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Abstract. Various proxy records have suggested widespread permafrost degradation in northern high latitudes during inter-
glacial warm climates, including the mid Holocene (MH, 6000 years before present) and the last interglacial (LIG, 127 ka
BP), and linked this to substantially warmer high-latitude climates compared to the pre-industrial period (PI). However, most
Earth system models suggest only modest warming or even slight cooling in terms of annual mean surface temperatures during
these interglacials, seemingly contradicting the reconstructions of widespread permafrost degradation. Here, we combine paleo
climate simulations of the Alfred Wegener Institute’s Earth system model version 2.5 (AWI-ESM-2.5) with the CryoGridLite
permafrost model to investigate the ground thermal regime and freeze-thaw dynamics in northern high-latitude land areas dur-
ing the MH and the LIG in comparison to the PI. Specifically, we decompose how the annual mean and seasonal amplitude (that
is, the difference between the maximum and minimum monthly mean) of surface temperatures affect the occurrence of per-
mafrost, seasonal frost, thaw depth and duration, and thermal contraction cracking activity. For the MH (LIG) AWI-ESM-2.5
simulated global-mean surface temperatures in the simulation domain to be about 0.1K lower (0.4K higher), and the global-
mean seasonal amplitudes to be 2.9K (7.4K) higher than for the PI. With respect to interglacial permafrost characteristics,
our simulations revealed that (i) local permafrost probabilities and global permafrost extent are predominantly determined by
mean temperatures, (i) maximum thaw depths are increasing with both annual mean and seasonal amplitudes, and (iii) thermal
contraction cracking within the permafrost domain is almost solely driven by the seasonal amplitudes of surface temperatures.
Thus, not only mean warming, but also the enhanced seasonal temperature amplitude due to a different orbital forcing have
driven permafrost and ground ice dynamics during past interglacial climates. Our results provide an additional explanation of
reconstructed periods of marked permafrost degradation in the past, which was driven by deep surficial thaw during summer,
while colder winters allowed for permafrost persistence in greater depths. Our results further suggest that past interglacial
climates have limited suitability as analogues for future permafrost thaw trajectories, as rising mean temperatures paralleled
by decreasing seasonal amplitudes expose the northern permafrost region to magnitudes of thaw that are likely unprecedented

since at least Marine Isotope Stage 11c (about 400 ka BP).
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1 Introduction

During the Quaternary period, Earth’s climate underwent substantial climatic fluctuations, marked by alternations of glacials
and interglacials over the past several hundred thousand years (Kohler and van de Wal, 2020). These cycles have profoundly
influenced not only the abundance of ice sheets and glaciers, but also the distribution and extent of permafrost in northern mid-
and high-latitude land areas (Willeit and Ganopolski, 2015; Lindgren et al., 2018; Saito et al., 2022). During colder climates,
organic carbon became freeze-locked within the permafrost deposits, which is hypothesized to have contributed to deglacial
warming through the release of greenhouse gases as these permafrost areas thaw (Tesi et al., 2016; Crichton et al., 2016; Jones
et al., 2023). Conversely, the retreat of the ice sheets during deglaciations has also facilitated the emergence of new carbon
sinks (Lindgren et al., 2018), highlighting the complex interactions between the climate, the cryosphere, terrestrial landscape
dynamics, and the carbon cycle (Treat et al., 2019; Brosius et al., 2021; Jones et al., 2023).

