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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. 30 

Therefore, thawing of the permafrost, an important tipping element, due to global warming may lead to 

additional carbon 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 is given until the global warming level reaches different 35 

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 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 turned almost to the initial condition. 40 

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 45 

accounts for about 0.6–41% of the prescribed cumulative carbon emission. 
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1 Introduction 

Global warming due to anthropogenic carbon dioxide (CO2) emissions is ongoing and the global-mean 50 

surface air temperature (GSAT) has increased by 1.1°C since the preindustrial era (IPCC, 2021). Many 

efforts have so far been made to clarify impacts of increasing anthropogenic CO2 emissions on the Earth 

system using Earth System Models (ESMs) (Sanderson et al., 2024).  

 

Permafrost is defined as an area where soil temperature remains below 0°C for more than two consecutive 55 

years. Northern Hemisphere (NH) permafrost areas, spreading approximately 23 million km2 over 

northern Eurasia, Canada, and Himalayas (Brown et al., 1998), 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 60 

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 positive 

carbon-climate feedback (Lenton 2012; Schaefer et al., 2014; Schuur et al., 2015; Burke et al.,2018). 

While the amount of carbon released from thawed permafrost is estimated to be about 18 (3–41, 5–95% 

range) GtC per degree of global warming (IPCC, 2021; Winkelmann et al., 2023), there is a great deal of 65 

uncertainty in the estimate of additional GHGs released from permafrost thaw and their impact on climate 

due to factors such as the geographic characteristics of permafrost that make accurate estimation of soil 

carbon complex (Schuur et al., 2022; Park et al., 2022; Park et al., 2025). 

 

The above processes are irreversible on the time scale of human society of, say, hundreds years because 70 

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 permafrost 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 warming level because the thawing process will 75 
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begin from near-surface soil layers. In addition, permafrost is considered one of the tipping elements 

which have the critical threshold at which a small perturbation can cause a qualitative change in the state 

and development of a system (Luke and Cox, 2011; Hollesen et al., 2015; McKay et al., 2022). 

 

Investigation of the physical response of permafrost to climate change is also critical to understand the 80 

permafrost property as one of the climate system which may have hysteresis. It is important to understand 

how the permafrost 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 efforts including the use of 

carbon dioxide removal techniques. Boucher et al. (2012) first showed the existence of hysteresis 

behaviour in the permafrost response to increase and decrease of the CO2 concentration using an ESM. 85 

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 

intermediate complexity, or EMIC.  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 90 

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 95 

2.1. Model  

We use MIROC-ES2L, one of the ESMs participating in the Coupled Model Intercomparison Project 

Phase 6 (CMIP6) (Eyring et al. 2016). MIROC-ES2L is an extension of a climate model MIROC5.2 

which is an improved version of MIROC5 (Watanabe et al., 2010). The atmospheric model includes an 

aerosol module (Spectral Radiation-Transport Model for Aerosol Species, SPRINTARS) (Takemura et 100 

al., 2000, 2005) and is coupled with an ocean model (CCSR Ocean Component model, COCO) (Hasumi, 
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2006), a land model (Minimal Advanced Treatments of Surface Interaction and Runoff model, 

MATSIRO) (Takata et al., 2003), a terrestrial ecosystem model, VISIT-e, which is a modified model from 

Vegetation Integrative SImulator for Trace gases model (VISIT) (Ito and Inatomi, 2012), and an ocean 

biogeochemical model (New ocean biogeochemical component model, OECO2). The horizontal 105 

resolution of the atmospheric model is T42, which is approximately 2.8° intervals in latitudes and 

longitudes, and the model has vertically 40 levels with the top at 3 hPa. The ocean model has the 

horizontal resolution of 360 x 256 grids and 62 vertical levels. The depth of the land model is 14 m below 

the surface and six layers within. 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 110 

layer. The horizontal resolution of MATSIRO is the same as the atmosphere model. VISIT-e simulates 

terrestrial carbon and nitrogen cycles. OECO2 is a nutrient–phytoplankton–zooplankton–detritus-type 

model that is an extension of the previous model (Watanabe et al., 2011). MIROC-ES2L thus explicitly 

simulates biochemical cycles of carbon, nitrogen, phosphorus, iron, oxygen, and control of multiple 

nutrients of primary productivity (Hajima et al., 2020; Yamamoto et al., 2022). However, the current 115 

version of MIROC-ES2L does not represent the release 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. Section 2.4). 

