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Abstract. Boreal permafrost over the Northern Hemisphere high latitudes, defined as areas where the ground
temperature is below 0 °C for two or more years, stores more than twice as much carbon as the atmosphere.
Therefore, thawing of the permafrost, a tipping element, due to global warming may lead to additional car-
bon emissions and accelerate the warming. To investigate the permafrost response to increase and decrease
of CO2 emissions, we conducted a series of numerical experiments using an emission-driven Earth System
Model, MIROC-ES2L, and adopting idealized overshooting scenarios in which a prescribed CO2 emission of
10 PgC yr−1 is given until the global warming level reaches different values between 2 and 8 °C followed by the
negative emission until the cumulative emission becomes zero.

We found that the response of permafrost area to surface warming and cooling is reversible but has hysteresis
for all the emission scenarios. Furthermore, the permafrost property such as the ratio of frozen to liquid water
was shown to have irreversibility in the deep soil layer; part of the frozen area in the initial condition was replaced
by a mixed water-ice area in the final state despite ground temperature returning almost to the initial condition.
Sensitivity experiments reveal that the hysteresis and irreversibility are attributed to the delay of the soil freezing
and melting associated with the soil heat conductivity and specific heat of water phase change. This result
indicates that once permafrost thaws with warming it will continue for decades after warming diminishes and
the delay in the permafrost recovery is larger at global warming levels greater than 2 °C. An offline calculation
shows that the additional CO2 emission during the permafrost hysteresis cycle accounts for about 0.6 %–41 % of
the cumulative carbon emission released from thawed permafrost in flat10 and NEC experiments.

1 Introduction

Global warming due to anthropogenic carbon dioxide (CO2)
emissions is ongoing and the global-mean surface air tem-
perature (GSAT) has increased by 1.1 °C since the preindus-
trial era (Canadell and Monteiro, 2021). Many efforts have so
far been made to clarify impacts of increasing anthropogenic
CO2 emissions on the Earth system using Earth System Mod-
els (ESMs) (Sanderson et al., 2024).

Permafrost is defined as an area where soil temperature
remains below 0 °C for more than two consecutive years.
Northern Hemisphere (NH) permafrost region, spreading ap-
proximately 21 million km2 over northern Eurasia, Canada,

and Himalayas (Obu, 2021), contain about twice as much
carbon as the atmosphere and three times as much as land
plants (Schuur et al., 2008; Ping et al., 2008; Tarnocai et
al., 2009; Hugelius et al., 2014; Yokohata et al., 2020a). As
permafrost thaws with warming of land surface, carbon in
the soil is released to the atmosphere as greenhouse gases
(GHGs) in the form of CO2 and methane (CH4) (Schuur et
al., 2015; Burke et al., 2017; Schuur et al., 2022; Hugelius
et al., 2024). These GHG emissions will lead to further
warming and therefore the permafrost thaw can trigger posi-
tive carbon-climate feedback (Lenton, 2012; Schaefer et al.,
2014; Schuur et al., 2015; Burke et al., 2018). While the
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amount of carbon released from thawed permafrost is esti-
mated to be about 18 (3–41, 5 %–95 % range) GtC per degree
of global warming (Canadell and Monteiro, 2021; Winkel-
mann et al., 2023), there is a great deal of uncertainty in the
estimate of additional GHGs released from permafrost thaw
and their impact on climate due to factors such as the geo-
graphic characteristics of permafrost that make accurate es-
timation of soil carbon complex (Schuur et al., 2022; Park
and Kug, 2022; Park et al., 2025). Schuur et al. (2022), who
reviewed the permafrost–carbon cycle, argue that permafrost
physical characteristics such as the ice content in the frozen
ground are important for estimating the impact of permafrost
thaw on the global carbon cycle. Park et al. (2025) estimated
a permafrost carbon loss under overshoot scenarios but con-
cluded that the amount of soil carbon emissions is still uncer-
tain because the soil carbon content and the decomposition
dynamics in deep soil layers are poorly understood. There-
fore, investigating the response of permafrost to overshoot
scenarios remains an important issue for accurately estimat-
ing the GHGs emissions from thawed permafrost.

The above processes are irreversible on the time scale
of human society of, say, hundreds years because carbon
stored in the permafrost during the last glacial period does
not immediately return to the soil once it is released into
the atmosphere even if the CO2 concentrations is stabilized
(Boucher et al., 2012). Soil organic carbon (SOC) in the per-
mafrost is estimated to be 1100–1500 PgC globally, of which
1035± 150 PgC is in soils shallower than 3 m (Hugelius et
al., 2014). The carbon-climate feedback associated with the
permafrost thawing may occur even at a small global warm-
ing level because the thawing process will begin from near-
surface soil layers. Much of the permafrost is expected to
thaw on centennial timescales and is considered to exhibit
tipping-element-like behavior which has a critical threshold
at which small perturbations can cause qualitative changes in
the state and development of a system (Luke and Cox, 2011;
Hollesen et al., 2015; McKay et al., 2022; Brovkin et al.,
2025).

Investigation of the physical response of permafrost to cli-
mate change is also critical to understand the permafrost be-
havior as one of key elements in the Earth system which may
have hysteresis. It is important to understand how the per-
mafrost will respond and to what extent its response may
lag or differ depending on the path taken due to potential
hysteresis in the case of successful climate mitigation ef-
forts including the use of carbon dioxide removal techniques.
Boucher et al. (2012) first showed the existence of hystere-
sis behaviour in the permafrost response to increase and de-
crease of the CO2 concentration using an ESM. Their result
suggests that once permafrost thaws due to global warming
the effects will continue for some time, delaying the recovery
of the permafrost during the climate cooling period. Eliseev
et al. (2014) showed the mechanism of permafrost hysteresis
using a simpler model called an Earth systems model of in-
termediate complexity, or EMIC. They found that hysteresis

is related to the impact of phase transitions of soil water on
apparent inertia of the system. However, further investigation
of the hysteresis in permafrost has not been made using a full
ESM. In this study, we attempt to clarify the mechanisms of
the permafrost response to climate warming and cooling and
their dependence on the global warming level using an ESM
which is driven by idealized CO2 emission pathways, and
additionally estimate the impact of the hysteresis response
of the permafrost thaw on the GHGs emission from the soil
layer.

2 Model and experiments

2.1 Model

We use MIROC-ES2L, one of ESMs participating in the
Coupled Model Intercomparison Project Phase 6 (CMIP6)
(Eyring et al., 2016). MIROC-ES2L is an extension of a cli-
mate model MIROC5.2 (Watanabe et al., 2010) and includes
carbon cycles with the atmospheric CO2 concentration be-
ing a prognostic variable (Hajima et al., 2020). Specifically,
MIROC-ES2L incorporates a terrestrial ecosystem model,
VISIT-e, a modified version of the Vegetation Integrative
SImulator for Trace gases model (VISIT) (Ito and Inatomi,
2012) and a nutrient–phytoplankton–zooplankton–detritus-
type ocean biogeochemical model (new ocean biogeochemi-
cal component model, OECO2) (Watanabe et al., 2011), en-
abling explicit simulation of biochemical cycles in carbon,
nitrogen, phosphorus, iron, oxygen, and control of multiple
nutrients of primary productivity (Hajima et al., 2020; Ya-
mamoto et al., 2022). The horizontal resolution of the atmo-
sphere and land models is T42, which is approximately 2.8°
intervals in latitudes and longitudes, and the model has verti-
cally 40 levels with the top at 3 hPa. The ocean model has the
horizontal resolution of 360×256 grids cells and 62 vertical
levels.

The land model MATSIRO (Minimal Advanced Treat-
ments of Surface Interaction and Runoff model, Takata et al.,
2003) has six soil layers up to the depth of 14 m below the
surface. The depths for these layers are 0–0.05, 0.05–0.25,
0.25–1, 1–2, 2–4, and 4–14 m in the lowermost layer. There
is no exchange of heat and water at the bottom of the lowest
soil layer. The soil temperature evolves following heat con-
duction in the soil (Guo et al., 2021).

C(k)
dTg(k)

dt
= Fg(k)−Fg(k−1), (1)

where Tg(k) is the soil temperature in the kth layer and Fg(k)
represents the heat flux entering the kth soil layer. C(k) is the
soil heat capacity calculated as

C(k) =
(
cg(k)+ ρwcpww(k)

)
1zg(k), (2)

where cg(k) is the specific heat of soil, given as a parameter
for each soil type; cpw is the specific heat of water; w(k) is
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the soil moisture (volumetric moisture content); and 1zg(k)
is the thickness of the kth soil layer. The heat flux Fg(k) is
given by

Fg(k) =


Fg(k)−1Fsnow−1Ftree

kg(k)
dTg(k)
dz(k)

0

(k = 1)
(k = 2,3,4,5)
(k = 6)

(3)

where z(k) represents the depth of the kth soil layer and kg(k)
is the soil heat conductivity.

Hajima et al. (2020) demonstrated that MIROC-ES2L
could reproduce the observed large-scale spatial patterns
of the land carbon cycle and upper-ocean biogeochemistry.
They also showed that the spatial distributions of fundamen-
tal variables of the land carbon cycle were also assessed
through comparison with observation-based products, and
the model produced reasonable patterns for primary produc-
tivity, forest carbon, and soil organic carbon. However, the
current version of MIROC-ES2L does not represent the re-
lease of GHGs to the atmosphere due to permafrost thawing
and the decomposition of permanently frozen carbon, and
thus the process will be calculated offline in this study (cf.
Sect. 2.4).

