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Permafrost and wildfire carbon emissions
indicate need for additional action to keep
Paris Agreement temperature goals

within reach
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Rapid Arctic warming is thawing carbon-rich permafrost, releasing greenhouse gases that accelerate
climate change. Despite the importance of this feedback, permafrost-enabled global-scale models
simulate only gradual, top-down thickening of the seasonally-thawed soil. This ignores abrupt
permafrost thaw and intensifying fire regimes that combust soil carbon and further accelerate thaw.
Here, we expand a compact Earth system model (OSCAR v3.0) enabling initial estimates of the
impacts of abrupt thaw and wildfire, together with gradual thaw, on remaining carbon budgets
consistent with the temperature goals of the Paris Agreement. Our model suggests that including
permafrost thaw and fire-related carbon emissions reduces the remaining allowable carbon budgets
from 2025 onward by 25 % + 12 % for avoiding 1.5 °C and 17 % = 7 % for avoiding 2.0 °C, relative to
simulations without these processes. Accounting for these additional emissions is critical for setting

emissions reduction targets aligned with the Paris Agreement.

Northern permafrost-affected soils are estimated to contain around
1460-1600 Pg carbon (C), of which 1035 + 150 Pg C is found in the near-
surface (uppermost 3 m) portion of those soils"’. Rapid Arctic warming is
already affecting this critical carbon store, warming permafrost by up to 1 °C
per decade’. This warming makes permafrost more vulnerable to thaw and
the carbon it contains vulnerable to decomposition and release into the
atmosphere in the form of greenhouse gasses, particularly carbon dioxide
(CO,) and methane (CHy).

Modeling studies consistently predict that permafrost thaw will result
in substantial emissions this century. Ranging from less than 20 Pg C to
more than 200 Pg C*’, published estimates reflect considerable ongoing
scientific uncertainty as to the magnitude, timing and form (i.e. CO, versus
CH,) of permafrost carbon emissions. Nonetheless, they all indicate an
emissions source of sufficient magnitude to have tangible implications for
global climate and thus for near-term policy decisions'". Refining those
estimates is therefore a clear research priority that requires not only
improved availability of data (e.g., regarding ground ice content and the
effects of CO, fertilization on primary productivity), but also incorporating
existing knowledge and data into modeling efforts'"".

Drivers of permafrost carbon emissions
Existing estimates of permafrost carbon release focus almost exclusively
on top-down thawing of permafrost, resulting in a thickening of the
active layer (the seasonally thawed soil layer above the permafrost sur-
face). This ‘gradual thaw’ is the most widespread mechanism of per-
mafrost degradation and is expected to result in the loss of 24-69% of
near-surface permafrost by 2100

However, other mechanisms are well-recognized as important drivers
of permafrost thaw yet remain absent from the architecture of permafrost
carbon-enabled Earth System and other global-scale models". Notable
among these are thermokarst (hereafter used interchangeably with ‘abrupt
thaw’) processes, in which the thawing of permafrost that contains excess
ground ice results in uneven subsidence or even collapse of the ground
surface and subsequent erosion'*’. While many abrupt thaw features - such
as retrogressive thaw slumps and active layer detachments in upland areas or
thermokarst lakes in lowland areas - are relatively small within the scale of
the permafrost region, they can affect a large volume of permafrost carbon
over a shorter timescale when compared to gradual thaw and are therefore
an important component of predicting future permafrost carbon emissions’'.
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Permafrost conditions are also intricately linked to wildfire. Increas-
ingly extreme wildfire seasons have been observed across the northern
permafrost region in recent years and decades, driven by more frequent
lightning strikes, changing fuel conditions, extended fire seasons, and more
severe fire weather”*’. While many boreal and tundra ecosystems have
evolved with recurring wildfires, the more frequent, deeper-burning fires of
recent years have accelerated permafrost thaw, both by driving a temporary
increase in active layer depth”, promoting the formation of unfrozen layers
within the permafrost table, known as taliks™”, and initiating the devel-
opment of thermokarst features. For example, one study found an almost
three-fold increase in the rate of thermokarst bog development in western
Canadian boreal peatlands following fire”’, and wildfire was associated with
nine times as much thermokarst formation per area and year compared with
unburned areas in northern Alaska™.

In addition to its effects on permafrost, fire directly liberates carbon to
the atmosphere during combustion. While emissions from combustion are
typically represented in global scale models, they are restricted to com-
bustion of above-ground biomass and litter. However, in the northern
boreal and tundra regions, as much as 80-90% of emissions from com-
bustion come from below-ground material™>”, meaning global-scale models
tend to underestimate fire emissions across the tundra and boreal biomes by
roughly an order of magnitude™.

The absence of abrupt thaw and fire effects in global-scale models
means that pan-Arctic estimates of permafrost emissions are at best
incomplete. While one attempt has been made to estimate pan-Arctic
emissions from abrupt thaw”, this does not explicitly address the effects
of fire. Under-representation of abrupt thaw and fire in global-scale
models has resulted in medium confidence in estimates of the remaining
carbon budgets consistent with the temperature goals of the Paris
Agreement”. This not only results in an inadequate understanding of
mitigation urgency, but it also impedes efforts to accurately assess the
efficacy of climate policy pledges.

Towards a more comprehensive estimate of permafrost carbon
release
Here, we use a novel modeling framework to simulate a more complete
spectrum of permafrost carbon emissions through the 21Ist century,
accounting for gradual thaw, abrupt thaw and wildfire. We also estimate the
impact of permafrost carbon emissions on remaining carbon budgets con-
sistent with the temperature goals of the Paris Agreement. To achieve this,
we build upon a reduced-complexity Earth system model (OSCAR v3.0) that
was developed to emulate gradual permafrost thaw from four Land Surface
Models (LSMs**. We extend OSCAR by adding new modules to simulate
abrupt permafrost thaw (following Turetsky et al.”'), emissions from below-
ground combustion (above-ground combustion is already represented in
OSCAR), and post-fire-induced permafrost thaw. These new modules build
on published observational studies and combine process-based under-
standing, projected changes in disturbance frequency, and syntheses of
existing observational and experimental data. Full details of the model
implementation and parameterization are provided in the Online Methods.
The extended OSCAR model represents gradual, abrupt, and post-
fire permafrost thaw in a stepwise manner. Simulations are run
sequentially, starting with gradual thaw alone and progressively adding
abrupt thaw and fire-related processes. Each simulation is driven by
annual global temperature and emissions trajectories from the Shared
Socioeconomic Pathways (SSPs) to estimate temperature-driven per-
mafrost degradation and associated carbon release. This approach allows
direct comparison of the additional contribution of each disturbance
process and their combined effect on remaining global carbon budgets
consistent with the Paris Agreement temperature goals.