Earlier direct and indirect reconstructions of northern hemisphere permafrost extent have suggested markedly smaller per-
mafrost areas during the MH and the LIG compared to the PI (Zoltai, 1995; Anisimov and Nelson, 1996; van Vliet-Lano&
and Lisitsyna, 2001), linking warmer climatic conditions during these periods with substantial permafrost retreat. However,
the magnitude, patterns, and dynamics of climatic changes during these interglacial periods remain uncertain to date. On the
one hand, proxy records may be biased towards seasons and do not represent mean warming or cooling (Marcott et al., 2013;
Bovaet al., 2021; Osman et al., 2021; Erb et al., 2022). On the other hand, there are also systematic deviations between model
and proxy data, as well as substantial inter-model spreads (Brierley et al., 2020; Otto-Bliesner et al., 2021). For instance, there
is no consensus on the magnitude and evolution of global and high-latitude temperatures during the Holocene, with proxy
reconstructions pointing to a global mid Holocene thermal optimum warmer than the present, while modelling works suggest
a steady global temperature increase throughout the Holocene with only regionally warmer but globally colder mean surface
temperatures compared to the PI (Kaufman and Broadman, 2023). This “Holocene temperature conundrum” has been partly
attributed to seasonal biases in the proxy records (Bova et al., 2021), and poor spatial averaging of unevenly distributed proxies
(Osman et al., 2021). Despite recent progress towards resolving the conundrum through data assimilation approaches (Osman
etal., 2021; Erb et al., 2022), the patterns and evolution of Holocene temperatures remain uncertain (Kaufman and Broadman,
2023). Similarly, LIG temperature reconstructions are uncertain with the additional complication that many terrestrial climate
proxies in high latitudes have been vanished during the subsequent glacial. However, there is consensus that, as a general
feature, both the LIG and MH surface temperatures featured larger seasonal amplitudes in the land areas of the northern hemi-
sphere compared to the PI (O’ishi et al., 2021; Shi et al., 2022; Brierley et al., 2020), mainly as a consequence of the greater
obliquity of the Earth’s orbit (i.e. the tilt of its rotational axis) (Kwiecien et al., 2022).

Reconstructing ground temperatures and potential permafrost dynamics of the past is challenging. On timescales of decades
to multiple centuries, ground surface temperatures of the past can be reconstructed from inverting the temperature profiles
obtained from deep boreholes (Pollack and Huang, 2000; Liu et al., 2021), where the latent heat effect due to ground freezing
and thawing is adding complexity (Groenke et al., 2023, 2024). On longer, orbital timescales of multi-millennia, the direct

observational record is not suited, but proxy records can provide information about the characteristics of permafrost. For
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example, characteristic landforms like ice-wedge casts and sand forms can be used to infer the presence of permafrost durin
the past (Christiansen et al., 2016), and have been used to delineate the southern limits of the permafrost region during the
last glacial period (Vandenberghe et al., 2014; Lindgren et al., 2018). Conversely, these landforms are not suited to infer

the absence of permafrost, such as the limits of the permafrost region during past interglacials. Such reconstructions can be
done indirectly, by establishing relations between past vegetation via pollen records and climate conditions (Klemm et al.,

2013). However, there are limitations due to sparse spatio-temporal sampling, potential seasonal biases, and interpretative
uncertainties. Speleothem growth records from karstic cave systems provide another mean to infer the absence or presence ¢
permafrost in the past (Vaks et al., 2013; Biller-Celander et al., 2021; Yan et al., 2025; Umbo et al., 2025): As a sustained

supply water in Itrating the cave is required for the build-up of speleothems, the presence of permafrost above the cave would

preclude growth. Hiatuses in a continuous record of dated speleothem layers, are thus a possible indication of permafrost
presence, while records of growth suggest permafrost absence. However, speleothem records are spatially constraint to kar:
regions, and their interpretation can be ambiguous, in particular when in zones of discontinuous permafrost occurrence.

In the absence of highly-suitable proxy records, paleoclimate modelling provides another mean to retrace the characteristics
and abundance of permafrost in the past. While much effort in paleoclimate modelling is dedicated to surface temperature
reconstructions, only few works speci cally addressed model-based reconstructions of permafrost and seasonal frost conditions
during past climates (Liu and Jiang, 2016; Saito et al., 2022; Guo et al., 2023). Classical freezing/thawing degree-day models
used for approximating permafrost conditions (Riseborough et al., 2008) already suggest that the presence and characteristic
of permafrost and seasonally frozen ground are not only controlled by the mean annual temperature at the surface, but also b
the seasonal temperature amplitude. For similar annual mean temperatures, marked differences in seasonal amplitude can res
in distinct permafrost characteristics including the thickness of the active layer (Riseborough et al., 2008), the duration of thaw,
or the occurrence of thermal contraction cracking (Lachenbruch, 1962; Matsuoka et al., 2018). These factors in turn exert key
control on hydrological, geomorphological, and biogeochemical processes (Liljedahl et al., 2016; Walter Anthony et al., 2024;
Lyu et al., 2024, e.g.). Thus, the seasonal temperature amplitude emerges as a potentially critical factor when reconstructing
the interplay between permafrost and environments, ecosystems, and landscape dynamics during past interglacials.