To improve the soil thermal and hydrological processes in
the circumpolar region and obtain the realistic distribution
of permafrost area, we adopted three modifications to MAT-
SIRO following Yokohata et al. (2020b). The first update is
to use different values of the heat capacity and thermal con-
ductivity for liquid water and ice. In the CMIP6 version of
MATSIRO, water in soil, even when it is frozen, was calcu-
lated using the same heat capacity and thermal conductivity
as a liquid. However, ice should have a smaller heat capac-
ity and a larger thermal conductivity than liquid water. The
second is to incorporate an organic layer near the surface.
The organic layer has a heat insulation effect between the
surface and the ground interior. However, this change may
overestimate the insulating effect of the soil, which could re-
sult in a weaker permafrost response to climate change (Pog-
gio et al., 2021; Schiedung et al., 2022). The third is to con-
sider unfrozen water at the soil temperature below 0 °C. In
the conventional MATSIRO calculation, the phase change of
water occurs immediately when the soil temperature reaches
0 °C, and the temperature does not fall below 0 °C until all
the liquid water in the layer freeze. The process is more ac-
curate with considering unfrozen water. The details of the
first and third modification are provided in Saito (2008). The
first and third modifications described above promote the de-
crease of soil temperature in winter and the second update in-
hibits the increase of soil temperature in summer. Yokohata et
al. (2020b) showed that these modifications to MIROC-ES2L
significantly improved the permafrost distribution compara-
ble to observations near the boundary in particular (their Fig.
2).

2.2 Idealized overshooting scenario experiments

We performed a series of experiments, where CO2 emission
is prescribed, using MIROC-ES2L. First, we conducted a
long pre-industrial control (piControl) experiment for 3000
years to obtain equilibrium climate and carbon cycle sys-
tems. As the preliminary piControl experiment showed a
small drift in the CO2 concentration due to a slight car-
bon sink induced by ocean-bottom sedimentation process,
we have given a constant CO2 emission of 0.068 PgC yr−1

to counteract the carbon sink and achieve a balance in
the piControl experiment, as performed in Hajima et al.
(2020). Then, we carried out an idealized warming experi-
ment, started from the initial state taken from piControl in
a year 100, for 1000 years during which a CO2 emission of
10 PgC yr−1 has been given uniformly. In this study, we call
this idealized warming experiment flat10 following Sander-
son et al. (2024). Friedlingstein et al. (2022) show that the
anthropogenic CO2 emissions averaged from 2012 to 2021
are 9.6± 0.5 PgC yr−1, and the amount of the 10 PgC yr−1

emission in flat10 is comparable with this observational es-
timate. We define the response to the imposed CO2 emis-
sions in flat10 as differences from the long-term mean in
the piControl experiment. Since the annual-mean GSAT and
soil temperature exhibit interannual variability, we apply an
11-year moving average to clearly show the slow response.
While the results may be similar when the model is driven
by concentration, we chose to perform emissions-driven ex-
periments to provide a reference for future studies in which
GHGs emissions from permafrost are interactively calculated
within the ESM.

A set of overshooting experiments, which are branched off
from the flat10 experiment, is designed as follows. We first
analyze the GSAT increase in flat10, and then bifurcate the
experiment with turning the 10 PgC yr−1 emission to a nega-
tive value (i.e., carbon absorption) of−10 PgC yr−1 when the
GSAT increase (or referred to as the global warming level)
reaches 2, 4, 6, and 8 °C. In this study, we collectively call
these simulations negative emission commitment (NEC) ex-
periments. When pointing out a specific NEC experiment, we
add the number of the global warming level such as NEC2,
NEC4, NEC6, and NEC8. Each NEC experiment is contin-
ued for the same period as that from the beginning of flat10
to the branching time. This ensures that the cumulative net
CO2 emissions turn to zero in the end of the NEC experi-
ments. The response in NEC was defined in a similar manner
to flat10.

2.3 Definition of permafrost areas

The model has vertically six soil layers, and if a grid cell has
more than one, out of six, soil layers that meet the condition
of permafrost, i.e., ground temperature below 0 °C for two
or more consecutive years, then the grid is counted as per-
mafrost. In the piControl climate, the permafrost layers ex-
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pand from the bottom to the near surface, but during the NEC
experiments sometimes unfrozen layers that do not satisfy
the definition of permafrost between surface and bottom lay-
ers arise – such area is called talik. By using a depth of 14m
for the definition of permafrost, we can minimize the influ-
ence of short-term seasonal variability to isolate the physical
response of permafrost to surface warming and cooling. In
addition, SOC is known to extend to deeper layers in some
regions, ensuring that this approach is applicable to assessing
the response of those regions, too.

2.4 GHG emission from permafrost thaw

We use an offline model, the Permafrost Degradation and
Greenhouse gasses Emission Model (PDGEM), to estimate
the amount of GHGs emitted from the thawed permafrost
(Yokohata et al., 2020a). PDGEM is integrated in time with
given history of two dimensional atmospheric and soil tem-
peratures calculated by the MIROC-ES2L flat10 and NEC
experiments, and computes the amount of permafrost thaw
and CO2 and CH4 emissions from the thawed permafrost
area. Temperature are also used to calculate the future
changes in wetland area as the ratio of CH4 to CO2 emissions
from thawed permafrost differs between wetland and non-
wetland areas (higher in the former). The amount of GHGs
from thawed permafrost is calculated by the following equa-
tions.

dCi,j thaw

dt
= π i,jFthaw−

Rj

τ i
Ci,j thaw (4)

where Ci,j thaw is soil organic carbon content in the thawed
permafrost [kg], π i,j is the fraction of flux for the corre-
sponding types. Rj is the changes in soil organic carbon de-
composition rate due to temperature rise. i is the index for
the quality of soil organic matter (fast or slow decomposi-
tion), j is the index for the soil moisture state (aerobic and
anaerobic decomposition). Values of π i,j and Rj are same as
those in Yokohata et al. (2020a). τ i is the turnover time of soil
organic carbon [year] which is randomly assigned value be-
tween 15 and 40 for each region. The first term on the right-
hand side defines the carbon flux that is released from the
frozen state soil due to permafrost thawing and newly sup-
plied to Ci,j thaw. In this term, the total thawing flux, Fthaw,
is partitioned into specific sub-pools with distinct decompo-
sition characteristics according to the allocation coefficient
π i,j . The second term on the right-hand side represents the
decomposition process of soil organic carbon driven by mi-
crobial activity. Fthaw is calculated by the following equation:

Fthaw =1Vthr× ρsoc (5)

ρsoc is the density of soil organic carbon (Eq. 7). 1Vthr is
the volume of thawed permafrost due to global warming
[m3 yr−1], the formulation for 1VTh as a function of year

t is as follows:

1VTh = [ALT(t)−MAX(ALT(t0, t0 = 0, . . .t − 1)]

×Agrid (6)

ALT(t) is the active layer thickness [m] which is defined
as the region where the ground temperature exceeds 0 °C
in summer seasons. Therefore, it is possible to describe this
as an abrupt release of GHGs, the magnitude of which de-
pends on the thickness of the layer. Agrid is the grid area of
the global climate model used for the simulation. If Eq. (6)
produces a negative value, 1VTh is set to zero. Therefore, a
land area that has thawed once is considered not to refreeze
and continue to release GHGs from soil. ρsoc [kgC m−3] in
Eq. (5) is defined as follows:

ρsoc =
σSOC

dsoc
(7)

where σSOC is the soil organic carbon [kgC m−2] adopted
from Saito et al. (2020). dsoc is the depth of soil organic
carbon and set to 14m in this study. In reality, however,
the majority of soil carbon is concentrated within the upper
3m. Consequently, the current soil carbon distribution in the
model is unrealistic, leading to significant uncertainties in the
estimation of permafrost emissions. Further details have been
explained in Yokohata et al. (2020a).

3 Results

3.1 Climate response to increase and decrease of CO2
emissions

In this section, we show climate responses to CO2 emis-
sions in flat10 and NEC experiments, with a focus on global-
mean measures. Figure 1 shows the time series of GSAT and
global-mean CO2 concentration changes. In flat10, GSAT in-
creases roughly at a constant rate, and after branching it into
the NEC experiments, GSAT starts to decrease immediately
and the relative cooling occurs at a similar rate to the warm-
ing (thick curves in Fig. 1). GSAT change is quasi-reversible
to the increase and decrease in the cumulative CO2 emis-
sions, but there is a slight difference between the initial state
of flat10 and the final state of NEC experiments: GSAT is
lower in the final state of NEC2 and NEC4 whereas higher
in NEC8. The higher temperature at the end of the NEC8
experiments is likely due to the Zero Emission Commitment
(ZEC). Koven et al. (2022) showed that the ZEC is the main
factor responsible for changes in GSAT asymmetry between
the warming and cooling phases in overshoot scenarios. Al-
though there is a slight deviation in the NEC8 experiment,
the Transient Climate Response to Cumulative Carbon Emis-
sions (TCRE) is generally reversible and shows no significant
hysteresis in this study (Fig. S1).