 

To improve the soil thermal and hydrological processes in the circumpolar region and obtain the realistic 120 

distribution of permafrost area, we adopted three modifications to MATSIRO following Yokohata et al. 

(2020b). The first update is to use different values of the heat capacity and thermal conductivity for liquid 

water and ice. In the CMIP6 version of MATSIRO, water in soil, even when it is frozen, was calculated 

using the same heat capacity and thermal conductivity as a liquid. However, ice should have a smaller 

heat capacity and a larger thermal conductivity than liquid water. The second is to incorporate an organic 125 

layer near the surface. The organic layer has a heat insulation effect between the surface and the ground 

interior. The third is to consider 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 
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0°C, and the temperature does not fall below 0°C until all the liquid water in the layer freeze. The process 

is more accurate with considering unfrozen water. The details of the first and third modification are 130 

provided in Saito (2008). The first and third modifications described above promote the decrease of soil 

temperature in winter and the second update inhibits the increase of soil temperature in summer. Yokohata 

et al. (2020b) showed that these modifications to MIROC-ES2L significantly improved the permafrost 

distribution comparable to observations near the boundary in particular (their Fig. 2).  

 135 

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 systems. As the preliminary piControl experiment showed a small drift in the 

CO2 concentration due to a slight carbon sink induced by  ocean-bottom sedimentation process, we have 140 

given a constant CO2 emission of 0.068 PgC/year 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 

experiment, started from the initial state taken from piControl in a year 100, for 1000 years during which 

a CO2 emission of 10 PgC/year has been given uniformly. In this study, we call this idealized warming 

experiment flat10 following Sanderson et al. (2024). Friedlingstein et al. (2022) show that the 145 

anthropogenic CO2 emissions averaged from 2012 to 2021 are 9.6 ± 0.5 PgC/year, and the amount of the 

10 PgC/year emission in flat10 is comparable with this observational estimate. We define the response to 

the imposed CO2 emissions 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. 150 

 

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/year emission to a negative value (i.e., carbon absorption) of -10 PgC/year when the GSAT 

increase (or referred to as the global warming level) reaches 2, 4, 6, and 8°C. In this study, we collectively 155 
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call these simulations negative emission commitment (NEC) experiments. 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 continued 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 

experiments. The response in NEC was defined in a similar manner to flat10. 160 

 

2.3. Definition of permafrost areas 

The permafrost area is defined as follows. The model has vertically six soil layers, and if a grid 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 permafrost. In the piControl climate, the 165 

permafrost layers expand from the bottom to the near surface, but during the overshoot simulations 

sometimes unfrozen layers that do not satisfy the definition of permafrost between surface and bottom 

layers arise – such area is called talik. 

 

2.4. GHG emission from permafrost thaw 170 

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 temperatures 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 dates are also used to calculate 175 

the future changes in wetland area as he 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 equations. 

 

𝑑𝐶!,#$%&'
𝑑𝑡

	= 	𝜋!,#𝐹$%&' 	− 	
𝑅#

𝜏!
𝐶!,#$%&' (1) 180 
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𝐶!,#$%&' is soil organic carbon content in the thawed permafrost [kg], 𝜋!,# is the fraction of flux for the 

corresponding types. 𝑅# is the changes in soil organic carbon decomposition rate due to temperature rise. 

i is the index for the quality of soil organic matter (fast or slow decomposition), j is the index for the soil 

moisture state (aerobic and anaerobic decomposition). Values of 𝜋!,#  and 𝑅#  are same as those in 185 

Yokohata et al. (2020). 𝜏! is the turnover time of soil organic carbon [year] which is randomly assigned 

value between 15 and 40 for each region. 𝐹$%&' is the flux of organic carbon due to permafrost thawing 

[kg/year] which is calculated by the following equation: 

 

𝐹$%&' =	∆𝑉$%( 	× 	𝜌)*+ (2) 190 

 

𝜌)*+ is the density of soil organic carbon (Eq.(4)). ∆𝑉$%( is the volume of thawed permafrost due to global 

warming [m3/year], the formulation for ∆𝑉,% in the tth year is as follows: 

