and perhaps
unexpected are not unlikely. While some changes will inevitably
remain unpredictable, a quantified understanding of the variables
and thresholds driving key processes such as fire ignition,
spread and smoldering behavior may highlight the potential
for non-linearity.

Recommendations

While acknowledging that many knowledge gaps exist, here we
have identified a sub-set of the processes that determine the net
impact of abrupt thaw, fire and fire-mediated thaw on carbon
balance that are missing from models, and for which it is feasible
to develop mechanistic understanding.

First among these is surface moisture dynamics. Although
surface water can significantly alter permafrost temperatures
(Langer et al., 2016), how moisture status influences processes
such as fire ignition remains poorly quantified, as does its
influence over pathways of subsequent carbon release (Plaza
et al., 2019). The importance of these processes will only
increase as Arctic weather becomes increasingly rain-dominated
and permafrost thaw results in complex hydrological change
(AMAP, 2017).

A second priority is process-level understanding of vegetation
responses and carbon re-accumulation following disturbance
(Pizano et al., 2014). For abrupt thaw in particular, these
responses are rarely monitored and poorly understood, despite
the likelihood of substantial consequences for the net carbon
impacts of disturbance (Hugelius et al, 2020). Long-term
monitoring of post-disturbance vegetation processes remains a
critical avenue for future research.
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In addition, a systematic, mechanistic approach to future
work on abrupt thaw processes should aim to provide causal
insight into how site-specific variables — such as soil and
hydrological characteristics, in addition to ground ice -
determine the progression and net carbon flux consequences
of abrupt thaw (e.g. Kokelj et al,, 2017). Such insight, when
paired with mapping/quantification of those key variables (see
next section) could effectively address this core obstacle to
comprehensive estimates of future high-latitude carbon loss
(Turetsky et al., 2020).

Similar to ongoing developments in vegetation models (Fisher
et al, 2015; Fisher and Koven, 2020), representing patch
dynamics (or adaptive tiling) of abrupt permafrost thaw could
help bridge the spatial gap between ESMs and abrupt permafrost
thaw features. Although spatial resolution is improving, it
is unlikely global models will be able to directly simulate
these features at their native resolutions (as small as 5-10 m)
in the foreseeable future. When developing new algorithms,
modelers would also benefit from new benchmarks on abrupt
thaw, particularly in terms of spatial distribution, rates of
change, stabilization/recovery, and impacts on hydrology and
carbon fluxes.

Quantify Drivers

Section Identify Mechanisms emphasizes the importance of
identifying variables with causal influence on the net impacts
of disturbance. Such variables may then be used in remote
sensing and/or predictive modeling approaches to better
constrain estimates of future disturbance impacts. For example,
parameterizations for abrupt thaw (similar to those developed
in Turetsky et al., 2020) could be based on grid cell functions
of ground ice, topographic indices, soil properties, and other
environmental and climate drivers. Mapping driving variables
such as these over space is particularly valuable at high-
latitudes, where geographical and spatial heterogeneity enhance
the complexity of developing pan-Arctic predictions (Myers-
Smith et al., 2020; Virkkala et al., 2021).

However, this approach requires that identified driving
variables can be quantified at a sufficient resolution to resolve
landscape heterogeneity. Data acquisition across remote Arctic
regions remains challenging, and while remote sensing presents
a solution for measuring some vegetation characteristics, satellite
data can rarely be used to directly observe belowground variables.
As a result, many variables fundamental to permafrost processes
and belowground carbon cycling remain poorly quantified
(Parker et al., 2021).

Notable among the variables which remain poorly-described
and have substantial potential to reduce uncertainty is ground ice
content: a primary determinant of susceptibility to thermokarst.
Other similarly important variables include the depth of the
soil organic layer, which plays an important role in determining
permafrost thermal dynamics, and those relating to surface and
soil moisture, which impact the susceptibility to disturbance, as
well as the subsequent form and magnitude of carbon release
(Plaza et al., 2019). Mapping these belowground variables could
help facilitate the up-scaling of existing observational studies and
constrain process-based predictive approaches.

Recommendations

Section Quantify Drivers highlights the underrepresentation
of belowground variables in gridded data repositories as
a limiting factor in understanding and projecting high-
latitude disturbances. Description of belowground variables,
and particularly those which are most critical to projecting
permafrost changes, is therefore a primary need. Specifically,
we recommend gridded data products describing ground ice
content, organic layer thickness, and surface moisture at spatial
resolutions that facilitate comparison with on-the-ground data as
priority research needs.

On a practical level, the inherent difficulty of measuring
belowground variables remotely and/or over large areas is
a core reason for the comparative lack of data describing
them. Therefore, alongside pursuing promising approaches
to improving remote sensing of belowground variables,
such as use of multi-frequency radar, alternative systematic
approaches to collecting these data at a sufficient resolution
are required. In particular, the success of initiatives such as
ITEX (International Tundra Experiment; Henry and Molau,
1997) highlight the potential for centralized networks to
guide efficient collection of comparable datasets at large
geographic scales., Centralized protocols may extend these
benefits further (Parker et al., 2021), particularly where these
a transdisciplinary approach; integrating the knowledge and
data needs of the ecosystem ecology, geomorphology and
modeling communities.

DISCUSSION

Pulse disturbances present a considerable obstacle to accurately
predicting future carbon dynamics, impeding projections of
future climate feedbacks from the permafrost region. The body
of literature addressing this issue is rapidly increasing, and
includes identification of emergent relationships that may help
constrain future disturbance rates and aid in up-scaling their
impacts (e.g., Walker et al, 2020), as well as useful first-
order, pan-Arctic estimates of those impacts (e.g., Turetsky
et al.,, 2020). However, the availability of data required either
for constraining such estimates, or scaling mechanistic insights
across Arctic regions, remains insufficient. In the case of abrupt
thaw and post-fire thaw, the mechanistic insight required to
scale these data also limits our predictive capacity. Further,
issues such as the disparity between fine-scale pulse disturbances
and the relatively coarse spatial scale of existing global
scale models, continue to present the modeling community
with barriers beyond data availability to integrating these
important processes.

We argue that future work should prioritize mechanistic
understanding, focussed on identifying key driving variables,
and improvements to the availability of data describing
those variables. This represents an efficient approach to
reducing the uncertainty associated with these important
pulse disturbances.

However, the likely relevance of pulse disturbance impacts
to near-term mitigation decisions demands not just an
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efficient approach to improving scientific understanding,
but the maximal use of existing information alongside these
efforts. This could encompass, for example, novel modeling
approaches such as data assimilation (Scholze et al, 2017;
Fox et al, 2018), and the incorporation of non-traditional
data types such as expert assessments (Abbott et al, 2016;
Sayedi et al, 2020). There is broad acceptance within the
research community that pulse disturbances will significantly
- albeit to an unquantified extent - impact net carbon
loss from the permafrost region (Natali et al., 2021). It is
therefore appropriate to prioritize effective dissemination
of the risks associated with this, alongside longer-term
efforts to facilitate a comprehensive, accurate estimate of
the net carbon impact of pulse disturbances under ongoing
climate change.
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