The global-mean atmospheric CO2 concentration in-
creases with the increase of cumulative emissions, and its
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Figure 1. Timeseries of GSAT (thick) and CO2concentration (thin)
in idealized overshoot scenarios. Curves in black show the result
of flat10 and colored curves show the results of NEC experiments
(NEC2 in blue, NEC4 in green, NEC6 in orange, and NEC8 in red).
The dashed lines denote the global warming levels where each NEC
experiment is branched off from flat10. All the values are deviations
from long-term means in the piControl run.

rate is gradually accelerated in time. After the branching to
the NEC experiments, CO2 concentration begins to decrease
immediately, but the rate of the decrease slows down in the
latter half of the experiment. The accelerated increase in the
global-mean atmospheric CO2 concentration is considered to
result from a reduced amount of carbon uptake by ocean and
land at a large GSAT increase. In the global mean, the land
acts as a net carbon sink initially, but its carbon uptake pro-
gressively declines and turns to a net carbon source about 400
years after the start of flat10. Although the change in ocean
carbon uptake is less pronounced than that in land, the ocean
carbon uptake slightly decreases in response to warming. In
the NEC experiments, the decline in the atmospheric CO2
concentration induces the land and ocean carbon fluxes to act
in an opposite direction, which may explain the slowdown in
the rate of CO2 concentration decline during the latter phase
of the NEC experiments (not shown).

3.2 Permafrost area response to increase and decrease
of CO2 emissions

3.2.1 Hysteresis

Figure 2 shows the change in the NH permafrost area in re-
sponse to global warming in the flat10 experiment. In its ini-
tial state, permafrost spreads across the entire high-latitude
region covering the area of 2.5× 107 km2, similar to the
observed permafrost region of 2.1× 107 km2 (Fig. 2a). We
compared the permafrost extent diagnosed from MIROC-
ES2L with observational data (Fig. S2). Although the over-
all distribution is well reproduced, particularly over north-
ern Eurasia, the agreement is incomplete near the permafrost
boundaries. In particular, there are substantial discrepancies
in the mid- to high-latitude regions of North America com-

pared with the observations. This discrepancy is attributable
to a warm bias in surface air temperature over North America
in MIROC-ES2L (Hajima et al., 2020).

When the GSAT increases from piControl by 2 °C, per-
mafrost thaws near the edges but the area shows no signifi-
cant change (Fig. 2b). However, most of the permafrost area
over the North American continent is lost at a larger GSAT
increase of 6 °C (Fig. 2c). The permafrost still remains over
Siberia, but it also disappears when GSAT increases further.
MATSIRO tends to project a low sensitivity to GSAT change
compared to other land models because of little snow insula-
tion (Burke et al., 2020).

We examined the temporal evolution of the NH permafrost
area (Fig. 3a). In the flat10 experiment, the permafrost area
slowly declines at a rate of 0.05–0.25× 107 km2 per century
for approximately the first 250 years, followed by a rapid
decrease of 0.44–0.60× 107 km2 per century afterwards un-
til about 750 years when permafrost thaws completely. In all
experiments, permafrost continues to thaw for 100–200 years
after branching off from flat10 despite GSAT has already
started to decrease (Fig. 1). The delayed recovery of the per-
mafrost area is rapid at the rate of 0.47–0.75× 107 km2 per
century, which is similar to the rapid permafrost loss in the
flat10 experiment.

As the final states of NEC experiments show a similar area
to the initial state of flat10 except NEC8 (Fig. 3a), the re-
sponse of permafrost area to the increase/decrease of CO2
emissions is regarded as largely reversible. Nevertheless, due
to change in the thawing rate during the warming phase and a
delay of recovery during the cooling phase, the trajectory of
the permafrost area against the GSAT change shows a clear
hysteresis (Fig. 3b). Exception is NEC2, which is branched
off before the permafrost thawing changes its rate and there-
fore does not show a large hysteresis, and yet NEC2 shows a
small but similar response to other NEC experiments in terms
of the delay in the recovery during the cooling phase (Fig.
3a). Compared with Burke et al. (2020), the response of per-
mafrost area to GSAT change obtained in this study is similar
to that of MIROC6, whereas the result from MIROC-ES2L
is close to an outlier. However, the sensitivity of permafrost
area to GSAT change in MIROC-ES2L increases only after
GSAT change reaches approximately 4 °C. This behavior can
be attributed to the fact that the lowest soil layer in MAT-
SIRO has a thickness of 10m, making it difficult for this layer
to completely thaw under warming of less than 4 °C. Further-
more, when permafrost is defined as regions where at least
one soil layer within a depth of 3 m satisfies the permafrost
criteria, almost no hysteresis is observed.

3.2.2 The irreversibility in the bottom soil layer

In the following sections, we show the results of the NEC6
experiment as a representative case for understanding the
permafrost hysteresis. In Fig. 4, we present again the GSAT
and permafrost changes in flat10 and NEC6 experiments for
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Figure 2. Permafrost areas (white) at different stages in the flat10 experiment: (a) initial state, (b) warmed state when the GSAT increases
by 2 °C, and (c) warmed state when the GSAT increases by is 6 °C.

Figure 3. Response of permafrost area to global warming and cooling. (a) Timeseries of the NH permafrost area and (b) the trajectory as a
function of GSAT change (grey arrows supplementarily show the direction of time evolution). Color convention follows Fig. 1.

a detailed comparison. Although the GSAT increase starts to
reverse immediately after the emission change from positive
to negative in around year 467 (dashed line in Fig. 4a), the
permafrost thaw continues for the initial 150 years during
the NEC6 experiment (Fig. 4b). The surface temperature in
regions poleward of 60° N shows a similar response to GSAT
but with a greater magnitude, indicating the Arctic amplifi-
cation (Fig. S3), which does not explain the delay in the per-
mafrost response.

The permafrost response at different soil layers shows that
the delay of the permafrost recovery is roughly proportional
to depth and the delay in the lowest soil layer (4–14 m) de-
termines the characteristics of the total permafrost area (Fig.
4c). Moreover, a rapid decrease in permafrost area begins
around years 250–300, coinciding with the start of thawing
in the bottom layer (Fig. 4b, c). The recovery of permafrost
area occurs when the upper layers (1–4 m) begin to re-freeze
whereas the bottom layer remains thawed. Thus, the differ-
ence in the soil response at different depths to surface warm-
ing and cooling is the key to understanding the hysteresis
response of the permafrost area. Note that the hysteresis in
the permafrost area is not caused by the too-thick single bot-
tom layer as we have confirmed it also happens in a one-
dimensional soil model that has 100 soil layers (not shown).

We also investigate the soil property such as reversibility
of the ratio of frozen to liquid water changes in each soil

layer in the flat10 and NEC6 experiments. Permafrost layers
can be separated into a frozen layer with the annual maxi-
mum soil temperature below 0 °C and a mixed-phase layer
with the annual maximum soil temperature remains at 0 °C.
The former layer is called frozen or “ice” and the latter half-
frozen or “sherbet”. We define sherbet layers as where the
annual maximum soil temperature is just 0 °C. Thus, liquid
and frozen water coexist in the sherbet layer and the rate of
frozen water in sherbet layers is under 100 %. GHGs are not
emitted from the ice layer, while emit from the sherbet layer.
Therefore, the distinction between these two states is impor-
tant when assessing GHG emissions due to permafrost thaw.

Delayed permafrost recovery during the global cooling
phase, predominantly occurring in the deep soil layer (Fig.
4c), may be linked to the soil property change. Therefore,
we compare distribution of ice and sherbet in the lowest soil
layer (4–14 m) between the initial state of flat10 and the fi-
nal state of NEC6 (Fig. 5). In the initial state of the flat10
experiment, most of the permafrost areas are ice and sherbet
appears only in the periphery (Fig. 5a). In the final state of
NEC6, in contrast, ice area shrinks and sherbet area extends
in low latitudes (Fig. 5b).

The irreversible change in the ice and sherbet areas can be
clearly seen in their trajectory against the GSAT change (Fig.
6). In the bottom layer, the ice area decreases with warm-
ing and recovers with cooling but at a slower rate, leading
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Figure 4. Time evolution of GSAT Change, NH permafrost area,
and permafrost area by depth in flat10 and NEC6 experiments. (a)
Timeseries of the GSAT change replicated from Fig. 1, (b) time-
series of the permafrost area replicated from Fig. 3, and (c) time-
depth cross section of the area that meets the definition of per-
mafrost layers. The vertical dashed line indicates the year when the
flat10 run is switched to NEC6.

to a smaller ice area in the final state of the NEC6 exper-
iment (Fig. 6a). The area of sherbet regions increases until
the GSAT reaches around 3 °C, when the permafrost area be-
gins to decrease rapidly (Fig. 4a, b). This transition occurs
because the sherbet areas initially expand in relatively low-
latitude regions during the early phase of warming, but they
thaw at a threshold of ground temperature increase that is
proportional to the GSAT increase. In NEC6, the sherbet area
continues to decrease until GSAT down to around 3 °C and
after which it begins to increase (Fig. 6b). In the final state
of NEC6, the sherbet area is larger than the initial state. Note
that the sum of ice and sherbet areas in the bottom layer is
roughly the same in the initial and final states (Fig. 4c). These
irreversible changes are not clear in the upper soil layer (Fig.
6c, d). In addition, soil moisture exhibits increasingly irre-
versible behavior with depth, with a larger decrease observed
in relatively low-latitude regions.

Soil moisture shows a decrease in all ground layers in
the flat10 experiment and an increase in the NEC experi-

ments (Figs. S4, S5). The soil moisture response exhibits
irreversibility as in the permafrost property of the ratio of
frozen to liquid water, particularly in the deeper layers. While
soil moisture in the layer shallower than 2 m can be consid-
ered reversible and does not demonstrate hysteresis, the re-
covery during the NEC experiment remains insufficient in
the layers below that depth.