Here, we assess the effects of the mean and seasonality of surface temperatures on the ground thermal regime in norther
mid- and high-latitude land areas during the last and current interglacial. The PI, MH, and LIG climate states are particularly
suited for this analysis, on the one hand due to the availability of paleoclimate reconstructions based on proxy records from
pollen and speleothems, and on the other hand due to consistent de nitions of boundary conditions for simulations in the scope
of the Paleoclimate Model Intercomparison Project Phase 4 (PMIP4). Speci cally, we address the following objectives:

1. To evaluate the simulated interglacial permafrost extents against proxy-based permafrost reconstructions based on pale

records of speleothem growth and pollen.

2. To quantify ground thermal characteristics including (i) the probability and extent of permafrost, (ii) the maximum annual
thaw depths (active-layer thicknesses), and (iii) the thermal contraction cracking activity, in the northern hemisphere
(north of 30°N) for different interglacial climates (PI, MH, and LIG).



3. To decompose the contributions of the annual mean and the seasonal amplitude of surface temperatures on these grour
thermal characteristics, at the global scale as well as at continental scales (that is, North America, northern Eurasia, and
southern Eurasia including the Tibetan plateau).

For this, we diagnose parameter-ensemble simulations of the dedicated permafrost model CryoGridLite (Langer et al., 2024)

95 which are driven by climatic forcing time series of different means and seasonal amplitudes of surface temperatures, generatec
from the output of the fully coupled Earth system model (ESM) AWI-ESM-2.5 (Shi et al., 2022). To provide a perspective on
potential future thaw trajectories, we contextualize our ndings for the interglacial climates with model simulations of different
future climate scenarios.

2 Methods
100 2.1 Simulations of interglacial climates using AWI-ESM-2.5

We used the coupled Earth system model AWI-ESM-2.5 (Sidorenko et al., 2019; Shi et al., 2020, 2022) at an atmosphere

resolution of T63 (192 longitudes and 92 latitudes with a resolution of 1.8725875 near the equator) to simulate equilib-

rium climates under the boundary conditions of PMIP4 for the PI, MH, and LIG (Otto-Bliesner et al., 2021) (Table 1). The

experiments were run with dynamic vegetation, but otherwise identical, static input datasets (e.g., glacier mask, topography,
105 etc.) which are re ective of Pl conditions. The PI simulation was run for a total of 3000 years. After 1600 years, the MH and

LIG simulations were branched off and integrated for another 1400 years. The establishment of a quasi-equilibrium state was

con rmed in all experiments by a diminishing trend in global sea surface temperatures of le€s0bldrper century (Zhang

etal., 2013).

Table 1. Greenhouse gas concentrations and orbital parameters used as boundary conditions for the AWI-ESM-2.5 experiments, following
the PMIP4 protocol (Otto-Bliesner et al., 2017). Global-mean surface temperafife#§j and global-mean surface temperature seasonality

(Ta9°%3) are shown as well.

Greenhouse gas concentrations Orbital parameters Climate characteristics
Experiment| CO; (ppm) CH, (ppb) N:O (ppb) | Eccentricity Obliquity (°)  Perihelion (°)) T8 (°C)  T:2°P2 (K)

Pl 284.3 808.2 273. 0.016764 23.4598 100.33 14.21 11.4
MH 264.4 597.0 262. 0.018682 24.1058 0.87 13.88 12.1
LIG 275.0 685.0 255, 0.039378 24.0408 275.41 14.06 12.7

From each experiment, we used the last 100 simulation years to construct a time series of daily mean surface temperature
110 (variabletsurf in ECHAMBG, hereafter referred to 8s) and daily snowfall rates (variabfgsn in ECHAMB) for all 2403
land grid cells northward @30 N to be used as climatic forcing for the CryoGridLite permafrost model (see Sect. 2.2). Figure
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1 provides an overview of the mean and seasonal amplitude of surface temperatures in the simulation domain. The seasone
amplitude was taken as the difference between the highest and lowest monthly mean surface temperature.

Figure 1. Overview of the mean(,) and seasonal amplitud&) of surface temperatures in the simulation domain simulated by AWI-ESM-
2.5. Absolute values are shown for the pre-industrial (PI; a,d), and anomalies (indicatdd asd Tj) relative to the Pl are shown for the
Mid Holocene (MH; b,e) and the Last Interglaical (LIG; c,f).