 

∆𝑉,% =	 [𝐴𝐿𝑇(𝑡) − 𝑀𝐴𝑋(𝐴𝐿𝑇(𝑡-, 𝑡- = 0,… 𝑡 − 1)] 	× 	𝐴.(!/ (3) 195 

 

𝐴𝐿𝑇(𝑡) is the active layer thickness [m] which is defined as the region where the ground temperature 

exceeds 0℃ in summer seasons in the tth year. 𝐴.(!/ is the grid area of the global climate model used for 

the simulation. If Eq. (3) produces a negative value, ∆𝑉,% is set to zero. Therefore, a land area that has 

thawed once is considered not to refreeze and continue to release GHGs from soil. 𝜌)*+ in Eq. (2) is 200 

defined as follows:  

	𝜌)*+ =	
𝜎012
𝑑)*+

(4) 

 

𝜎012 	is the soil organic carbon from Saito et al.(2020). 𝑑)*+ is the depth of soil organic carbon [m] and 

set to 14 in this study. Further details have been explained in Yokohata et al. (2020a). 205 
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3. Results 

3.1. Climate response to increase and decrease of CO₂ emissions 

In this section, we show climate responses to CO₂ emissions in flat10 and NEC experiments, with a focus 

on global-mean measures. Figure1 shows the time series of GSAT and global-mean CO₂ concentration 210 

changes. In flat10, GSAT increases 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 

warming (thick curves in Fig. 1). GSAT change is quasi-reversible to the increase and decrease in the 

cumulative CO₂ emissions, 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.  215 

The higher temperature at the end of the NEC8 experiments is likely due to positive albedo feedback.  

 

The global-mean atmospheric CO₂ concentration increases with the increase of cumulative emission, and 

its 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. 220 

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 progressively 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 225 

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). 
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 230 

Figure 1: Timeseries of GSAT (thick) and CO2 concentration (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. 235 

 

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 response to global warming in the flat10 

experiment. In its initial state, permafrost spreads across the entire high latitude region similar to 240 

observations (Fig. 2a). When the GSAT increases to 2°C from piControl, permafrost thaws near the edges 

but the area shows no significant 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 

of GSAT change compared to other land models because of little snow insulation (Burke et al., 2020). 245 
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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. 
 

 250 

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 0.05–0.25×1013 m3 per century for approximately the first 

250 years, followed by a rapid decrease of 0.44–0.60×1013 m3 per century afterwords until about 750 

years when permafrost thaws completely. In all but NEC8 experiments, permafrost continues to thaw for 

100–200 years after branching off from flat10 despite GSAT has already started to decrease (Fig. 1). The 255 

delayed recovery of the permafrost area is rapid at the rate of 0.47–0.75 ×1013 m3 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 response of permafrost area to the increase/decrease of CO₂ emissions is regarded as largely 260 

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 therefore 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. 265 

3a). 
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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 270 

the direction of time evolution). Color convention follows Fig. 1. 
 

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 275 

flat10 and NEC6 experiments for a detailed comparison. Although the GSAT increase starts to reverse 

immediately after the emission change from positive to negative in year 467 (dashed line in Fig. 4a), the 

permafrost thaw continues for the initial 150 years during the NEC6 experiment (Fig. 4b). 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) determines the characteristics of the total 280 

permafrost area (Fig. 4c). Moreover, a rapid decrease in permafrost area begins around 250-300 year, 

coinciding with the start of thawing in the bottom layer (Fig. 4a, c). On the other hand, the permafrost 

area recovery begins to occur when the area of frozen soil in the upper (1–4 m) layers starts to expand. 

Thus, the difference in the soil response at different depths to surface warming and cooling is the key to 

understanding the hysteresis response of the permafrost area. Note that the hysteresis in the permafrost 285 

area is not caused by the too-thick single bottom layer as we have confirmed it also happens in a one-

dimensional soil model that has 100 soil layers (not shown). 
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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) timeseries of the 290 

permafrost area replicated from Fig. 3, and (c) time-depth cross section of the area that meets the 

definition of permafrost layers. The vertical dashed line indicates the year when the flat10 run is switched 

to NEC6.  
 