3.3 Factors contributing to hysteresis and irreversibility
of permafrost response

During the global warming, radiative forcing heats the
ground and the excess heat is then transferred downward
in the soil, causing thawing from upper to lower layers, as
schematically depicted in Fig. 7a (left two panels). During
the thawing period, excess heat is first used to change the
phase from ice to sherbet, without much decrease in the to-
tal permafrost area. Once the GSAT change reaches a critical
threshold (around 3 °C in flat10), the sherbet begins to melt,
leading to the rapid decrease of the permafrost area (middle
panel).

During the subsequent cooling phase, heat is transferred
from the near-surface soil to the atmosphere, leading to the
decrease in the near-surface soil temperature and the freezing
from upper layers. In the meantime, thawing continues in the
lower soil layers. Near-surface layer is affected by seasonal
temperature variations, so the permafrost recovery occurs in
the middle of soil layers and continues until the bottom layer
freezes (right two panels). Therefore, the vertical structure
of frozen soil is different between the warming and cooling
phases at the same global warming level. After the start of the
permafrost area increase during the cooling phase, the frozen
area in the upper soil layers (1–4 m) expand but not in the
bottom soil layer (Figs. 4c, 6). At this point, the permafrost
area is approximately equal to the area where the upper lay-
ers (1–4 m) are frozen (Figs. 4b, 6c, d). This is because a
larger area of regions satisfies the permafrost definition in
the upper layers than in the bottom layer. Thus, the phase of
gradual thawing in the warming experiment and the phase of
continued thawing in the cooling experiment together form
the transition connecting the two periods which are differ-
ent in the representative soil layers. This is the way that the
permafrost hysteresis happens.

In addition, because freezing starts from the upper soil lay-
ers during the cooling phase, there are regions where freezing
in the lower soil layers has not yet fully progressed, consist-
ing of sherbet. As a result, the area of sherbet regions in-
creases and the area of ice regions decreases in the bottom
soil layer at the end of NEC experiments, compared to the
initial state (Figs. 5, 7a).

The above thawing and refreezing mechanisms are in-
ferred from the results of flat10 and NEC6 experiments (Figs.
3, 4, 6). To verify them, we conducted a series of sensitivity
experiments. We consider two possible factors that lead to
the delay of the bottom soil layer response to GSAT change.
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Figure 5. Soil property in the bottom layer (4–14 m) in (a) the piControl experiment and (b) the last year of the NEC6 experiment. Note that
GSAT is nearly the same between the two states. Regions in white indicate ice areas, while in blue indicate sherbet areas where the water
phase change is undergoing (darker blue denotes a larger amount of unfrozen water).

Figure 6. Response of soil property to warming and cooling in the bottom (4–14 m) and upper (2–4 m) layers. Trajectory of (a) ice and (b)
sherbet areas in the bottom layer as a function of the GSAT change in flat10 (black) and NEC6 (yellow). (c)–(d) As in (a)–(b) but in the
upper layer.

The first factor is the effect of soil heat conductivity and the
second factor is the effect of specific heat of water, i.e., heat
required for the phase change between ice, sherbet and water,
which may explain the rate change of the permafrost thaw-
ing as well as the delay in the permafrost recovery. Both fac-
tors can cause the delay in heat transfer to the soil layers but
through different mechanisms. In the next section, we ver-
ify the above hypothesis for the mechanisms of hysteresis by
performing sensitivity experiments designed to assess the ef-
fects of soil heat conductivity and specific heat on hysteresis
and irreversibility of permafrost response.

3.4 Sensitivity experiments

Two types of sensitivity experiments were conducted based
on flat10 and NEC6 by varying the soil heat conductivity or
the specific heat of water. The soil heat conductivity in MAT-
SIRO is defined as

kg(z) = kg0(z)

[
1+ fkg tanh

(
w(z)

wkg

)]
(8)

where kg(z) and kg0(z) represent the heat conductivity and its
coefficient at depth z [m], respectively. fkg and wkg are con-
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Figure 7. Schematic explaining hysteresis and irreversibility of the physical permafrost during thawing and re-freezing. (a) Five rectangular
panels show the vertical cross sections of the soil, representing the initial state of warming (leftmost), followed by the warming states during
and at the end of the flat10 experiment, and the two cooling states during and at the end of the NEC experiment. Radiative forcing and the
SAT changes are shown by arrows. (b, c) Timeseries of annual-mean temperature in regions where the bottom layer (4–14 m) is sherbet (b:
68° N, 87° W) and ice (c: 71° N, 171° E) at the end of the NEC6 experiment. The black curves represent the SAT, and the brown and blue
curves represent the ground temperature at the surface layer (0–0.05 m) and the bottom layer, respectively. The vertical dashed line indicates
the year when the flat10 run is switched to NEC6.

stant, and w(z) represents the soil moisture at depth z [m].
The units for kg and kg0 are [W/(m K)], and the unit for wkg
is [m3 m−3]. To modify the effect of heat conductivity, a pre-
scribed parameter kg0(z) is varied by multiplying factors of
1/2, 2, and 10 in the sensitivity experiments and then we re-
peated flat10 and subsequent NEC6 experiments.

In MATSIRO, the amounts of melted or frozen soil mois-
ture are calculated by Eq. (9).

1θi = Cg
(
Tmlt− Tg

)
/ρwlmlt (9)

1θi represents change in the amount of frozen water present
in the soil [m3], Cg is heat capacity of soil [J K−1], Tmlt is
melting temperature of 273.15 [K], Tg is soil temperature
[K], ρw is the density of water [kg m−3], and lmlt is the spe-
cific heat for the phase change between frozen water and liq-
uid water [J kg−1]. To modify the effect of latent heat asso-
ciated with the water phase change in the soil, a prescribed
parameter lmlt is perturbed by multiplying factors of 2, 1/2,
and 1/10 in the sensitivity experiments and then we repeated
flat10 and subsequent NEC6 experiments.

The results of perturbing soil heat conductivity are sum-
marized in Fig. 8a–c for the permafrost area, ice and sher-
bet areas against GSAT changes. The permafrost hysteresis
is smaller with doubling of heat conductivity and vice versa

with halved value (red and blue curved in Fig. 7a). In an ex-
treme case with the heat conductivity 10 times as large as
the standard parameter, hysteresis roughly diminishes (yel-
low curve). Unlike the high sensitivity of the permafrost area
response, the permafrost properties, i.e., redistribution be-
tween ice and sherbet in the bottom soil layer are insensitive
to perturbed heat conductivity (Fig. 8b, c). Although a large
heat conductivity acts to slightly weaken irreversibility, soil
heat conductivity is not likely the major cause of irreversibil-
ity in the permafrost properties.

The results of changing specific heat of phase change are
summarized in Fig. 8d–f for the permafrost area, ice and
sherbet areas against GSAT changes. The permafrost hystere-
sis is larger with halved value of specific heat and vice versa
with doubling value (blue and red curved in Fig. 8d). In an
extreme case with the specific heat 1/10 times as large as the
standard parameter, hysteresis almost completely diminishes
(purple curve) and becomes smaller than that in extreme case
with the heat conductivity 10 times. Specific heat for water
phase change is found to affect the irreversible character of
ice and sherbet areas, too (Fig. 8e, f). In particular, an ex-
treme case of reducing latent heat parameter to 1/10 shows
that both ice and sherbet areas are almost reversible (purple
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curves). This can be interpreted as the reduced specific heat
making frozen (or half-frozen) soil melt more easily during
global warming, prohibiting sherbet area to increase. Like-
wise, soil moisture can freeze more easily during global cool-
ing, enabling the sherbet soil to freeze rapidly.

Based on the results of two types of sensitivity experi-
ments, we conclude that the permafrost hysteresis and irre-
versibility are affected by both the heat conductivity effect
and the specific heat effect, but the latter has a greater in-
fluence. This interpretation is consistent with previous stud-
ies (Cox et al., 1999; Eliseev et al., 2014) showing that the
hysteresis of permafrost is influenced by an increase in the
apparent heat inertia of soil caused by phase transitions. It
is also worth noting that no differences were found in atmo-
spheric temperature or CO2 concentration between the stan-
dard experiments and these sensitivity experiments. The key
to determine whether the bottom soil layer returns to ice or
remains in sherbet at the end of NEC experiments is the time
required for the phase change. Even when surface tempera-
tures are similar, a longer phase change time makes it more
difficult for all soil moisture to refreeze during NEC exper-
iments (Fig. 7b, c). The time required for phase change is
proportional to the amount of soil moisture. Naturally, high-
latitude regions tend to freeze faster due to low temperature
unlike middle latitudes where sherbet remains longer time.