Results

Emissions from permafrost thaw

Previous work using a variety of future warming scenarios and repre-
sentations of permafrost processes has provided a considerable range of

estimates of cumulative permafrost emissions this century from gradual
thaw (22-550 Gt COs; across low to high emissions scenarios” and refer-
ences therein. 1 Pg C = % Gt CO,). Emissions between 2025 and 2100
estimated here for gradual thaw alone range from 108 + 94 Gt CO,e under
high mitigation (SSP1-2.6) to 235+ 197 Gt CO,e under low mitigation
(SSP4-6.0), which are consistent with this range. These totals account for the
GWP of the 2.3% of emissions of emitted carbon mass that are released as
CH,, using time-dependent GWP values integrated from the year of
emissions through 2100. When combined with gradual thaw, emissions
from abrupt thaw, below-ground combustion, and fire-mediated thaw
(hereafter ‘under-represented processes’) ranged from 387 + 167 GtCO,e to
624 + 278 GtCO,e depending on the warming scenario (Fig. 1, Supple-
mentary Note 6; Supplementary Fig. 6.2, Supplementary Table 3). This
represents an increase in CO,e emissions of between 166 and 258% com-
pared to mean emissions from gradual thaw alone. On a shorter timescale
(2025-2050), mean total emissions (i.e., under-represented processes
combined with gradual thaw) were between 105 + 49 Gt CO,e and 116 + 56
Gt CO,e, an increase of between 185% and 202% compared to emissions
from gradual thaw alone.

Under-represented processes were 72% of 2025-2100 total emissions
on average under SSP1-2.6 (a low warming/high mitigation scenario)
compared to 62% under SSP4-6.0 (a high warming, low mitigation scenario;
the remaining 28-38% of total emissions are accounted for by gradual
thaw). However, total emissions were on average 237 Gt CO,e lower under
SSP1-2.6 compared with SSP4-6.0 by 2100. Abrupt thaw and fire-related
processes (ie., below-ground combustion and fire-mediated thaw) had
similar contributions to cumulative emissions, respectively accounting for
34% and 38% of total emissions under SSP1-2.6, and 30% and 33% of total
emissions under SSP4-6.0. Abrupt thaw resulted in substantially more CH,
emissions than other processes (Supplementary Fig. 6.3), with CH, emis-
sions associated with abrupt thaw contributing 75-88% to the overall CO,e
emissions (Supplementary Fig. 6.4). This is expected given that abrupt thaw
involves land subsidence or erosion following degradation of ice-rich per-
mafrost and thus often increases anaerobic carbon mineralization pathways
such as methanogenesis.

The IPCC Sixth Assessment Report estimated a mean permafrost
carbon feedback (i.e., the amplification of warming due to carbon release
from permafrost) of 22 Pg C for each 1 °C global temperature increase by
2100 based on a wide range of scenarios (range: 3-41 Pg C °C" *°). Here, the
mean feedback for gradual thaw was estimated at 28 Pg C °C" (25th-75th
percentile: 10-36 Pg C °C’', based on the three SSP scenarios and four LSM
calibrations used here) which is within the range of the IPCC estimate
(Fig. 2). Including under-represented processes, the total permafrost thaw
and wildfire emissions feedback accounted for 63 Pg C °C™' (25-75th
percentile: 35-73 Pg C °C™).

Reductions in emission budgets

Emissions budgets reported here are defined as the maximum cumulative
CO, emissions below which the specified temperature threshold is avoided
(i.e., not exceeded). In addition to these ‘avoidance’ budgets (Supplementary
Table 4a), simplified ‘exceedance’ budgets are also reported in Supplemen-
tary Note 1, Supplementary Fig. 1.3, and Supplementary Table 4b.

All thaw and fire processes (including gradual thaw and under-
represented processes) reduced emissions budgets by 124 + 62 Gt CO, for a
1.5 °C temperature threshold, and by 258 + 96 Gt CO, for 2.0 °C, (Fig. 3).
These reductions represent 25% + 12% of the ‘no permafrost’ avoidance
budget (i.e., with no permafrost carbon dynamics represented in the model)
for 1.5 °C, and 17% * 7% of that for 2.0 °C.

Gradual and abrupt thaw had similar impacts on remaining budgets.
Gradual thaw alone reduced budgets for 1.5 °Cand 2.0 °Cby 37 + 30 Gt CO,
and 83 + 58 Gt CO, respectively, while the stepwise addition of abrupt thaw
caused a further reduction of 35+ 19Gt CO, and 72 + 24 Gt CO,. Fire-
related processes had a slightly larger stepwise impact, reducing 1.5 °C and
2.0 °C budgets by a further 51 +23 Gt CO, and 103 + 32 Gt CO, respec-
tively. The magnitude of the reductions for both temperature goals was
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influenced strongly by the LSM used to drive the gradual permafrost thaw
emulator, with greater budget reductions associated with JSBACH (Sup-
plementary Fig. 1.2).

Discussion

Implications for climate change mitigation

The impact of including abrupt thaw, high-latitude fire, and post-fire
thaw on total estimated permafrost emissions is possibly very substantial,
more than doubling total cumulative emissions from permafrost-affected
soils this century. For context, by the end of this century these projected
annual permafrost emissions (7-15 Gt CO,e yr' across mitigation sce-
narios) could reach or exceed the current total annual emissions of a
high-emitting nation such as the United States (~6.2 Gt CO,e in 2023;
United States Environmental Protection Agency, 2025); in the case
that U.S. annual emissions remain unchanged through the end of the
century.