 295 

We also investigate the soil property changes in each soil layer in the flat10 and NEC6 experiments. 

Permafrost layers can be separated into a frozen layer with the annual maximum soil temperature below 

0°C and a mixed-phase layer with the annual maximum soil temperature keeps 0°C. The former layer is 

called frozen or "ice" and the latter half-frozen or "sherbet" as liquid and frozen water coexist in the 

sherbet layer. GHGs are not emitted from the ice layer, while emit from the sherbet layer. Therefore, the 300 

distinction between these two states is important when assessing GHG emissions due to permafrost thaw.  
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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 final state of NEC6 305 

(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).  

 

 310 
Figure 5: Soil property in the bottom layer (4–14m) 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). 

 315 
 

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 warming and recovers with cooling 

but at a slower rate, leading to a smaller ice area in the final state of the NEC6 experiment (Fig. 6a). The 

area of sherbet regions increases until the GSAT reaches around 3°C, when the permafrost area begins to 320 

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 325 
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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). 

 

 

Figure 6: Response of soil property to warming and cooling in the bottom (4–14m) and upper (2–4m) 330 

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. 

 

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 335 

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 total 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). 340 

 

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 
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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 345 

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 (Fig. 4c). At this point, the permafrost area is approximately equal to the 

area where the upper layers (1–4 m) are frozen. Thus, the phase of gradual thawing in the warming 350 

experiment and the phase of continued thawing in the cooling experiment together form the transition 

connecting the two periods which are different in the representative soil layers. This is the way that the 

permafrost hysteresis happens. 

 

In addition, because freezing starts from the upper soil layers during the cooling phase, there are regions 355 

where freezing in the lower soil layers has not yet fully progressed, consisting of sherbet. As a result, the 

area of sherbet regions increases and the area of ice regions decreases in the bottom soil layer at the end 

of NEC experiments, compared to the initial state (Fig. 7a).  

 

 360 

https://doi.org/10.5194/egusphere-2025-4088
Preprint. Discussion started: 11 September 2025
c© Author(s) 2025. CC BY 4.0 License.



17 
 

 

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 365 

and the SAT changes are shown by arrows. (b), (c) Timeseries of annual-mean temperature in regions 

where the bottom layer (4–14m) 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 (0–0.05m) and the bottom layer, respectively. The vertical dashed 

line indicates the year when the flat10 run is switched to NEC6. 370 

 

 

3.4. Sensitivity experiments 

The above thawing and refreezing mechanisms are inferred from the results of flat10 and NEC6 

experiments (Figs. 3, 4, 6). To verify them, we conducted a series of sensitivity experiments. We consider 375 

two possible factors that lead to the delay of the bottom soil layer response to GSAT change. 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 thawing as well as the delay in the permafrost recovery. Both factors can cause the delay 

in heat transfer to the soil layers but through different mechanisms. To this end, two types of sensitivity 380 
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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 the ground model MATSIRO is defined by Eq. (5).  

 𝑘.(4) = 𝑘.-(4)	A1 + 𝑓6.	tanh	H𝑤(4)/𝑤6.KL (5) 
 

𝑘.(4) and 𝑘.-(4) represent the heat conductivity and its coefficient at depth z [m], respectively. 𝑓6. and 385 

𝑤6.  are constant, and 𝑤(4)  represents the soil moisture at depth z [m]. To modify the effect of heat 

conductivity, a prescribed parameter 𝑘.-(4)  is varied by multiplying factors of 1/2, 2, and 10 in the 

sensitivity experiments and then we repeated flat10 and subsequent NEC6 experiments.  

 

In MATSIRO, the amounts of melted or frozen soil moisture are calculated by Eq. (6).  390 

 ∆𝜃! = 𝐶. H𝑇78$ − 𝑇.K 𝜌'𝑙78$⁄  (6) 
 

∆𝜃! 	represents change in the amount of frozen water present in the soil, 𝐶. is heat capacity of soil, 𝑇78$ 

is melting temperature of 273.15 [K], 𝑇. is soil temperature [K], 𝜌' is the density of water, and 𝑙78$ is 

the specific heat for the phase change between frozen water and liquid water. To modify the effect of 

latent heat associated with the water phase change in the soil, a prescribed parameter 𝑙78$ is perturbed by 395 