3.5 Estimated amount of GHGs emission from
permafrost thaw

The cumulative emissions of CO2 and CH4 released from
thawed permafrost in the flat10 and NEC experiments are es-
timated by offline calculation using PDGEM (cf. Sect. 2.4).
As GSAT increases, the cumulative emissions of CO2 and
CH4 also increase but at a rate varying in time such that the
emission is slow during the early and late stage of warm-
ing but rapid in between (Fig. 9). The carbon release from
thawed permafrost during a GSAT change of 0–4 °C is ap-
proximately 14PgC per degree of global warming, which
falls within the uncertainty range of 3–41 PgC estimated by
Winkelmann et al. (2023). As expected from the permafrost
hysteresis, GHGs emissions from thawed permafrost con-
tinue for some time after warming in flat10 turns to cooling
in the NEC experiments. In NEC2, for example, the cumu-
lative CO2 emissions from permafrost reach approximately
10.9 PgC, accounting for 41.3 % of the total cumulative per-
mafrost emissions from the beginning of flat10 to the end of
NEC2. On the other hand, there is little GHGs emission dur-
ing the NEC8 experiment that accounts for 0.6 % of the total
cumulative emissions throughout the experiments because all
the NH permafrost has almost thawed at this warming level.
The impact of the permafrost hysteresis on carbon releases is
not negligible but depends on the global warming level when
the GHGs emission turns about from positive to negative.
This finding indicates that permafrost hysteresis may have a
significant impact on additional GHGs emissions, especially

under a modest warming level of 2 °C. Furthermore, carbon
emissions from thawed permafrost induce additional warm-
ing. The contribution to the GSAT increase is estimated as
0.19 °C at 2 °C warming, 0.60 °C at 4 °C warming, 0.82 °C
at 6 °C warming, and 0.96 °C at 8 °C warming (Fig. S6), in-
dicating that the permafrost feedback amplifies the warm-
ing by 10 %–15 %. In addition, offsetting carbon emissions
from permafrost requires extending the duration of the nega-
tive emission period by approximately 12 %–17 % (data not
shown).

Our calculation has limitations on top of the lack of feed-
back between climate and carbon release from the permafrost
thaw. Namely, PDGEM assumes that once the frozen soil
thaws, it continues to emit GHGs even after refreezing (cf.
Sect. 2.4). This differs from the actual response of permafrost
under climate cooling. Since GHGs emissions from a thawed
soil are assumed to continue for 15 to 40 years, this assump-
tion would act to overestimate the GHGs emissions from
permafrost soils that refreeze before the emissions have fin-
ished. During flat10 and NEC experiments, the volume of
regions that begin to refreeze before the GHGs emission fin-
ishes accounts for approximately 40 % in NEC2, 20 % in
NEC4, 15 % in NEC6, and 10 % in NEC8 experiment of the
total volume of areas that no longer meet the definition of
permafrost by the end of experiments. This means that the
model calculates GHG emissions from soils that have actu-
ally started to refreeze and would have suppressed emissions,
in the same manner as from thawed soils, leading to an over-
estimation of total GHG emissions. Of the CO2 emitted from
soils after the start of the NEC experiments, up to approxi-
mately 4.34 PgC in NEC2, 1.38 PgC in NEC4, 1.06 PgC in
NEC6, and 0.05 PgC in NEC8 can be overestimated. Sim-
ilarly, of the CH4 emitted from soils after the start of the
NEC experiments, up to approximately 0.355 PgC in NEC2,
0.113 PgC in NEC4, 0.071 PgC in NEC6, and 0.003 PgC in
NEC8 can be overestimated. Furthermore, SOC is in reality
abundant in the upper soil layers, but the model assumes a
uniform vertical distribution of soil carbon. This may also
cause a potential overestimate of the effect of hysteresis
on the GHGs emissions from permafrost. In contrast, GHG
emissions from sherbet regions, which would occur in nature,
are not assumed in PDGEM, causing an underestimation of
the GHGs emissions. Given these potential errors that act to
overestimate and underestimate the carbon emission, our re-
sults may still be subject to uncertainty.

High-emission scenarios resulting in a greater warming
lead to a large permafrost thaw. In addition, the calculation
of carbon emissions from thawed permafrost can be assumed
that the relationship between the temperature change and car-
bon release from permafrost is unique across scenarios. Us-
ing this assumption, we compare the permafrost carbon emis-
sions under the SSP scenarios with the results from the flat10
experiment, using temperature as a common metric. Under
the SSP5-8.5 scenario, with a projected GSAT change of
about 5.5 °C (IPCC, 2021), cumulative emissions from per-
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Figure 8. Response of the NH permafrost area (cf. Fig. 3b) and soil property in the bottom layer (4–14 m) (cf. Fig. 6) to warming and cooling
in the modified flat10 and NEC6 experiments. The upper panels show the results with perturbing soil heat conductivity, and the lower panels
show the results with perturbing specific heat of water phase change; doubling (red), halved (blue), 10 times (orange in upper panels), 1/10
times (purple in bottom panels) values of the parameters imposed on the standard cases (black). (a, d) Response of permafrost area, (b, e)
response of ice area, and (c, f) response of sherbet area, respectively. The thick curves indicate the 11-year running mean of GSAT change.

mafrost thaw are estimated to be 46.5 PgC (31–63 PgC) for
CO2 and 2050 Tg CH4 (1250–2800 Tg CH4) by the end of
this century (Yokohata et al., 2020a). Regarding the results of
our flat10 experiment when the GSAT change reached 5.5 °C,
the cumulative CO2 emissions from permafrost remained
within the uncertainty range mentioned above. In contrast,
CH4 emissions from permafrost exceeded the projected un-
certainty range. This discrepancy may be attributed to differ-
ences in the temperature response to scenarios among various
models, as well as variations in the simulated distribution of
wetlands and drylands. Given these findings, we can say that
the uncertainty range for CH4 emissions from permafrost at
warming levels exceeding 6 °C could be even larger than the
values reported in the SSP5-8.5 experiments by Yokohata et
al. (2020a). Furthermore, CH4 emissions are expected to fol-
low a similar trend to CO2. In addition, the inherently large
volume of CH4 emissions further amplifies the overall un-
certainty, leading to an even wider range of projected val-
ues. Furthermore, while other Earth system feedbacks asso-
ciated with permafrost exist, they are outside the scope of
this study. Our analysis focuses on GHG emissions from per-
mafrost thaw.

4 Discussion

We have shown that permafrost has hysteresis in its area and
irreversibility in its properties (i.e., ice and sherbet) during
the global warming and subsequent cooling regardless of the
global warming level when the cooling starts. The results de-
scribed in the previous section are consistent with other mod-
eling studies. Park et al. (2025) demonstrated that permafrost
thawing and the subsequent release of GHGs continue even
after anthropogenic CO2 emissions transition to negative lev-
els, which aligns with the findings of this study. Furthermore,
Boucher et al. (2012) pointed out the existence of hysteresis
in the response of the permafrost area to climate change, a
phenomenon that is also consistent with our results. These
permafrost responses can be explained by local physical pro-
cesses of the soil layers. However, the permafrost response
may also be influenced by non-local processes in the Earth
system. We discuss in this section such possibilities by look-
ing at large-scale climate indicators.

In the NH high latitudes, the surface air temperature is
lower at the final state of NEC6 than at the initial state
(Fig. 10a). This cooling can be attributable to the delay of
the Atlantic Meridional Overturning Circulation (AMOC) re-
sponse. It is known that AMOC exhibits hysteresis and be-
come stronger than its initial state during the recovery phase
(Wu et al., 2011; Jackson et al., 2014; An et al., 2021). Con-
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Figure 9. GHGs emission from permafrost thaw. NH cumulative emissions of (a) CO2 and (b) CH4 in response to GSAT change. Color
convention follows in Fig. 1.

Figure 10. Hysteresis and irreversibility in the large-scale climate indicator. (a) Response of annual- and zonal-mean surface air temperature
in flat10 and NEC6. The vertical dashed line indicates the year when flat10 is switched to NEC6. (b) Timeseries of the 11-year running mean
AMOC index (maximum value of the meridional stream function at 34° N) in flat10 and the four NEC experiments. The color convention
follows Fig. 1.

sistent with them, the NEC simulations show that the AMOC
recovery delays more when the NEC experiment is started
from a higher global warming level, whereas its final state
is stronger than the initial state (Fig. 10b). Since the AMOC
transports a large amount of heat from lower to higher lat-
itudes, the surface cooling shown in Fig. 10a is likely ex-
plained by the delayed recovery of the AMOC. The AMOC
final state is stronger than the initial state, but it does not af-
fect the temperature response in the NH during the NEC ex-
periments because the temperature response lags behind the
AMOC. The colder NH surface condition would have acted
to help refreezing of the soil moisture. Therefore, the influ-
ence of AMOC hysteresis does not explain the hysteresis and
irreversibility in permafrost and may have even counteracted
them.

Although some measures such as GSAT, global-mean CO2
concentration, and the NH permafrost area, are roughly re-
versible to the CO2 emissions, climate system in detail has
not turned back to the initial state as evident from the per-

mafrost properties, surface temperature pattern, and AMOC.
To further investigate the equilibration of the permafrost, a
2000-year piControl experiment following the NEC6 exper-
iment was conducted. During this extended piControl ex-
periment, the heat is transported from the Southern Hemi-
sphere to the NH, reducing the temperature contrast between
them (Fig. 11a). Although GSAT increases immediately af-
ter NEC6 was switched to piControl, it gradually decreases
thereafter and eventually returns to the initial state. The tem-
perature difference between the hemispheres nearly vanishes
after 2000 years and then equilibrated. Also, the permafrost
ice and sherbet areas in the bottom soil layer gradually in-
creases and decreases, respectively, during the extended pi-
Control experiment and approach the initial states (Fig. 11b).
However, the permafrost property of the ratio of frozen to
liquid water in lowest soil layer may not fully recover to the
initial state when the climate reaches equilibrium.