In addition, we created six alternative climate forcing time series in which we combined the mean temperature and the
seasonal temperature amplitude of the original PI, MH, and LIG experiments. For each original experiment (Pl, MH, and LIG)
we applied the temperature anomalies with respect to each of the other two experiments to the entire time series of daily mear

surface temperature${(x;y;t)), that is, for each grid poir(ix; y):
D E

Ta (6yiD=Ta (Gyi)+ Ta " ((6y)  Ta - (XY) 1)

where ; 2fPIL,MH,LIGg, denotes the annual meatthe seasonal amplitude, ahd, denotes the temporal mean over

the entire forcing time series. In doing so, the seasonal amplitudes of the original forcing were retained, while the mean
temperatures were adjusted to those of the other climate states. The snowfall time series were left unchanged and therefor
correspond to those of the climate characterizing the seasonal amplitude. In total, we obtained nine climate forcing time series

corresponding to all combinations of the means and seasonal amplitudes of the PI, MH, and LIG surface temperatures.
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2.2 Ensemble-simulations of ground thermal regimes using CryoGridLite
2.2.1 Model description and input data

We used the climate forcing time series generated from the AWI-ESM-2.5 output to drive dedicated simulations with the
CryoGridLite permafrost model (Nitzbon et al., 2023; Langer et al., 2024). CryoGridLite simulates subsurface heat conduction
under consideration of the phase change of water using daily-mean surface temperatures as an upper boundary condition. A
the lower boundary condition, a constant geothermal heat ux is prescribed at a depttb00 m (Langer et al., 2024). The

model further simulates the dynamic build-up, compaction, and ablation of a snowpack using daily snowfall rates as input.
While the version of CryoGridLite used for this study does not simulate the surface and subsurface hydrology dynamically, it
addresses the spatial variability of subsurface water/ice contents through parameter-ensemble simulations.

We created an ensemble of sizg,s= 100 of parameters and ground stratigraphies re ecting subgrid-scale variability of
surface and subsurface environmental conditions. Following Nitzbon et al. (2023) and Langer et al. (2024), the ground stratig-
raphy was varied within the ensemble by uniformly sampling the water/ice contents in (i) the root zone between the wilting
point and the eld capacity & 2 [ wp; ), (i) the vadose zone between the eld capacity and the porosit2([ r; ]),
and (iii) the bedrock zone, where the water/ice content was reduced to a yauU@®; ] while increasing the mineral content
to retain saturated conditions. To represent the spatial variability of ground surface temperatures, we randomly drew from a
uniform distribution (i) a maximum snow heightnewmax2 [0:1;2:0]m), (ii) a snowfall multiplierf ¢, 2 [0:5; 1:5], and (iii) a
thawing-season temperature scaling factd [0:5;1:0] (Kropp et al., 2020).

Compared to the CryoGridLite simulations in Nitzbon et al. (2023) and Langer et al. (2024), we extended the simulation
domain from the contemporary permafrost region to the land area northw&gl léf For the contemporary permafrost do-
main, we obtained soil organic carbon contents from the dataset by Hugelius et al. (2014), which represents theérpper
of the subsurface. Outside the contemporary permafrost region, we used the dataset by FAO and ITPS (2018) which only rep-
resents carbon stocks in the uppe8m of the subsurface. Otherwise, we used the same input datasets as described in Langer
et al. (2024) which have global coverage. All input datasets were regridded to a Cartesian grid with a spatial resolution of
1.875 1.875.

2.2.2 Experiments

We performed nine model experiments which used identical ensembles of ground stratigraphies and parameters, but differen
forcing time series representing all combinations of means and seasonal amplitudes of surface temperatures in the PI, MH,
and LIG as described above (Fig. 2). The ground temperatures of each simulation were initialized based on an equilibrium
temperature pro le. First, we ran a 200-year simulation for the Pl, MH, and LIG by repeating each of the original forcing time
series twice. Each of these simulations was then continued for another 200 years by repeating the original forcing time series
twice. In addition, we branched off two further 200-year simulations, in which we repeated the alternative forcing time series
of the same mean but different amplitudes twice. The rst 300 years of each experiment were considered as spin-up to obtain



a dynamic equilibrium of the ground thermal regime within at least the updgdm of the subsurface. The nal 100 years of

each experiment were used for further analysis.