The reductions in remaining avoidance budgets due to the inclusion of
all permafrost thaw and fire-related processes (124+62 Gt CO, and
258 + 96 Gt CO, for 1.5 °Cand 2 °C, respectively) are equivalent to 25 + 12%
and 17+ 7% of the ‘no permafrost’ budget for these temperature goals.
Under-represented processes alone reduced the budgets for 1.5°C and
2.0 °C by an additional 87 + 38 Gt CO, and 175 + 47 Gt CO, compared to
gradual thaw alone.

These permafrost emission budget reductions represent substantial
shares of the remaining carbon budgets reported by the IPCC. The IPCC
Sixth Assessment Report (AR6”) and the Global Carbon Budget 2024
express remaining budgets as the amount of CO, that can be emitted with a
50% likelihood of limiting warming below each temperature target. In
contrast, this study reports ensemble-mean budgets derived from model
simulations that emulate process-based Earth system models, representing
remaining emissions until the model reaches each temperature threshold. In
ARG, the remaining global budgets from 2020 are 500 Gt CO, for 1.5 °C and
1350 Gt CO; for 2 °C, each corresponding to a 50% chance of staying below
the respective temperature target. The AR6 budgets include a static estimate
of the permafrost carbon feedback associated with gradual thaw but exclude
abrupt thaw and fire-related emissions. Considering these under-
represented processes only, the AR6 budgets would be reduced by 17%
for 1.5°C and by 13% for 2 °C. Updated from ARG, the Global Carbon
Budget 2024° lists remaining budgets of 305 Gt CO, for 1.5 °C and 1155 Gt
CO,; for 2°C starting in 2025. The contribution from under-represented
processes alone accounts for 29% and 15% reductions. Given the consensus
around the small size of the remaining carbon budget - regardless of the
specific estimate used - the scale of these reductions presents a real challenge
to mitigation efforts. This is a stark reminder of the urgency of imple-
menting measures that can deliver deep, near-term cuts in greenhouse gas
emissions. It is already well-established that the carbon budgets for 2 °C, and
in particular for 1.5°C, are vanishingly small. The additional impact of
permafrost thaw and high-latitude wildfire estimated here only adds to the
challenge of keeping within these budgets. Nonetheless, the risks of allowing
global average temperature increase to consistently exceed 1.5 °C, and the
benefits of pursuing more ambitious mitigation, are becoming increasingly
clear and challenging at the same time (IPCC, 2018). Nowhere is this better
illustrated than in the northern permafrost region, where a 1.5 °C global
average temperature increase translates to a regional temperature increase of
more than 3 °C, and where natural and human systems are already facing
extreme levels of disruption due to climate change.

The small size of the remaining carbon budget, and the encroachment
upon it by permafrost thaw and wildfire, raises complex questions around
equitable use of this remaining budget. While such questions are outside of
the scope of this work, it is notable that permafrost emissions on the
timescale relevant to the goals of the Paris Agreement are the result of
cumulative anthropogenic emissions so far. Responsibility for permafrost
emissions should arguably not therefore fall squarely on regions within
which permafrost is found, but rather align with contribution to historical
anthropogenic emissions.

Considering longer timescales, it is notable that even with considerable
mitigation efforts the majority of total permafrost and fire-related emissions
occur in the latter part of this century (more than 65% of 2025-2100
emissions occur after 2050 under SSP1-2.6), while the 1.5 °C threshold has
already been exceeded for one year in 2024 (WMO 2024) and is expected to
be reached consistently in the 2030s. Further, the long timescale of emissions
from thawed permafrost dictates that the impact of permafrost thaw on
global climate will continue to increase post-2100. It is therefore important
that the longer-term implications of earth system feedbacks such as these,
including for intergenerational justice, are considered alongside the urgent
need for action on the 1.5 °C goal.

Importantly, even if higher global warming temperatures are avoided,
permafrost carbon emissions will continue to be emitted long after, leaving
future generations to manage the consequences. Future research is needed to
better understand the long-term impacts of permafrost emissions after peak
global temperatures are reached, which will help inform future mitigation
strategies.

Key assumptions and caveats

In implementing the processes representing abrupt thaw (Methods 2),
below ground combustion (Methods 3), and fire-induced thaw (Methods 4)
in an additive, stepwise manner, we have made assumptions about the
extent to which these processes can be separated in OSCAR. This is to an
extent justified by the structure of OSCAR, which models only change due to
perturbation. For example, in the case of the abrupt thaw module, the
baseline emissions due to abrupt thaw as estimated in ref. 21 are not
replicated in OSCAR because they would also happen in the absence of
climate change. Instead, emissions from additional abrupt thaw above that
baseline resulting from global temperature change alone are modeled. That
this model structure does not result in substantial overestimation of net
emissions from all processes is also indicated by the total area affected by
either abrupt thaw or fire.

However, unlike the new processes integrated into OSCAR, gradual
thaw cannot be expressed in terms of area, as the gradual thaw emulator
operates on a pool of carbon totaling between 389 Pg C and 691 Pg C
depending on the LSM configuration used (Methods"). The carbon pools
defined within the gradual thaw emulator are smaller than current estimated
values, even for near-surface (upper 3 m) permafrost, while at least a portion
of the emissions resulting from features such as retrogressive thaw slumps,
which the abrupt thaw modules aim to represent, are likely to originate from
deeper carbon pools™"”. Nonetheless, the lack of any explicit means of
separating the gradual thaw carbon pool from new thaw processes in the
model remains a limitation of the approach taken here.