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 summarized in Fig. 8a–c for the permafrost area, ice 

and sherbet areas against GSAT changes. The permafrost hysteresis is smaller with doubling of heat 400 

conductivity and vice versa with halved value (red and blue curved in Fig. 7a). In an extreme case with 

the heat conductivity 10 times as large as the standard parameter, hysteresis roughly diminishes (yellow 

curve). Unlike the high sensitivity of the permafrost area response, the permafrost properties, i.e., 

redistribution between 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 405 

heat conductivity is not likely the major cause of irreversibility in the permafrost properties.  
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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 hysteresis 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 410 

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 extreme case of reducing latent heat parameter to 1/10 shows that both ice and 

sherbet areas are almost reversible (purple curves). This can be interpreted the reduced specific heat 415 

making frozen (or half-frozen) soil to melt more easily during global warming, prohibiting sherbet area 

to increase. Likewise, soil moisture can freeze more easily during global cooling, enabling the sherbet 

soil to freeze rapidly.  

 

Based on the results of two types of sensitivity experiments, we conclude that the permafrost hysteresis 420 

and irreversibility are affected by both the heat conductivity effect and the specific heat effect, but the 

latter has a greater influence. This interpretation is consistent with previous studies (Cox et al., 1999; 

Elissev 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 

atmospheric temperature or CO₂ concentration between the standard experiments and these sensitivity 425 

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 temperatures 

are similar, a longer phase change time makes it more difficult for all soil moisture to refreeze during 

NEC experiments (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 430 

latitudes where sherbet remains longer time. 
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Figure 8: Response of the NH permafrost area (cf. Fig. 3b) and soil property in the bottom layer (4–14m) 

(cf. Fig. 6) to warming and cooling in the modified flat10 and NEC6 experiments. The upper panels show 435 

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. 440 

 

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 estimated by offline calculation using PDGEM (cf. Section 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 445 

slow during the early and late stage of warming but rapid in between (Fig. 9). The carbon release from 

thawed permafrost during a GSAT change of 0–4°C is approximately 14 PgC per degree of global 

warming, which falls within the uncertainty range of 18 (3–41) PgC estimated by Winkelmann et al. 

(2023). As expected from the permafrost hysteresis, GHGs emissions from thawed permafrost continue 

for some time after warming in flat10 turns to cooling in the NEC experiments. In NEC2, for example, 450 

the cumulative CO₂ emissions until the end of the experiment reach approximately 10.9 PgC, which 
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accounts for 41.3% of the total cumulative emissions throughout the experiments. On the other hand, 

there is little GHGs emission during the NEC8 experiment that accounts for 0.6% of the total cumulative 

emissions throughout the experiments because 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 455 

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. 

 

Our calculation has limitations on top of the lack of feedback between climate and carbon release from 460 

the permafrost thaw. Namely, PDGEM assumes that once the frozen soil thaws, it continues to emit GHGs 

even after refreezing (cf. Section 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 

assumption would act to overestimate the GHGs emissions from permafrost soils that refreeze before the 

emissions have finished. During flat10 and NEC experiments, the volume of regions that begin to refreeze 465 

before the GHGs emission finishes 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 actually started to refreeze and would have suppressed emissions, in the same manner as from 

thawed soils, leading to an overestimation of total GHG emissions. Furthermore, SOC is in reality 470 

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 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 results may still be subject to uncertainty. 475 
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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. 

 480 

4. Discussion 

We have shown that permafrost has hysteresis and irreversibility during the global warming and 

subsequent cooling regardless of the global warming level when the cooling starts. These permafrost 

responses can be explained by local physical processes 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 485 

about such possibilities by looking 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) response. It is known that AMOC exhibits hysteresis and become stronger than its 490 

initial state during the recovery phase (Wu et al., 2011; Jackson et al., 2014; An, S.-I. et al., 2021). 

Consistent 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 latitudes, the 

surface cooling shown in Fig. 10a is likely explained by the delayed recovery of the AMOC. The AMOC 495 

final state is stronger than the initial state, but it does not affect the temperature response in the NH during 
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the NEC experiments 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 influence of AMOC 

hysteresis does not explain the hysteresis and irreversibility in permafrost and may have even 

counteracted them. 500 

 

 

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 505 

of the meridional stream function at 34° N) in flat10 and the four NEC experiments. The color convention 

follows Fig. 1. 