Figure 2. Overview of the simulation protocol. After a 200-year spin-up of each original climate forcing (PI, MH, LIG), three experiments,
in which the climate forcing had the same mean temperatures, but different seasonal amplitudes were branched off and continued for anothe

200 years. The nal 100-year period was used for the analyses.

2.2.3 Diagnostics

We diagnosed different characteristics of the ground thermal regime which are of relevance to various processes and feedback

160 acting in periglacial landscapes. First, we diagnosed the occurrence of permafrost as follows:

— We determined thepermafrost probability(ppe) as the fraction of ensemble members for which the maximum an-
nual temperature iiOm depths (averaged over the 100-year analysis period) is b&@l@v Assuming the ensemble
is representative of the actual spatial variability of environmental conditions, the permafrost probability corresponds
to the areal fraction of the landscape underlain by permafrost, and the overall permafrostgjesas obtained as
165 PFE= P «y PPEOGY)! (X;y) where! (X;y) is the land area of grid ce(lx;y). The permafrost probability is a general
indicator for the absence or presence of permafrost with implications for all landscape and ecosystem functions affected
by permafrost, including hydrology, biogeochemistry, and geomorphology.

Based on the permafrost probabilities, we de ned the joint permafrost domain as all grid cells forpyhietd in any of the
nine simulations. For the joint permafrost domain, we further diagnosed the following quantities:

170 — The maximum annual thaw deptdf2x (m)) was determined as the annual maximum of the depth-integrated thawed

ground fraction within the upp&m of the subsurface (averaged over the 100-year analysis period). Thus, it is limited to
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a maximum of3m. For thaw-depths beyorg8in, the ground can be considered to be permafrost-free. If not stated other-
wise, the ensemble-mean of the maximum annual thaw depth is provided. The maximum annual thaw depth corresponds
to the depth of the active layer in permafrost areas, and has important implications for hydrology and biogeochemistry.
Moreover, deeper thaw makes the initiation of thermokarst and other rapid thaw processes in ice-rich terrain more likely
and can thus trigger substantial geomorphological changes.

— Similar to Stadelmaier et al. (2021), we adopted the thresholds for thermal contraction cracking provided in Matsuoka
et al. (2018) to diagnose tlfdeep) thermal contraction cracking activ(t@fé‘éep(days year?)) as the number of days per
year for which the ground temperaturelim depth isT;, < 10 C, and the temperature gradient in the upper meter of
the subsurface is Ty > 10 Cm 1, implying a ground surface temperatureTof, < T1m 10 C. We always report
the mean over the analysis period and the ensemble. The thermal contraction cracking activity is a rst order estimate
for the possibility of wedge-ice formation. In these areas, excess ice growth is more likely, which can have a stabilizing
effect on shorter timescales (Kanevskiy et al., 2017), but might make the landscape vulnerable to thermokarst on longer

timescales.

We further diagnosed the seasonal frost probabiligg)( the annual thawed ground fraction within the upfen of the
subsurface[Q%g“W), and the shallow thermal contraction cracking activlyqsnaiiow Within the joint seasonal frost domain as
described in Appendix A.

2.3 Model evaluation against paleo records

To assess whether our model setup is capable of reproducing past interglacial permafrost extents realistically, we compared th
simulated permafrost probabilities of the MH and LIG experiments to different paleo records.

2.3.1 Speleothem growth

First, we considered speleothem growth records, which are suitable for comparisons on glacial-interglacial time scales due
to their high resistance to surface erosion (Kwiecien et al., 2022). Growth periods in the speleothem layering can be used
as an indicator for absence of permafrost, while hiatuses can suggest permafrost presence, as it precludes deep ground wat
in Itration and thus inhibits speleothem growth. However, other factors can cause hiatuses or markedly modify speleothem
growth as well, such as arid climates (Geyh and Heine, 2014; Nicholson et al., 2020), ooding of the cave (Denniston and
Luetscher, 2017; Gonzalez-Lemos et al., 2015), or glaciers (Sp6tl et al., 2024). For this study, we compiled speleothem growth
data from different sources (Muller-IBberner et al., 2024), including mainly the SISALv3 database (Kaushal et al., 2024) and
additional data points from individual studies (Biller-Celander et al., 2021; Batchelor et al., 2019; Vaks et al., 2013; Lauritzen,
1995; Lauritzen and Lundberg, 1999; Dublyansky et al., 2018; ak et al., 2012; Batchelor et al., 2024). For the MH (LIG), we
used all available data northward of 20°N with growth periods and hiatuses with durations longer than 500 years dated between
5(126) ka BP and 6 (127) ka BP, obtaining a totahef 93 (n = 47) individual locations with one or more speleothem records.