Data availability continues to present a barrier to future projections
concerning the processes addressed here. Abrupt thaw refers to a complex
set of processes often involving thermokarst (ground subsidence) and rapid
ecological state change’ and is inherently tied to ice-rich permafrost.
Understanding the spatial distribution and variation in ground ice has been
a persistent challenge, but new remote sensing and mapping techniques*"*
may allow for finer-scale data on ground ice to be incorporated into future
modeling not only of abrupt thaw rates but also how they result in different
surface expressions (i.e., thaw lakes versus wetlands) in different terrain
conditions. For this study, we follow the approach taken by Turetsky et al.”’,
which reduce the complexity of dozens of individual abrupt thaw processes
into three generalized scenarios including thaw in lowland mineral terrain
that often lead to thaw lakes, in lowland organic terrain that often result in
thaw wetlands, and in hillslope terrain that often result in erosional features
such as gullies or active layer detachments. Also inherent to this study is the
assumption that changes in the rate of abrupt thaw will track the rates of
gradual thaw in this (see also Supplementary Table 5). This approach is a
reasonable first step given that the sensitivity of abrupt thaw to climate
change is not well understood. While our consideration of abrupt thaw does
include changes in carbon fluxes occurring with historical and con-
temporary patterns of ecosystem succession over time, we are not able to
consider dynamic vegetation changes expected to occur in the permafrost
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Fig. 1 | Cumulative permafrost carbon emissions under mitigation pathways.
Cumulative permafrost carbon emissions (Gt CO,e) from 2025 to 2050 and 2025 to
2100 across different SSPs (high mitigation = SSP1-2.6, medium

mitigation = SSP2-4.5, low mitigation = SSP4-6.0). Bars show weighted multi-
model ensemble means of the four LSMs. Stacked colors represent the stepwise

addition of thaw processes in the simulations (individual bars within each mitigation
group). Gradual thaw (orange), + abrupt thaw (red), 4+ combustion (purple), and +
post-fire (blue). The sequential stacking shows cumulative contribution of each
process to total permafrost emissions per simulation. Error bars indicate weighted
standard deviation of all emissions per simulation.

region with future warming and how it could alter known abrupt thaw
succession. Similarly, despite wildfire being a comparatively well studied
disturbance type across the boreal biome in particular, the limited avail-
ability of projections of future burned area (n = 12) necessitated a simplified
approach, whereby we assume a linear increase in annual area burned in
response to temperature change at a rate that is consistent across the dif-
ferent regions and ecosystems of the tundra and boreal biomes. Despite
these challenges, we believe that this study provides useful first-order esti-
mates that illustrate the possible magnitude of the emissions from perma-
frost thaw and wildfire processes that are rarely represented in global scale
models.

Implications for future research

While existing understanding and observations have facilitated the first-
order approach taken here, a number of barriers remain to fully incorpor-
ating abrupt thaw, fire and post-fire thaw into global-scale models". The
environmental context, other effects of a changing climate, such as altered
precipitation regimes, and the mechanisms through which permafrost
carbon is exposed to decomposition has an important influence on the
timing and form (CO, or CH,) of permafrost emissions'****. Geomor-
phological and hydrological changes that result from permafrost thaw, such
as subsidence, wetting or drying, combined with site-specific factors such as
topography, can all influence the speed and product of in-situ decomposi-
tion, as well as the rate of carbon loss through lateral flow™. Similarly, the
mechanisms through which changes in future climate, vegetation, and
ignition patterns influence wildfire regimes is uncertain, as evidenced by the
spread of results from our meta-analysis (Supplementary Fig. 3.1). While
attempts to model these mechanisms require advanced process-based
models (from which our work could also benefit), the first-order results
reported here highlight their importance. In particular, the considerable
impact of abrupt permafrost thaw on carbon budgets estimated here is in
part attributable to the higher proportion of emissions released in the form
of CH, as projected by Turetsky et al.* and implemented here (Supple-
mentary Fig. 6.4). This emphasizes the critical need for a more precise
understanding of the factors that determine the form of carbon release from
permafrost thaw processes, and for a more detailed representation of those
factors in global-scale models. Similarly, improved understanding of abrupt
thaw drivers would facilitate a more coherent and robust treatment of the
interaction between fire and abrupt thaw processes.

Conclusion

The results reported here highlight the tension between the necessity of
achieving the temperature goals of the Paris Agreement and the declining
feasibility of those goals in the absence of a step-change in global mitigation
efforts. This in turn highlights a need for research addressing the implica-
tions of overshooting (temporarily exceeding) those temperature goals. In the
case of permafrost thaw and high-latitude wildfires, emissions will continue
on centennial timescales, even in the event of a subsequent decline in global
average temperatures™. Furthermore, some local-scale consequences of thaw,
such as ground subsidence, are irreversible - as is permafrost carbon loss, on
human timescales. A more detailed and better-quantified understanding of
how the magnitude, duration and timing of an overshoot affects the con-
sequences of permafrost thaw and wildfire is needed.

Methods

OSCAR

OSCAR is an Earth system model of reduced complexity with core modules
calibrated to emulate the behavior of more complex models****". The full
description of OSCAR v2.2, including details on structure, equations and
calibration, can be found in Gasser et al.”*. We used OSCAR v3.0, which
includes a permafrost carbon module that emulates gradual thaw as
represented in four LSMs: JSBACH, ORCHIDEE-MICT, and two versions
of JULES*™". Permafrost carbon is defined within this emulator as carbon
that was frozen and thus inactive during preindustrial times, with an initial
pool size of between 389 Pg C and 691 Pg C. A full description of the gradual
thaw emulator, including definitions and values for these and other para-
meters, are defined and reported in Gasser et al.”. The gradual thaw emulator
was unchanged here.

OSCAR v3.0 was extended here through the inclusion of new modules
addressing abrupt thaw (Method Section “Abrupt thaw module”) and fire in
the boreal and tundra biomes (Fig. 4). The fire module comprises a first-
order estimate of emissions from combustion of below-ground carbon
during fire (Method Section “Combustion emissions module” & Supple-
mentary Note 3) and estimates of emissions from additional permafrost
thaw driven by fire activity (Method Section “Post-fire permafrost thaw
module” & Supplementary Notes 4, 5).

