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Abstract. Here, global-scale frozen ground distribution from
the Last Glacial Maximum (LGM) has been reconstructed
using multi-model ensembles of global climate models, and
then compared with evidence-based knowledge and earlier
numerical results. Modeled soil temperatures, taken from
Paleoclimate Modelling Intercomparison Project phase III
(PMIP3) simulations, were used to diagnose the subsur-
face thermal regime and determine underlying frozen ground
types for the present day (pre-industrial; 0 kya) and the LGM
(21 kya). This direct method was then compared to an ear-
lier indirect method, which categorizes underlying frozen
ground type from surface air temperature, applying to both
the PMIP2 (phase II) and PMIP3 products. Both direct and
indirect diagnoses for 0 kya showed strong agreement with
the present-day observation-based map. The soil tempera-
ture ensemble showed a higher diversity around the border
between permafrost and seasonally frozen ground among the
models, partly due to varying subsurface processes, imple-
mentation, and settings. The area of continuous permafrost
estimated by the PMIP3 multi-model analysis through the di-
rect (indirect) method was 26.0 (17.7) million km2 for LGM,
in contrast to 15.1 (11.2) million km2 for the pre-industrial
control, whereas seasonally frozen ground decreased from
34.5 (26.6) million km2 to 18.1 (16.0) million km2. These
changes in area resulted mainly from a cooler climate at
LGM, but from other factors as well, such as the presence

of huge land ice sheets and the consequent expansion of
total land area due to sea-level change. LGM permafrost
boundaries modeled by the PMIP3 ensemble – improved
over those of the PMIP2 due to higher spatial resolutions
and improved climatology – also compared better to previous
knowledge derived from geomorphological and geocryolog-
ical evidence. Combinatorial applications of coupled climate
models and detailed stand-alone physical-ecological models
for the cold-region terrestrial, paleo-, and modern climates
will advance our understanding of the functionality and vari-
ability of the frozen ground subsystem in the global eco-
climate system.

1 Introduction

Frozen ground (i.e., permafrost and seasonally frozen
ground) constitutes a critical environmental subsystem of
the Arctic eco-climate, closely linked with snow and veg-
etation (Nelson, 2003; Saito et al., 2013a). Frozen ground
can affect local and remote regions through interactions and
feedbacks between energy, momentum, water, and materi-
als (carbon, nitrogen, etc.). This subsystem has shown an
enhanced and wide response to the recent global warm-
ing trend (Romanovsky et al., 2010a, b; Smith et al., 2010;
Christiansen et al., 2010). Understanding its functionality,
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variations, and stability under a different (e.g., glacial) and/or
changing (e.g., present-day) climate is a crucial element in
Earth science research, as well as in social sciences and pol-
icy making (UNEP, 2012). The areal extent of permafrost
during the Last Glacial Maximum (LGM) has been mapped
using regional to local evidence (e.g., Baulin and Danilova,
1984; Velichko, 1984; Frenzel et al., 1992; Baulin et al.,
1992; Petit-Maire et al., 2000; French, 2007), and the north-
ern and western parts of Eurasia and the northern parts of
North America and Greenland have been defined relatively
well (Vandenberghe et al., 2008; Hubberten et al., 2004;
Rozenbaum and Shpolyanskaya, 1998; Washburn, 1980), es-
pecially when compared with other areas such as northeast
Asia (Vandenberghe et al., 2004, 2012; Saito et al., 2012,
2013b) and the Southern Hemisphere (Trombotto, 2008;
Saito et al., 2012).

Numerical reconstructions of subsurface temperature
regimes from past glacial periods to the present day have
been investigated in Alaska, Europe, and Siberia, with com-
parison to borehole temperature or permafrost thickness data
(Lachenbruch et al., 1982; Osterkamp and Gosink, 1991;
Delisle, 1998; Delisle et al., 2003; Sueyoshi and Hamano,
2003; Kitover et al., 2012). While these analyses have pro-
vided minute information about permafrost evolution at sites
under climatic changes, they are not easily extended to wider
areas such as continents or hemispheres, partly owing to
scarce networks of deep borehole data and to high hetero-
geneity of the terrain.