We considered locations with speleothem hiatuses to be in agreement with the model if the simulated permafrost probability
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wasppr> 10% and locations with speleothem growth to be in agreement with the moplg! < 90% Therefore, in regions
where the simulated permafrost coverage was sporadic or discontinL@is<(p pr < 90%), both speleothem growth and
hiatuses were considered plausible.

2.3.2 Pollen

We additionally considered the Holocene permafrost reconstruction by Li et al. (2022), who compiled a multitude of modern
and fossil pollen records from Eurasia to establish a logistic regression model predicting permafrost coverage (classi ed as
“permafrost-free”, “non-continuous permafrost”, or “continuous permafrost”) based on the abundance of different pollen.
Simulated permafrost probabilitiesjgf  10%were considered to agree with the reconstruction if the pollen record indicated
“permafrost-free” conditions. Probabilities pbr 90% were associated with “continuous permafrost”, dfi®6< p pr <

90%with “non-continuous” permafrost.

3 Results
3.1 Comparison between simulated and proxy-based interglacial permafrost extents
3.1.1 Speleothem growth

For both the MH and LIG, there is only one location ouB8f(33), the Tianmen cave on the southern Tibetan plateau, which
is showing speleothem growth during the MH (Cai et al., 2012) and LIG (Cai et al., 2010), while our simulations suggests a
high permafrost probability 90% (Fig. 3 a,d). In addition, one location, located in the Nahanni plateau region of northwest
Canada (Biller-Celander et al., 2021; Batchelor et al., 2024), shows both speleothems with growth and with hiatuses during
the LIG, while our simulations suggest a high permafrost probability (Fig. 3 e). All other records of speleothem growth are
plausibly located outside the region where the simulated permafrost probabilitie 088

Vice versa, almost all speleothem hiatuses in the latitudes northwaf idfare consistently located within the region where
the simulated permafrost probabilities &€ 0% One exception is a record in northern Scandinavia during the LIG, which is
close to the simulated permafrost region. This deviation could be explained by subglacial ooding of the cave galleries during
the penultimate deglaciation (Lauritzen, 1995). Several hiatuses in lower latitudes (south®@riNoére located far outside
the simulated permafrost region. These can likely be attributed to either other origins like aridity, ooding, ice sheet remnants,
or mountain permafrost settings that are not resolved in our model. Overall, the southern limit of the Arctic permafrost region
simulated with AWI-ESM-2.5/CryoGridLite is broadly consistent with the speleothem records. However, due to its relatively
sparse spatial coverage, the speleothem record does not provide a tight constraint on the past interglacial permafrost extents.

3.1.2 Pollen

We used the pollen-based reconstruction of Li et al. (2022) for northern Euraisa during the MH to partly compensate for the
sparse spatial coverage of speleothem records. For the “continuous permafrost” c&@@ganypf 72 records are located
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Figure 3. Simulated permafrost probabilities for the MH (a,b,c) and LIG (d,e,f) together with permafrost proxies based on speleothem

growth (diamond marker) and pollen records (circles). Speleothem growth indicates permafrost absence while hiatuses can be explained by
permafrost presence. The mixed category represents locations with records of both speleothem growth and hiatuses during the respectiv
period. Prominent cave systems in the permafrost regions of eastern Eurasia and North America are labelled in panels d and e. The dotte

line at 30°N represents the southern limit of the simulation domain. Note that the pollen records only cover northern Eurasia during the MH.

within the region where simulated permafrost probabilities >ar@0% (Fig. 3 a,c). Most of thel4 misaligned records are
located in eastern and southern Siberia, mostly within regions with simulated non-continuous permafrost. For the “permafrost-