We used the global Shared Socioeconomic Pathways (SSP) data and
scenarios to drive the model™>. We included four scenarios (SSP1-2.6,
SSP2-4.5, SSP4-6.0, SSP5-8.5) to span a wide range of futures, with
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Fig. 2 | Permafrost carbon feedback per degree of warming. Permafrost carbon
feedback per degree of increase in global average temperature (Pg C °C™") for gradual
permafrost thaw (orange) and for total permafrost emissions (ie., gradual + abrupt
thaw + below-ground combustion + fire-induced thaw emissions; blue) this century.
Feeback is calculated for CO, only relative to 2015 and includes SSP1-2.6, SSP2-4.5, and
SSP4-6.0. The IPCC estimate (left) is the permafrost feedback mean value and range
used in the Working Group I contribution to the Sixth Assessment Report of the IPCC.

SSP5-8.5 used only as a very high emissions, low-likelihood upper bound.
Fossil CO, and CH, emissions were only used to drive the model; atmo-
spheric concentrations of all other greenhouse gasses were prescribed in the
model. Radiative forcings of near-term climate forcers (ozone and aerosols)
and albedo effects (black carbon on snow and land-cover change) were also
prescribed based on SSP data. To ensure that the emissions used to drive the
model reproduced the atmospheric concentrations of CO, and CH, from
the SSP scenarios in the absence of a permafrost feedback, we first ran a
concentration-driven simulation with all permafrost feedback processes
switched off. This provided the compatible fossil CO, and CH,4 emissions
that were used in the subsequent emissions-driven runs to drive the model
without permafrost and with permafrost processes switched on. Land-use
and land-cover change data came from the LUH2 data set™.

OSCAR is not spatially explicit. However, as described further below, in
order to implement the abrupt thaw module, which builds upon the
approach taken in Turetsky et al.*', and to facilitate a similar first-order
approach with regard to fire, we have used spatial data to constrain our
calculations of carbon vulnerability or emissions within OSCAR. All
simulations are performed at annual temporal resolution, and model out-
puts (e.g., temperature, fluxes, and emissions) are reported as annual values.

Emissions as CO, equivalent

The OSCAR model calculates the climate impact of emissions (including
permafrost and fire-related emissions) internally, reflecting that impact in
its temperature output with any use of CO,e metrics. For the specific pur-
pose of communicating the climate impact of the emissions output by
OSCAR, however, we calculated CO,e based on Global Warming Potential
(GWP), defined as the ratio of the radiative forcing of a pulse emission of a
gaseous species (in this case CH,) to the radiative forcing of an equivalent
emission mass of CO, across the same time period (Eq. (1)**). Methane
emissions were multiplied by the GWP for the time period between the year
of emission and 2100 to obtain the equivalent carbon dioxide emission
(COze, Supplementary Fig. 6.1). An exponential function was used to
interpolate GWP between commonly used 20 and 100-year values™”
(Supplementary Fig. 1.4):

Where Tgywp is equal to 2100 less the year of emission. For example, CH,
emitted in 2050 was multiplied by its 50-year GWP to give COxe.

Abrupt thaw module

Overall structure. The abrupt thaw module builds upon the core
assumptions and behavior of the models reported in Turetsky et al.*".
These models represent the development of thermokarst features which
can ultimately affect a relatively large area (i.e., >~100 m* per feature). In
brief, this study used three numerical inventory models to represent
abrupt thaw in hillslope, mineral lowland, and organic lowland land-
scapes. The total area of each landscape associated with abrupt thaw was
defined through spatial analysis®, while change detection and remote
sensing data were used to specify starting areas of stable ice-rich per-
mafrost (which includes ‘undisturbed’ land and land that has re-formed
permafrost following the maturation of thaw features), active thaw, and
stabilized thaw features (features that are no longer actively expanding).
Synthesis of remote sensing, palaeoecological data and—in the case of the
transition from stable permafrost to active thaw—field observations were
used to define rates of transition between these different thaw states. The
influence of climate change was represented by increasing the transition
rate between undisturbed permafrost and active thaw in line with the
average output of permafrost-enabled LSMs, in turn forced by the
Community Climate System Model 4 ESM (CCSM4). Estimates of car-
bon fluxes associated with each thaw state and landscape type were
derived from synthesis of published literature (reported in Turetsky
etal.?).

Here, we use a modeling framework to estimate the total area of each
thaw state (stable, active, stabilized, and mature) within each of the land-
scape types outlined above as a function of temperature. The temperature
response used was derived from the output of the models reported in
Turetsky et al”' and the corresponding temperature projections from
CCSM4. Emissions were calculated based on the area of each thaw and
landscape type using the carbon flux parameters reported in Turetsky etal.”’.

Forcing

We used temperature response functions (Supplementary Fig. 2.1) for the
area (Eq. (2)) of each abrupt thaw state (i.e., active thaw, stabilized thaw,
mature thaw, and stable landscape) within each landscape type (i.e., hill-
slope, mineral lowland, or organic lowland) using model outputs from
Turetsky et al.”’, in which abrupt thaw rates were parameterized to track
projections over time of gradual thaw rates in eight permafrost-enabled
LSMs’. In order to integrate the Turetsky et al.”' abrupt thaw model into
OSCAR (in which time cannot be used as a driving variable), we derived
temperature response functions using the model output combined with
global temperature anomalies from the Community Climate System Model
(CCSM4.0), which was used to force the permafrost-enabled models used in
McGuire et al.’. This enabled us to mirror Turetsky et al.”' closely within
OSCAR (Supplementary Fig. 2.2).

As the time periods prior to and following 2000 were parameterized
separately in Turetsky et al.”, it was not always possible to derive a single
temperature response function that satisfactorily emulated the behavior of
the models reported by Turetsky et al. at low levels of global average tem-
perature increase (<1 °C). In these cases the area of stable permafrost was
over-predicted (i.e., estimated to exceed the maximum area parameterized
in Turetsky et al.), and/or the area of active thaw was under-predicted (i.e.,
estimated to drop below 0) prior to 2000. We therefore constrained the
output within a realistic range (i.e., greater than 0 and less than the max-
imum area of the specified landscape type). These constraints affected only
the period prior to 2000. All temperature (T in°Celsius) responses were
modeled as third-order polynomials using a self-starting model in RStudio™.
Area refers to area undergoing abrupt thaw, dT is delta temperature with
respect to preindustrial temperature; g, b, and ¢ are derived parameters.
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Avoidance budget reductions (Gt CO,)

Fig. 3 | Reductions in remaining carbon budgets. Reductions (Gt CO,) in
remaining avoidance budgets for the 1.5 °C and 2 °C temperature targets, calculated
relative to simulations with permafrost thaw and fire processes switched off (abso-
lute values in Supplementary Table S4a). Bars show weighted multi-model mean
results for simulations with different processes switched on, with error bars denoting
the corresponding weighted standard deviations, both calculated across models,
SSPs (excluding SSP5-8.5), and parameter configurations.