As inferred from Fig. S1, TCRE shows neither irreversibil-
ity nor hysteresis in our experiments, but this may be model-
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Figure 11. (a, b) Timeseries in flat10, NEC6, and the 2000-year piControl run after NEC6 experiment. The vertical dashed lines indicate
the year when the flat10 run is switched to NEC6 and to piControl. (a) Response of the annual-mean GSAT (black) and SAT averaged
over 30–90° N (blue), 30° S–30° N (red), and 30–90° S (green). (b) Timeseries of ice (black) and sherbet (blue) areas. (c–d) Difference of
the 10 year-mean soil temperature in the bottom layer (4–14 m) from piControl in (c) the end of NEC6 and (d) the 2000-year piControl
experiment conducted after NEC6.

dependent (Sanderson et al., 2024). Koven et al. (2022) eval-
uated the irreversibility of TCRE using six ESMs under the
SSP5-3.4OS scenario. While TCRE was generally similar
across models, differences in sign and magnitude of ZEC
were identified among models and they were a major source
of uncertainty in future temperature decline under stabiliza-
tion scenarios. Therefore, taking inter-model differences in
TCRE and ZEC into account would be important for improv-
ing our understanding of permafrost–climate interactions.

Despite the NH surface is colder at the final state of NEC6
compared to the initial state of flat10 (Fig. 11a), the sherbet
areas still widely exist in the bottom soil layer (Fig. 5b). This
is because the surface cooling pattern is not uniform (Fig.
11c). In the NH high latitudes where the bottom soil layer is
colder at the end of NEC6 than at the initial state, permafrost
has been recovered (Fig. 5b). In the area outside the cold re-
gion, where soil temperatures are either slightly higher than
or nearly equal to the initial state, the sherbet area remains.
After 2000 years of the extended piControl, the spatial non-
uniformity in temperature in the bottom soil layer becomes
much smaller and temperatures in most regions return to val-
ues in the initial state (Fig. 11d).

Furthermore, a negative emission rate of−10 PgC yr−1, as
prescribed in the NEC experiment, may actually be unattain-

able. Yet the mechanisms of permafrost physical response
clarified using such idealized scenarios would be qualita-
tively applicable for the response under more realistic emis-
sion pathways.

5 Conclusions

To clarify the permafrost physical response – irreversibil-
ity, hysteresis, and their mechanisms – to increase and de-
crease in the CO2 emissions, we conducted idealized warm-
ing (flat10) and cooling (NEC) experiments using MIROC-
ES2L, one of the Earth System Models participating in
CMIP6, and then obtained the following results. First, the
permafrost area is reversible between the initial state of
the warming experiment and the final state of the subse-
quent cooling experiment, but exhibits hysteresis between
the warming and cooling phases. This hysteresis arises pri-
marily during the warming when the thawing speed becomes
fast at a certain threshold and during the early stage of the
cooling when the permafrost recovery is delayed. Second, the
property of the permafrost such as the ratio of frozen to liquid
water in the lower soil layer is irreversible. The area of frozen
(ice) ground is reduced while the area of half-frozen (sherbet)
ground expands when the climate has turned back to the ref-
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erence state. These hysteresis and irreversibility are coupled
and caused by the delay of heat conduction to lower soil lay-
ers. The hysteresis in the permafrost area becomes smaller
with a larger heat conductivity and/or a smaller specific heat
associated with the phase change of soil water. Both heat
conductivity and specific heat in phase change contribute to
hysteresis, but the latter plays a more substantial role.

Once thawed, the permafrost area would continue to re-
lease GHGs even under zero or negative emission because
the frozen soil layer does not recover immediately. The ex-
tent and duration of additional thawing in the NEC experi-
ments vary depending on the global warming level at which
the CO2 emissions are turn to negative. When the NEC ex-
periments is started at a certain warming level of 3 °C or
higher, the bottom soil layer continues to thaw for a longer
time. As a result, the hysteresis becomes pronounced and the
permafrost recovery takes a longer time. This suggests an
importance of mitigating global warming with 2 °C is crit-
ical to avoid the permafrost hysteresis to occur. However,
additional GHG emission from the thawed permafrost con-
tributes more to the total cumulative permafrost emissions
when the warming is mitigated at a smaller level. Cumula-
tive permafrost CO2 emissions up to the 2 °C threshold are
approximately 16 PgC, followed by approximately 11 PgC
of committed emissions during the NEC2 phase. Thus, the
GHGs released from permafrost during the NEC experiment
are significant, and it can be inferred that this will have a
major impact when estimating the remaining carbon budget.

Clarifying the influence of permafrost thawing on climate
warming is a critical issue for society, too. In this study,
we estimate the impact of GHGs emissions from thawed
permafrost by using an offline model. Ideally, this process
should be interactively implemented in the ESM to fully
represent the carbon-climate feedback. Furthermore, devel-
oping land surface models with improved representation of
the SOC spatial distribution and GHGs emission processes
are essential for reducing uncertainties in the GHGs emis-
sions from thawed permafrost. In addition to GHGs emis-
sion associated with gradual thaw, understanding other ef-
fects of abrupt thaw such as wildfires and thermokarst for-
mation triggered by ice wedge melting as well as the heat
release from microbial activity are crucial for a comprehen-
sive understanding of the permafrost as a tipping element.

Data availability. MIROC-ES2L outputs are archived at Zenodo
(https://doi.org/10.5281/zenodo.21619154, Watanabe, 2026).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/esd-17-1135-2026-supplement.

Author contributions. NW and MW designed the research and
NW performed numerical experiments and analyzed data. Both

equally contributed to the writing. All other authors contributed to
the research design and the discussion of the results.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. We are grateful to Hideo Shiogama, Kei
Yoshimura, Michio Kawamiya, Kazuyuki Saito, Michio Watanabe,
and anonymous reviewers for constructive comments on this work.

Financial support. This work was supported by the Program for
Advanced Studies of Climate Change Projection (SENTAN) Grant-
in-Aid JPMXD0722680395 from the Ministry of Education, Cul-
ture, Sports, Science and Technology (MEXT), Japan.

Review statement. This paper was edited by Richard Betts and
reviewed by two anonymous referees.

References

An, S. I., Shin, J., Yeh, S. W., Son, S. W., Kug, J. S., Min, S. K., and
Kim, H. J.: Global Cooling Hiatus Driven by an AMOC Over-
shoot in a Carbon Dioxide Removal Scenario, Earth’s Future, 9,
7, https://doi.org/10.1029/2021EF002165, 2021.

Boucher, O., Halloran, P. R., Burke, E. J., Doutriaux-Boucher,
M., Jones, C. D., Lowe, J., Ringer, M. A., Robertson, E.,
and Wu, P.: Reversibility in an Earth System model in re-
sponse to CO2 concentration changes, Environ. Res. Lett., 7, 2,
https://doi.org/10.1088/1748-9326/7/2/024013, 2012.

Brovkin, V., Bartsch, A., Hugelius, G., Calamita, E., Jelle Lever,
J., Goo, E., Kim, H., Stacke, T., and de Vrese, P.: Per-
mafrost and Freshwater Systems in the Arctic as Tipping El-
ements of the Climate System, Surv. Geophys., 46, 303–326,
https://doi.org/10.1007/s10712-025-09885-9, 2025.

Burke, E. J., Ekici, A., Huang, Y., Chadburn, S. E., Huntingford, C.,
Ciais, P., Friedlingstein, P., Peng, S. S., and Krinner, G.: Quan-
tifying uncertainties of permafrost carbon-climate feedbacks,
Biogeosciences, 14, 3051–3066, https://doi.org/10.5194/bg-14-
3051-2017, 2017.

Burke, E. J., Chadburn, S. E., Huntingford, C., and Jones, C. D.:
CO2 loss by permafrost thawing implies additional emissions re-
ductions to limit warming to 1.5 or 2 °C, Environ. Res. Lett., 13,
https://doi.org/10.1088/1748-9326/aaa138, 2018.

Burke, E. J., Zhang, Y., and Krinner, G.: Evaluating permafrost
physics in the Coupled Model Intercomparison Project 6

Earth Syst. Dynam., 17, 1135–1150, 2026 https://doi.org/10.5194/esd-17-1135-2026

https://doi.org/10.5281/zenodo.21619154
https://doi.org/10.5194/esd-17-1135-2026-supplement
https://doi.org/10.1029/2021EF002165
https://doi.org/10.1088/1748-9326/7/2/024013
https://doi.org/10.1007/s10712-025-09885-9
https://doi.org/10.5194/bg-14-3051-2017
https://doi.org/10.5194/bg-14-3051-2017
https://doi.org/10.1088/1748-9326/aaa138


N. Watanabe et al.: Hysteresis and irreversibility in permafrost physical response 1149

(CMIP6) models and their sensitivity to climate change, The
Cryosphere, 14, 3155–3174, https://doi.org/10.5194/tc-14-3155-
2020, 2020.

Canadell, J. G. and Monteiro, P. M. S.: Global carbon and
other biogeochemical cycles and feedbacks, in: Climate Change
2021: The Physical Science Basis, Contribution of Work-
ing Group I to the Sixth Assessment Report of the Inter-
governmental Panel on Climate Change, edited by: Masson-
Delmotte, V., et al., Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 673–816,
https://doi.org/10.1017/9781009157896.007, 2021.

Cox, P. M., Betts, R. A., Bunton, C. B., Essery, R. L. H., Rown-
tree, P. R., and Smith, J.: The impact of new land surface physics
on the GCM simulation of climate and climate sensitivity, Clim.
Dynam., 15, 183–203, https://doi.org/10.1007/s003820050276,
1999.

Eliseev, A. V., Demchenko, P. F., Arzhanov, M. M., and
Mokhov, I. I.: Transient hysteresis of near-surface permafrost
response to external forcing, Clim. Dynam., 42, 1203–1215,
https://doi.org/10.1007/s00382-013-1672-5, 2014.

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B.,
Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experimen-
tal design and organization, Geosci. Model Dev., 9, 1937–1958,
https://doi.org/10.5194/gmd-9-1937-2016, 2016.