 

Although some measures such as GSAT, global-mean CO2 concentration, and the NH permafrost area, 

are roughly reversible to the CO2 emissions, climate system in detail has not turned back to the initial 510 

state as evident from the permafrost properties, surface temperature pattern, and AMOC. To further 

investigate the equilibration of the permafrost, a 2000-year piControl experiment following the NEC6 

experiment was conducted. During this extended piControl experiment, the heat is transported from the 

Southern Hemisphere to the NH, reducing the temperature contrast between them (Fig. 11a). Although 

GSAT increases immediately after NEC6 was switched to piControl, it gradually decreases thereafter and 515 

eventually returns to the initial state. The temperature 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 increases and decreases, respectively, during the extended piControl experiment and approach 
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the initial states (Fig. 11b). However, the permafrost property in lowest soil layer may not fully recover 

to the initial state when the climate become equilibrium.  520 

 

 

Figure 11 (a) Response of the annual-mean GSAT (black) and SAT averaged over 30° –90° N (blue), 30° 

S–30° N (red), and 30° S–90° S (green). (b) Timeseries of ice (black) and sherbet (blue) areas in flat10, 

NEC6, and the 2000-year piControl run after NEC6. The vertical dashed line in (a) and (b) indicates the 525 

year when the flat10 run is switched to NEC6 and to piControl. (c)-(d) Difference of the 10year-mean 

soil temperature in the bottom layer (4–14m) from piControl in (d) the end of NEC6 and (d) the 2000-

year piControl experiment conducted after NEC6. 

 

Despite the NH surface is colder at the final state of NEC6 compared to the initial state of flat10 (Fig. 530 

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). The sherbet area remains 

outside of the cold region where the soil temperature is higher than the initial state. After 2000 years of  
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the extended piControl, the spatial non-uniformity in temperature in the bottom soil layer becomes much 535 

smaller and temperatures in most regions return to values in the initial state (Fig. 11d). 

 

5. Conclusions 

To clarify the permafrost physical response—irreversibility, hysteresis, and their mechanisms—to 

increase and decrease in the CO₂ emissions, we conducted idealized warming (flat10) and cooling (NEC) 540 

experiments using MIROC-ES2L, one of the Earth System Models participating in CMIP6, and then 

obtained the following results. First, the permafrost area response is reversible to both warming and 

cooling but has hysteresis. This hysteresis arises primarily 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 in the lower soil layer is irreversible. The area of frozen 545 

(ice) ground is reduced while the area of half-frozen (sherbet) ground expands when the climate has turned 

back to the reference state. These hysteresis and irreversibility are coupled and caused by the delay of 

heat conduction to lower soil layers. 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 550 

substantial role. 

 

Once thawed, the permafrost area would continue to release GHGs even under zero or negative emission 

because the frozen soil layer does not recover immediately. The extent and duration of additional thawing 

in the NEC experiments vary depending on the global warming level at which the CO2 emissions are turn 555 

to negative. When the NEC experiments 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 at 

2 °C is critical to avoid the permafrost hysteresis to occur. However, additional GHG emission from the 

thawed permafrost contributes more to the global carbon budgets when the warming is mitigated at a 560 

smaller level, resulting in an ambivalence.  
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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 565 

feedback. Furthermore, developing ground models with improved representation of the SOC spatial 

distribution and GHGs emission processes are essential for reducing uncertainties in the GHGs emissions 

from thawed permafrost. In addition to GHGs emission associated with gradual thaw, understanding other 

effects of abrupt thaw such as wildfires and thermokarst formation triggered by ice wedge melting as well 

as the heat release from microbial activity are crucial for a comprehensive understanding of the permafrost 570 

as a tipping element. 

 

Although irreversibility and hysteresis in transient climate response to cumulative carbon emission were 

not found in this study, they have been reported in other ESMs. There are differences between models in 

the climate response to anthropogenic CO₂ emissions (Sanderson et al., 2023). Therefore, it will be useful 575 

to conduct multi-model experiments to investigate the model uncertainty. Considering them 

comprehensively is also crucial for improving our understanding of permafrost–climate interactions. 
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