Emissions from abrupt thaw

In order to reproduce model assumptions and behavior, we used the
parameters from Turetsky et al.*' to calculate CO, and CH, emissions,
including emissions from laterally transported dissolved organic carbon,
from the area of each stage of abrupt thaw development in each land-
scape. These parameters were based on observational data obtained
through literature review (full details in Turetsky et al. Supplementary
Information).

Turetsky et al.”*' modeled both ‘baseline’ (no perturbation) emissions
from abrupt thaw-prone landscapes and the change in those emissions due
to perturbation (in this case from global average temperature increase). To
align with the OSCAR framework, we therefore subtracted the net CO,/CH,4
balance at a perturbation of 0 (defined in OSCAR as the absence of any
increase in global average temperatures) from the emissions associated with
abrupt thaw in OSCAR. This ensured we are modeling only the emissions
associated with global warming perturbation.

Combustion emissions module

Overall structure. Because OSCAR already includes emissions from
above-ground combustion, the combustion emissions module and
results reported here are restricted to those originating from the com-
bustion of below-ground material during fire (i.e., soil organic matter and
belowground plant biomass). These combustion emissions are driven by
burned area estimated as a proportion of total area of the tundra and
boreal biomes”’. Burned area is a primary factor in estimating emissions
from high latitude fires***".

Forcing. A temperature response function for total burned area change
(Eq. (3)) was based on 38 estimates of burn metric change from 12
publications identified through a systematic literature search following
methodology used by Phillips et al.”” (Supplementary Note 3.1, Supple-
mentary Fig. 3.1).

For each combination of region and Global Climate Model
(GCM) reported in each publication, we retrieved temperature (T)
data and a baseline burn metric (B,,,; i.e., burned area, carbon
emissions, or fire frequency) for a period of ~2000-2020, and the
projected burn metric (B,,;) and temperature data through
~2075-2100. We included variation in years because both the climate
system and fire regimes exhibit year-to-year variability and multi-

decadal timeframes are required to ensure a robust average. For each
combination of region and GCM the change in burn metric (B,) was
calculated per degree Celsius (°C™"):

(Bpruj - Bhase)

o7 )

B, =

A final weighted average by burned area was used to drive a linear tem-
perature response of burned area in the OSCAR model. The relationship
between change in burn metric and change in burned area was assumed
to be 1:1.

Emissions from combustion. Gross fire emissions were based on over
500 observations of below-ground carbon combustion, averaging
2.80 kg C m™* for boreal sites and 1.81 kg C m ™ for tundra (Veraverbeke
et al.”” and references therein).

We did not directly modify net primary productivity (NPP; a core
OSCAR process) in response to high latitude fire, but compensated for
increased post-fire NPP by increasing CO, uptake relative to emission losses
during a set post-fire recovery interval, parameterized based on crown fires
in boreal North America (Supplementary Note 3.2).

Fire carbon emissions were partitioned into CO, and CH, using an
emissions factor derived from Akagi et al.” following the approach used by
Phillips et al.”’. Because Akagi et al.*’ present emission factors relative to the
combustion of dry matter (g kg™") rather than as a proportion of total
emissions, we used these emissions factors to calculate the relative pro-
portions of emissions which were CO, and CHy,, adjusted by molecular
weight. This resulted in carbon-specific emissions factors of 0.84 for CO,
and 0.0093 for CHy (i.e., a ratio of 90:1).

Post-fire permafrost thaw module

Post-fire permafrost thaw is addressed through three distinct pathways.
Firstly, burned area is used to estimate an additional area of active abrupt
thaw (i.e., in addition to that estimated within the abrupt thaw module), as
well as the subsequent changes in the areas of stabilized and mature thaw
features (as additional abrupt thaw transitions to these stages; Method
Section “Fire-induced abrupt thaw”). Emissions from the annual additional
area of active, stabilized and mature abrupt thaw features were calculated
using parameters derived from Turetsky et al.”’. A second ‘progressive thaw’
pathway describes the total loss of near-surface permafrost (upper 3 m of the
permafrost table) on a decadal timescale following fire (Method Section
“Fire-induced progressive thaw”). Finally, the predominant pathway is
‘transient thaw’. This describes a gradual increase in thaw depth, peaking
within a decade of fire, following which thaw depth recovers to pre-fire levels
on a decadal timescale (Method Section “Fire-induced transient thaw”).
Emissions from progressive and transient post-fire thaw were calculated
following the approach of the gradual thaw permafrost emulator’ (Sup-
plementary Note S5).

Fire-induced abrupt thaw

Overall structure. Because data describing fire impacts on thermokarst
formation are limited, we used post-fire changes in ground temperatures,
combined with air temperature anomaly, to estimate fire-induced change
in abrupt thaw area, as described further below, with further detail
in Supplementary Note 4. Total burned area (Method Section “Com-
bustion emissions module”) was used to estimate annual burned area in
the same spatial subdivisions used within the abrupt thaw module (i.e.,
thermokarst-prone regions of mineral lowlands, organic lowlands, and
hillslopes; Supplementary Fig. 4.2). A fraction of annual burned area in
those landscapes was subsequently designated as active abrupt thaw,
using an estimate of the average increase in ground temperature fol-
lowing fire. Given expected increases in fire severity due to climate
warming, we increased ground heating due to fire with warming (Sup-
plementary Fig. 4.3). In the absence of data correlating post-fire ground
temperature change with abrupt thaw initiation or expansion rates, we
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Fig. 4 | Conceptual framework for permafrost and fire processes in OSCAR.
Conceptual figure illustrating the different processes through which OSCAR is
extended here, with gradual thaw (already represented in OSCAR through the
permafrost carbon emulator reported in Gasser et al.") included for context. This
figure demonstrates the linkages and interactions between different processes but
does not provide a complete picture of how each process operates. ‘Key inputs’
describe the primary quantities on which the process acts. ‘Forcing information’

describes the information underlying the mechanism through which the process acts
on the specified key inputs, in addition to global average temperature anomaly.
‘Outputs’ describe the quantities from which carbon emissions are calculated. Note
that ‘combustion’ represents only below-ground combustion, as above-ground
combustion was already integrated into OSCAR v3.0. Colors in the left column
correspond to the processes shown in Figs. 1-3.