Friedlingstein, P., O’Sullivan, M., Jones, M., Andrew, R., Gregor,
L., Hauck, J., Le, Quéré C., Luijkx, I., Olsen, A., Peters, G., Pe-
ters, W., Pongratz, J., Schwingshackl, C., Sitch, S., Canadell, J.,
Ciais, P., Jackson, R., Alin, S., Alkama, R., Arneth, A., Arora, V.,
Bates, N., Becker, M., Bellouin, N., Bittig, H., Bopp L., Cheval-
lier, F., Chini, L., Cronin, M., Evans, W., Falk, S., Feely, R.,
Gasser, T., Gehlen, M., Gkritzalis, T., Gloege, L., Grassi, G.,
Gruber, N., Gürses, Ö., Harris, I., Hefner, M., Houghton, R.,
Hurtt, G., Iida, Y., Ilyina, T., Jain, A., Jersild, A., Kadono, K.,
Kato, E., Kennedy, D., Goldewijk, K., Knauer, J., Korsbakken,
J., Landschützer, P., Lefèvre, N., Lindsay, K., Liu, J., Liu, Z.,
Marland, G., Mayot, N., McGrath, M., Metzl, N., Monacci,
N., Munro, D., Nakaoka, S., Niwa, Y., O’Brien, K., Ono, T.,
Palmer, P., Pan, N., Pierrot, D., Pocock, K., Poulter, B., Resp-
landy, L., Robertson, E., Rödenbeck, C., Rodriguez, C., Rosan,
T., Schwinger, J., Séférian, R., Shutler, J., Skjelvan, I., Stein-
hoff, T., Sun, Q., Sutton, A., Sweeney, C., Takao, S., Tanhua, T.,
Tans, P., Tian, X., Tian, H., Tilbrook, B., Tsujino, H., Tubiello,
F., van der Werf, G., Walker, A., Wanninkhof, R., Whitehead, C.,
Wranne, A., Wright, R., Yuan, W., Yue, C., Yue, X., Zaehle, S.,
Zeng, J., and Zheng, B.: Global Carbon Budget 2022, Earth Syst.
Sci. Data, 14, 4811–4900, https://doi.org/10.5194/essd-14-4811-
2022, 2022.

Guo, Q., Kino, K., Li, S., Nitta, T., and Takeshima, A.:
Description of MATSIRO6, CCSR Report, 66, 1–95,
https://doi.org/10.15083/0002000181, 2021.

Hajima, T., Watanabe, M., Yamamoto, A., Tatebe, H., Noguchi, M.
A., Abe, M., Ohgaito, R., Ito, A., Yamazaki, D., Okajima, H., Ito,
A., Takata, K., Ogochi, K., Watanabe, S., and Kawamiya, M.:
Development of the MIROC-ES2L Earth system model and the
evaluation of biogeochemical processes and feedbacks, Geosci.
Model Dev., 13, 2197–2244, https://doi.org/10.5194/gmd-13-
2197-2020, 2020.

Hollesen, J., Matthiesen, H., Moller, A. B., and Elberling, B.:
Permafrost thawing in organic Arctic soils accelerated by
ground heat production, Nat. Clim. Change, 5, 574–578,
https://doi.org/10.1038/nclimate2590, 2015.

Hugelius, G., Strauss, J., Zubrzycki, S., Harden, J. W., Schuur, E.
A. G., Ping, C. L., Schirrmeister, L., Grosse, G., Michaelson,
G. J., Koven, C. D., O’Donnell, J. A., Elberling, B., Mishra, U.,
Camill, P., Yu, Z., Palmtag, J., and Kuhry, P.: Estimated stocks
of circumpolar permafrost carbon with quantified uncertainty
ranges and identified data gaps, Biogeosciences, 11, 6573–6593,
https://doi.org/10.5194/bg-11-6573-2014, 2014.

Hugelius, G., Ramage, J., Burke, E., Chatterjee, A., Smallman,
T., Aalto, T., Bastos, A., Biasi, C., Canadell, J., Chandra,
N., Chevallier, F., Ciais, P., Chang, J., Feng, L., Jones, M.,
Kleinen, T., Kuhn, M., Lauerwald, R., Liu, J., López-Blanco,
E., Luijkx, I., Marushchak, M., Natali, S., Niwa, Y., Ole-
feldt, D., Palmer, P., Patra, P., Peters, W., Potter, S., Poulter,
B., Rogers, B., Riley, W., Saunois, M., Schuur, E., Thomp-
son, R., Treat, C., Tsuruta, A., Turetsky, M., Virkkala, A.,
Voigt, C., Watts, J., Zhu, Q., and Zheng, B.: Permafrost Re-
gion Greenhouse Gas Budgets Suggest a Weak CO2 Sink and
CH4 and N2O Sources, But Magnitudes Differ Between Top-
Down and Bottom-Up Methods, Global Biogeochem. Cy., 38,
10, https://doi.org/10.1029/2023GB007969, 2024.

Koven, C. D., Arora, V. K., Cadule, P., Fisher, R. A., Jones, C. D.,
Lawrence, D. M., Lewis, J., Lindsay, K., Mathesius, S., Mein-
shausen, M., Mills, M., Nicholls, Z., Sanderson, B. M., Séférian,
R., Swart, N. C., Wieder, W. R., and Zickfeld, K.: Multi-century
dynamics of the climate and carbon cycle under both high and net
negative emissions scenarios, Earth Syst. Dynam., 13, 885–909,
https://doi.org/10.5194/esd-13-885-2022, 2022.

Lenton, T. M.: Arctic climate tipping points, AMBIO, 41, 10–22,
https://doi.org/10.1007/s13280-011-0221-x, 2012.

Lenton, T., Mckay, D, I, A., Loriani, S., Abrams, J., Lade,
S., Donges, J., Buxton, J., Milkoreit, M., Powell, T., Smith,
S. R., Zimm, C., Bailey, E., Dyke, J., Ghadiali, A., and
Laybourn, L.: Global Tipping Points Report 2023, Zenodo,
https://doi.org/10.5281/zenodo.15188118, 2023.

Luke, C. M. and Cox, P. M.: Soil carbon and climate change:
from the Jenkinson effect to the compost-bomb instabil-
ity, Eur. J. Soil Sci., 62, 5–12, https://doi.org/10.1111/j.1365-
2389.2010.01312.x, 2011

McKay, D. I. A., Staal, A., Abrams, J. F., Winkelmann,
R., Sakschewski, B., Loriani, S., Fetzer, I., Cornell, S. E.,
Rockstrom, J., and Lenton, T. M.: Science, 377, 6611,
https://doi.org/10.1126/science.abn7950, 2022.

Obu, J.: How Much of the Earth’s Surface is Underlain by
Permafrost?, J. Geophys. Res.-Earth, 126, e2021JF006123,
https://doi.org/10.1029/2021JF006123, 2021.

Ito, A. and Inatomi, M.: Water-use efficiency of the terrestrial bio-
sphere: A model analysis focusing on interactions between the
global carbon and water cycles, J. Hydrometeorol., 13, 681–694,
https://doi.org/10.1175/JHM-D-10-05034.1, 2012.

Jackson, L. C., Schaller, N., Smith, R. S., Palmer, M. D., and Vel-
linga, M.: Response of the Atlantic meridional overturning cir-
culation to a reversal of greenhouse gas increases, Clim. Dy-
nam., 42, 3323–3336, https://doi.org/10.1007/s00382-013-1842-
5, 2014.

https://doi.org/10.5194/esd-17-1135-2026 Earth Syst. Dynam., 17, 1135–1150, 2026

https://doi.org/10.5194/tc-14-3155-2020
https://doi.org/10.5194/tc-14-3155-2020
https://doi.org/10.1017/9781009157896.007
https://doi.org/10.1007/s003820050276
https://doi.org/10.1007/s00382-013-1672-5
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/essd-14-4811-2022
https://doi.org/10.5194/essd-14-4811-2022
https://doi.org/10.15083/0002000181
https://doi.org/10.5194/gmd-13-2197-2020
https://doi.org/10.5194/gmd-13-2197-2020
https://doi.org/10.1038/nclimate2590
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.1029/2023GB007969
https://doi.org/10.5194/esd-13-885-2022
https://doi.org/10.1007/s13280-011-0221-x
https://doi.org/10.5281/zenodo.15188118
https://doi.org/10.1111/j.1365-2389.2010.01312.x
https://doi.org/10.1111/j.1365-2389.2010.01312.x
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1029/2021JF006123
https://doi.org/10.1175/JHM-D-10-05034.1
https://doi.org/10.1007/s00382-013-1842-5
https://doi.org/10.1007/s00382-013-1842-5


1150 N. Watanabe et al.: Hysteresis and irreversibility in permafrost physical response

Park, S. W. and Kug, J. S.: A decline in atmospheric CO2 lev-
els under negative emissions may enhance carbon retention
in the terrestrial biosphere, Commun. Earth Environ., 3, 1,
https://doi.org/10.1038/s43247-022-00621-4, 2022.

Park, S. W., Mun, J. H., Lee, H., Steinert, N. J., An, S. I., Shin,
J., and Kug, J. S.: Continued permafrost ecosystem carbon
loss under net-zero and negative emissions, Sci. Adv., 11, 7,
https://doi.org/10.1126/sciadv.adn8819, 2025.

Ping, C. L., Michaelson, G. J., Jorgenson, M. T., Kimble, J. M.,
Epstein, H., Romanovsky, V. E., and Walker, D. A.: High stocks
of soil organic carbon in the North American Arctic region, Nat.
Geosci., 1, 615–619, https://doi.org/10.1038/ngeo284, 2008.