10



240

245

250

255

260

265

free” category20 out of 46 records are located within the regions where permafrost probabilities 4694 with most of

the unaligned records located within the transitional area where simulated permafrost is non-continuous. This could indicate
a slight southward overestimation of the simulated Eurasian permafrost extent. For the “non-continuous” permafrost category
the agreement is the lowest, with orly) out of 33 records within areas with a permafrost probability betw#&6f6 and

90%. However, most of the non-continuous permafrost records are clustered in the central Asian region between Kazakhstan,
Russia, China and Mongolia, for which the model mostly simulates permafrost-free conditions. This could partly be related
to high-altitude settings not resolved in the model. As there are few pollen records suggesting non-continuous permafrost in
western and eastern Siberia, the pollen-based regression model for “non-continuous” permafrost does not provide a conclusive
constraint on the southern permafrost limit. Overall, the pollen-based permafrost reconstruction agrees relatively well with the
simulated permafrost probabilities, even though the “permafrost-free” records might suggest a slight southward overestimation

of the Eurasian permafrost extent in our model.
3.2 Simulated interglaical ground thermal characteristics
3.2.1 Permafrost and seasonal frost probability and extent

For the PI, we simulated a northern hemisphere permafrost aré&®f 10° km? (Fig. 4 a). For the MH, the simulated
permafrost areal@4 10° km?) is higher than for the PI, with the permafrost area extending further southward in its central
part of North America and in eastern Siberia, as well as in parts of the Tibetan plateau, while it is slightly smaller in western
Siberia and northern Fennoscandia (Fig. 4 e). For the LIG, the simulated permafrost &7 of.0° km? is smaller than

those simulated for the Pl and MH, mainly due to a reduced extent in western and central Siberia and northern Fennoscandia
while the southernmost parts of Eurasia show higher permafrost probabilities with similar patterns as for the MH (Fig. 4 i).
On the North American continent, the difference in permafrost areas between the LIG and the Pl is modest, with some regions
showing more, and some less permafrost.

Considering the alternative climate forcings, we found almost identical patterns of permafrost probabilities for those climate
forcings which have the same mean temperatures, that is, for each of the columns in Fig. 4. At the same time the patterns of
permafrost probabilities for identical seasonal amplitudes differ in the same way as those of the original (unbiased) forcings
(each row in Fig. 4). These patterns suggest, that the (local) permafrost probability is primarily affected by the mean surface
temperature, while the seasonal amplitude has only a modest in uence.

The primary in uence of mean temperature on permafrost presence was also indicated by high negative correlations between
the mean temperatures and permafrost area at the global scale and at continental scales (Fig. 5 e-h). Across all nine simulation
the permafrost extent and mean temperature showed statistically signi cant correlations at the hemispherie scat87),
as well as for northern Eurasia £ 0:97), the Tibetan plateau & 0:95), and the North American permafrost region
(r = 0:87). The respective correlations between permafrost extent and seasonal temperature amplitude are all negative, bus

statistically not signi cant and fairly low (northern hemisphere=  0:21; northern Eurasia = 0:06; Tibetan plateau:
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Figure 4. Simulated permafrost probabilitiepeg) for all climate forcings, shown as absolute values for the pre-industrial (PI) experiment

(a), and as anomalies relative to the PI for all other experiments (b-i). The results for the original climate forcings are shown on the on the
diagonal (PI: a; MH: e; LIG: i), and the off-diagonal panels show results for the alternative climate forcings, with each column having the
same mean temperature (PI: a,d,g; MH: b,e,h; LIG: c,f,i) and each row having the same seasonal temperature amplitudes (PI: a,b,c; MH:
d,ef; LIG: g,h,i). The purple line marks the limits of the joint permafrost domain of all simulations. The permafrost glethé mean

annual temperaturd§), and the mean seasonal temperature amplitligefqr the joint permafrost domain are given in the lower left corner

of each panel.

r = 0:05), with the exception of North America € 0:46, Fig. 5 h), where the simulated permafrost extent tended to be
lower in climates with a higher seasonal amplitude.

For seasonal frost area (including permafrost), we found a negative but statistically not signi cant correlations with mean
temperatures (northern hemispharez  0:45), but signi cant positive correlations with seasonal amplitude (northern hemi-
spherer =0:88) (Fig. 5 m). Similar correlations were found regionally (Fig. 5 n-p). As visible from Fig. A1, higher seasonal
amplitudes of the MH and LIG increase the seasonal frost probability outside the permafrost domain, while the higher mean
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