used the response of active abrupt thaw area in different landscape types
to global average air temperature anomaly (derived from Turetsky et al.”
as a proxy for the response to modeled post-fire ground heating (Sup-
plementary Fig. 4.4). While annual thermokarst-prone burned area was
calculated separately for different landscape types, the fraction of that
area designated as active abrupt thaw was consistent across
landscape types.

Active abrupt thaw area following fire was subsequently allowed to
transition to stabilized thaw features before re-aggregating permafrost,
following the parameterization of these transitions outlined in Turetsky
etal’.

Response derivation. Annual burned area in thermokarst-prone landscapes
was estimated using a linear correlation with total burned area across the
boreal and tundra biomes (Supplementary Fig. 4.2). This correlation was
derived from observational data describing annual burned area across two
decades (1997-2016""), overlaid with spatial data describing vulnerability to
thermokarst and landscape type (hillslope, mineral lowland or organic
lowland®.

The linear response of active abrupt thaw area to global average tem-
perature anomaly (used as a proxy for the response of fire-induced abrupt
thaw to modeled post-fire ground heating) was derived from the model
output of Turetsky et al.”' combined with global temperature anomaly from
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CCSM4.0 (Supplementary Fig. 4.3). This approach is similar to that
described in Method Section “Forcing”, but simplified through the
assumption of a linear response, and equates to an increase in the total area
of active abrupt thaw features of between 1.17% °C™" (hillslopes) to 3.32%
°C™! (mineral lowlands).

The range of values for post-fire change in ground temperature was
informed by observational data describing changes in ground temperature
within 1 m of the ground surface following fire (minimum and mean values;
Supplementary Table 1). Average minimum and mean values of 2 °C and
3.3 °C, respectively, were weighted by biome and by measurement depth
(weighted linearly by distance from a 50 cm mid-point of the upper 1 m).
These are present day values (i.e., at global average temperature increase of
~1.1 °C). The equation was therefore constrained to ensure that (a) the value
at a temperature anomaly of ~1.1 °C exceeded 2 °C, (b) the range at high
levels of warming reached the weighted mean of 3.3 °C. An arbitrary upper
limit of 3.5 °C was chosen.

The response of post-fire change in ground temperature (g7, Eq. (4))
to global average temperature increase was modeled as a sigmoidal response
on the basis that at very high levels of warming, further increases in fire
severity (and consequently post-fire ground heating) may become limited,
for example by changes in fuel load (Supplementary Fig. 4.3

3.5
gy = 1+ ¢ 05xdl 4)

While the majority of these data were collected within less than a decade of
fire occurrence, they demonstrate that fire affects ground temperature over
multiple years. However, due to the lack of studies that monitor post-fire
ground temperature change over time and the likelihood of high spatial
heterogeneity in the trajectory of post-fire ground temperature change (due
to, for example, hydrological factors, burn severity and vegetation recovery),
a conservative assumption was made here that fire could drive the
development of additional abrupt thaw area for only one year following fire
(Supplementary Table 5).

Emissions from fire-induced abrupt thaw. Emissions associated with fire-
induced abrupt thaw were parameterized for each stage of abrupt thaw
progression, as described in Method Section “Emissions from abrupt thaw”.
Emission parameters for fire-induced abrupt thaw were calculated as the
difference between the ‘undisturbed’ annual net carbon balance and that of
the specified stage of abrupt thaw (e.g., active thaw) as stated in Turetsky
et al”'. This prevents ‘double-counting’ that could otherwise result from
adding ‘new’ active abrupt thaw land in the fire-induced thaw module while
also counting emissions from that same unchanged area of undisturbed land
in the abrupt thaw module.

Fire-induced progressive thaw. Progressive gradual thaw of the upper
3 m of permafrost may be triggered when a severe fire removes a large
proportion of the soil organic layer®* or result from talik development
followed by ongoing thaw from both above and below™’. Recognizing
the limited availability of empirical or modeled assessments of post-fire
progressive thaw, we estimated an area affected by progressive thaw using
a temperature response function applied to the remaining burned area
(i.e., total burned area minus that affected by post-fire abrupt thaw)
(Supplementary Fig. 5.1). According to this response, the proportion of
remaining burned area that undergoes progressive thaw increases sig-
moidally from 0 to a maximum of 0.25 (25%). The shape of this curve
reflects the assumptions that under high levels of warming, fire return
intervals will be shorter, and the active layer will be deeper, meaning that
any given fire will be less likely to initiate progressive thaw for the first
time (either because a previous burn has initiated progressive thaw, or
because the permafrost table is otherwise absent or very deep). The
maximum, approached only under high levels of global average tem-
perature increase (>5°C), was guided by the characterization of pro-
gressive thaw as a response only to severe fires, and on evidence indicating

lower resilience to progressive thaw in uplands®. While there is no spatial
distinction beyond the biome level in the context of fire-induced pro-
gressive thaw, around 25% of thermokarst-vulnerable landscapes are
uplands®, suggesting the maximum area available for progressive thaw
should not be substantially higher than this figure. The thaw trajectory
was modeled as a simple positive correlation between thaw depth and
time since fire using data extracted from Jafarov et al.*’; Supplementary
Fig. 5.2). The volume of thawed permafrost was converted to a thawed
carbon pool using average carbon densities for near surface (upper 3 m)
permafrost of 21 kgm ™ and 19 kg m ™ for boreal and tundra biomes,
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respectively”’.