Poggio, L., de Sousa, L. M., Batjes, N. H., Heuvelink, G. B. M.,
Kempen, B., Ribeiro, E., and Rossiter, D.: SoilGrids 2.0: pro-
ducing soil information for the globe with quantified spatial un-
certainty, SOIL, 7, 217–240, https://doi.org/10.5194/soil-7-217-
2021, 2021.

Saito, K.: Arctic land hydrothermal sensitivity under warming:
Idealized off-line evaluation of a physical terrestrial scheme
in a global climate model, J. Geophys. Res., 113, D21106,
https://doi.org/10.1029/2008JD009880, 2008.

Sanderson, B. M., Booth, B. B., Dunne, J., Eyring, V., Fisher,
R. A., Friedlingstein, P., Gidden, M. J., Hajima, T., Jones, C.
D., Jones, C. G., King, A., Koven, C. D., Lawrence, D. M.,
Lowe, J., Mengis, N., Peters, G. P., Rogelj, J., Smith, C., Sny-
der, A. C., Simpson, I. R., Swann, A. L. S., Tebaldi, C., Ilyina,
T., Schleussner, C. F., Séférian, R., Samset, B. H., van Vuuren,
D., and Zaehle, S.: The need for carbon-emissions-driven cli-
mate projections in CMIP7, Geosci. Model Dev., 17, 8141–8172,
https://doi.org/10.5194/gmd-17-8141-2024, 2024

Saito, K., Machiya, H., Iwahana, G., Ohno, H., and Yokohata,
T.: Mapping simulated circum-Arctic organic carbon, ground
ice, and vulnerability of ice-rich permafrost to degradation,
Prog. Earth Planet. Sci., 7, 1, https://doi.org/10.1186/s40645-
020-00345-z, 2020.

Schiedung, M., Bellè, S.-L., Malhotra, A., and Abiven, S.: Or-
ganic carbon stocks, quality and prediction in permafrost-
affected forest soils in North Canada, Catena, 213, 106194,
https://doi.org/10.1016/j.catena.2022.106194, 2022.

Schuur, E. A. G., Bockheim, J., Canadell, J. G., Euskirchen, E.,
Field, C. B., Goryachkin, S. V., Hagemann, S., Kuhry, P., Lafleur,
P. M., Lee, H., Mazhitova, G., Nelson, F. E., Rinke, A., Ro-
manovsky, V. E., Shiklomanov, N., Tarnocai, C., Venevsky, S.,
Vogel, J. G., and Zimov, S. A.: Vulnerability of permafrost car-
bon to climate change: Implications for the global carbon cy-
cle, Bioscience, 58, 701–714, https://doi.org/10.1641/B580807,
2008.

Schuur, E. A. G., McGuire, A. D., Schädel, C., Grosse, G., Harden,
J. W., Hayes, D. J., Hugelius, G., Koven, C. D., Kuhry, P.,
Lawrence, D. M., Natali, S. M., Olefeldt, D., Romanovsky, V. E.,
Schaefer, K., Turetsky, M. R., Treat, C. C., and Vonk, J. E.: Cli-
mate change and the permafrost carbon feedback, Nature, 520,
171–179, https://doi.org/10.1038/nature14338, 2015.

Schuur, E. A. G., Abbott, B. W., Commane, R., Ernakovich, J.,
Euskirchen, E., Hugelius, G., Grosse, G., Jones, M., Koven, C.,
Leshyk, V., Lawrence, D., Loranty, M. M., Mauritz, M., Olefeldt,
D., Natali, S., Rodenhizer, H., Salmon, V., Schädel, C., Strauss,
J., Treat, C., and Turetsky, M.: Permafrost and Climate Change:
Carbon Cycle Feedbacks From the Warming Arctic, Annu.

Rev. Env. Resour., 47, 343–371, https://doi.org/10.1146/annurev-
environ-012220-011847, 2022.

Schaefer, K., Lantuit, H., Romanovsky, V. E., Schuur, E. A. G., and
Witt, R.: The impact of the permafrost carbon feedback on global
climate, Environ. Res. Lett., 9, 8, https://doi.org/10.1088/1748-
9326/9/8/085003, 2014.

Takata, K., Emori, S., and Watanabe, T.: Development of the mini-
mal advanced treatments of surface interaction and runoff, Glob.
Planet Change, 38, 209–222, https://doi.org/10.1016/S0921-
8181(03)00030-4 , 2003.

Tarnocai, C., Canadell, J. G., Schuur, E. A. G., Kuhry, P., Mazhi-
tova, G., and Zimov, S.: Soil organic carbon pools in the north-
ern circumpolar permafrost region, Global Biogeochem. Cy., 23,
GB2023, https://doi.org/10.1029/2008GB003327, 2009.

Yamamoto, A., Hajima, T., Yamazaki, D., Aita, M., Ito, A.,
and Kawamiya, M.: Competing and accelerating effects
of anthropogenic nutrient inputs on climate-driven changes
in ocean carbon and oxygen cycles, Sci. Adv., 8, 22,
https://doi.org/10.1126/sciadv.abl9207, 2022.

Yokohata, T., Saito, K., Ito, A., Ohno, H., Tanaka, K., Hajima, T.,
and Iwahata, G.: Future projection of greenhouse gas emissions
due to permafrost degradation using a simple numerical scheme
with a global land surface model, Prog. Earth Pl. Sci., 7, 56,
https://doi.org/10.1186/s40645-020-00366-8, 2020a.

Yokohata, T., Saito, K., Takata, K., Nitta, T., Satoh, Y., Hajima,
T., Sueyoshi, T., and Iwahana, G.: Model improvement and fu-
ture projection of permafrost processes in a global land surface
model, Prog. Earth Pl. Sci., 7, 1, https://doi.org/10.1186/s40645-
020-00380-w, 2020b.

Watanabe, M., Suzuki, T., O’ishi, R., Komuro, Y., Watan-
abe, S., Emori, S., Takemura, T., Chikira, M., Ogura, T.,
Sekiguchi, M., Takata, K., Yamazaki, D., Yokohata, T.,
Nozawa, T., Hasumi, H., Tatebe, H., and Kimoto, M.: Im-
proved Climate Simulation by MIROC5. Mean States, Vari-
ability, and Climate Sensitivity, J. Climate, 23, 6312–6335,
https://doi.org/10.1175/2010JCLI3679.1, 2010.

Watanabe, N.: MIROC-ES2L data for “Hysteresis and ir-
reversibility in permafrost physical response to increase
and decrease of CO2 emissions”, Zenodo [data set],
https://doi.org/10.5281/zenodo.21619154, 2026.

Watanabe, S., Hajima, T., Sudo, K., Nagashima, T., Takemura, T.,
Okajima, H., Nozawa, T., Kawase, H., Abe, M., Yokohata, T.,
Ise, T., Sato, H., Kato, E., Takata, K., Emori, S., and Kawamiya,
M.: MIROC-ESM 2010: model description and basic results of
CMIP5-20c3m experiments, Geosci. Model Dev., 4, 845–872,
https://doi.org/10.5194/gmd-4-845-2011, 2011.

Wu, P. L., Jackson, L., Pardaens, A., and Schaller, N.: Extended
warming of the northern high latitudes due to an overshoot of the
Atlantic meridional overturning circulation, Geophys. Res. Lett.,
38, https://doi.org/10.1029/2011GL049998, 2011.

Earth Syst. Dynam., 17, 1135–1150, 2026 https://doi.org/10.5194/esd-17-1135-2026

https://doi.org/10.1038/s43247-022-00621-4
https://doi.org/10.1126/sciadv.adn8819
https://doi.org/10.1038/ngeo284
https://doi.org/10.5194/soil-7-217-2021
https://doi.org/10.5194/soil-7-217-2021
https://doi.org/10.1029/2008JD009880
https://doi.org/10.5194/gmd-17-8141-2024
https://doi.org/10.1186/s40645-020-00345-z
https://doi.org/10.1186/s40645-020-00345-z
https://doi.org/10.1016/j.catena.2022.106194
https://doi.org/10.1641/B580807
https://doi.org/10.1038/nature14338
https://doi.org/10.1146/annurev-environ-012220-011847
https://doi.org/10.1146/annurev-environ-012220-011847
https://doi.org/10.1088/1748-9326/9/8/085003
https://doi.org/10.1088/1748-9326/9/8/085003
https://doi.org/10.1016/S0921-8181(03)00030-4
https://doi.org/10.1016/S0921-8181(03)00030-4
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1126/sciadv.abl9207
https://doi.org/10.1186/s40645-020-00366-8
https://doi.org/10.1186/s40645-020-00380-w
https://doi.org/10.1186/s40645-020-00380-w
https://doi.org/10.1175/2010JCLI3679.1
https://doi.org/10.5281/zenodo.21619154
https://doi.org/10.5194/gmd-4-845-2011
https://doi.org/10.1029/2011GL049998

	Abstract
	Introduction
	Model and experiments
	Model
	Idealized overshooting scenario experiments
	Definition of permafrost areas
	GHG emission from permafrost thaw

	Results
	Climate response to increase and decrease of CO2 emissions
	Permafrost area response to increase and decrease of CO2 emissions
	Hysteresis
	The irreversibility in the bottom soil layer

	Factors contributing to hysteresis and irreversibility of permafrost response
	Sensitivity experiments
	Estimated amount of GHGs emission from permafrost thaw

	Discussion
	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