Fire-induced transient thaw. The remaining proportion of burned area
unaffected by either abrupt or progressive thaw underwent
transient thaw.

To determine thaw depth in the area affected by post-fire transient
thaw, we used a function based on a well-established pattern of post-fire
thaw and recovery: a gradual increase in thaw depth peaking within a decade
of fire, followed by a gradual, slower period of recovery to pre-fire levels
taking place over a decadal timescale, represented here using a Weibull
curve”®* (Supplementary Fig. 5.3). While the simplified approach taken
here distinguished only between the boreal and tundra biomes, the mani-
festation of this pattern in reality - including the extent of the increase in
thaw depth and the duration (and likelihood) of recovery - also varies
considerably with landscape and vegetation type®. The function was con-
strained by literature-derived empirical data Supplementary Table 1), that
were corrected for the effects of ground subsidence, which can result in
underestimated thaw depths”’. To correct for subsidence, we used published
data to calculate a ratio of ground subsidence to thaw depth change (average
0.39 cm cm™; Supplementary Table 2). Given the current state of knowl-
edge and data availability, we derived a correction factor reflecting an
average of studies conducted in different permafrost environments (Sup-
plementary Table 2). However, given that emissions from post-fire per-
mafrost thaw were small (Fig. 1) any over- or underestimation would have a
relatively small impact on overall emissions. The volume of thawed per-
mafrost was converted to a thawed carbon pool using the average carbon
densities for near surface permafrost reported in Method Section “Fire-

»67

induced progressive thaw”™.

Uncertainty. Uncertainty in the gradual thaw module reflects structural
differences across the four land surface models’, while the additional
modules (abrupt thaw, combustion, and post-fire) include parameter
uncertainty introduced through 500 ensemble configurations. A detailed
description of uncertainty is provided in Supplementary Note 7.

Emission budgets

OSCAR set-up. Emissions budgets were estimated in the absence of
permafrost or fire-related processes, and then with permafrost and fire-
related processes ‘switched on’ in a stepwise manner (gradual thaw to
post-fire thaw; Table 1). All budgets were calculated for four different SSP
scenarios (SSP1-2.6; SSP2-4.5; SSP4-6.0; SSP5-8.5), and budgets which
incorporated permafrost processes were estimated for each of the four
LSMs used to drive the gradual thaw emulator. Results for SSP5-8.5 are
only shown in the Supplementary Information because the main text
focuses on mitigation-relevant pathways.

Our primary method to estimate emissions budgets for each simula-
tion used an ‘avoidance’ approach, which defines the budget as the max-
imum cumulative CO, emissions below which the specified temperature
threshold is avoided (i.e., not exceeded). This approach is consistent with
methodology used in the IPCC 6th Assessment Report™. We also calculated
emissions budgets using an ‘exceedance’ approach (S1.2), which was used
for IPCC emissions budgets prior to the 6th Assessment Report. For
exceedance budget estimates, budgets are defined as the cumulative CO,
emissions reached at the point that global temperature equals a given
threshold in a modeled scenario where global temperatures continue on to
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Table 1 | Simulation sets show different configurations under which OSCAR was run

Simulation set Gradual thaw Abrupt thaw Combustion Post-fire thaw LSM configurations
Gasser etal. Section “Abrupt thaw Section “Combustion emissions Section “Post-fire permafrost thaw
module” module” module”
No Permafrost 1
A X 4
B X X 4
C X 4
D X X X X 4

Sections refer to Online Methods.

‘Gradual thaw’ includes 4 different configurations based on 4 LSMs; JSBACH, ORCHIDEE-MICT and two versions of JULES.

exceed that threshold (Supplementary Fig. 1.1). Each avoidance budget was
run across a range of ‘peak and decline’ emissions pathways to ensure the
specified temperature threshold was genuinely avoided (Supplemen-
tary Fig. 1.1).

Budget protocol. Emissions budgets were estimated based on ‘addi-
tional warming’, or the difference in temperature between a specified
temperature threshold (i.e., 1.5°C or 2°C) and observed temperature
change during 2012-2021 (Tp,s; Supplementary Note 1.3). This mini-
mizes the impact of, for example, discrepancies between observed and
modeled relationships between warming and cumulative emissions over
time on the estimated emissions budgets” . For each simulation (i),
where T is the simulated global mean temperature anomaly, we calcu-

lated maximum additional warming in °Celsius (T}, Eq. (5)):

T = maxT' — Ty, (5)

max

We then calculated maximum cumulative CO, emissions (B!, Eq. (6)):

max’

. ¥ .
B, = max / Epp + Ejycdt 6)

Loase

Where f;,4, refers to 2025 and #is the final year of the simulation (2150) and
Egand E; yc are emissions from fossil fuel combustion and land use change
respectively. Budgets are reported in terms of cumulative CO, emissions,
while temperature evolution in OSCAR is driven by all anthropogenic cli-
mate forcers. Any simulations in which either maximum additional
cumulative CO, emissions or maximum additional warming occurred in
the final timestep were discarded. Because the maximum temperature of a
given simulation may not be exactly equal to the specified temperature
threshold, the precise values for avoidance budgets were obtained by
interpolating linearly within a T,,,, value interval of +0.5 °C around the level
of additional warming associated with the specified temperature target
(Ttargetr Eq (7))

T:/nux = (Ttarget - Thase) +0.5°C (7)
Data availability
The data generated and analyzed for this study consist of processed datasets
used directly to generate the figures and tables presented in the manuscript
and Supplementary Information. These data are publicly available via the
GitHub repository https://github.com/whrc/OSCAR _abrupt_postfire. Full
OSCAR model output files are not provided at this stage due to their volume
and complexity.

Code availability

The source code of OSCAR is available at https://github.com/tgasser/
OSCAR.git. The version of OSCAR modified and used for this study is
available at https://github.com/whrc/OSCAR_abrupt_postfire.  This

includes the values of all parameters added to OSCAR as part of this study
and the historic and scenario forcings used.
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