Large-scale climate models, from generations of general
circulation models to advanced global climate models (here-
after, GCMs) and Earth system models (ESMs), have been
used for global-scale paleoclimate studies since the 1970s
(Gates, 1976). However, less attention has been paid to ter-
restrial dynamics, including those of high-latitude regions,
until recently. At the time of the Paleoclimate Modelling
Intercomparison Project phase II (PMIP2; Braconnot et al.,
2007), subsurface variables such as soil temperature and soil
moisture had not been archived within the common database.
It was in the 2000s that the subsurface regime modeled
by GCMs and/or ESMs began to undergo intensive analy-
sis (Renssen et al., 2000; Renssen and Vandenberghe, 2003;
Lawrence and Slater, 2005; Roche et al., 2007; Saito et al.,
2007). Subsequently, the shortcomings and problems of the
processes implemented in the earlier-generation GCMs have
been widely addressed and improved (e.g., Nicholsky et al.,
2007; Alexeev et al., 2007; Saito, 2008; Lawrence and Slater,
2010). During the third phase of PMIP (PMIP3 2011), con-
ducted in tandem with the fifth phase of the Climate Mod-
elling Intercomparison Project (CMIP5; Taylor et al., 2012),
a number of subsurface variables (for soil columns rang-
ing from 3 m to 44 m in depth) have now been archived in
the common database, made publicly available, and used for
analysis (e.g., Koven et al., 2013).

When and where subsurface temperature is not avail-
able, mean annual surface air temperature (MAAT) is a

surrogate variable commonly used to interpret and dis-
tinguish types of underlying permafrost (Washburn, 1980;
French, 2007; Matsuoka, 2011; Gruber, 2012; Boeckli et
al., 2012). Van Vliet-Lanöe (2009) provides the rough crite-
ria: MAAT < −7◦C for permafrost zones covering more than
80 % of the area,−7◦C< MAAT < −3◦C for zones with
permafrost coverage of less than 80 %, and−3◦C< MAAT
for patchy permafrost. However, threshold values are differ-
ent for different application areas, periods, and types of per-
mafrost (for example, Washburn (1980) cites−2◦C as the
upward limit for permafrost, and uses the range of−5◦C to
−10◦C for the presence of continuous permafrost for dif-
ferent regions). This is partly a manifestation of subsurface
thermal regime not being a function of air temperature alone,
but it also depends on other factors such as snow cover, veg-
etation, soils, and micro-topography (French, 2007; Saito et
al., 2013a). Still dependent on atmospheric thermal infor-
mation alone, however, the use of freezing and thawing in-
dices (defined as cumulative degree-days below and above
0◦C, respectively) have been attempted in order to improve
the classification of frozen ground types (Harris, 1981, 1982;
Anisimov and Nelson, 1997; Saito et al., 2009).

Saito et al. (2009) utilized the PMIP2 surface air tem-
perature outputs to derive freezing and thawing indices, in
order to estimate frozen ground distribution at 0 kya and
LGM, and assessed these estimations using evidence-based
maps. Partly due to coarseness of the horizontal resolution,
these comparisons produced mixed results consistent with
evidence in some regions but not others. Unsuccessful re-
gions include north of the Alps, high mountainous regions
such as the Tibetan Plateau in the Northern Hemisphere, and
the Andes and Tierra del Fuego in the Southern Hemisphere.
These discrepancies, however, also resulted from known bi-
ases in PMIP2 products (e.g., warm bias in the western Eu-
rope winter; Ramstein et al., 2007; Braconnot et al., 2007).
Upon the simulation outputs of PMIP3 experiments becom-
ing publicly available, this is a good occasion for assessing
the models’ ability to reconstruct LGM frozen ground. There
have been efforts from the observational side for an Action
Group of the International Permafrost Association (IPA) –
“Permafrost Extension during the Last Permafrost Maximum
(LPM) in the Northern Hemisphere”, in particular – to com-
pile an evidence-based map of maximum permafrost extent
during the last glaciations period (J. Vandenberghe, personal
communication, 2013).

The issues addressed in this study are the following:

– How good are explicitly computed cold-region, near-
surface ground states in the PMIP3 models that employ
newer generation GCMs/ESMs, with improved physics
and finer spatial resolutions? And how do modeled
ground temperature distributions compare with previous
knowledge from the evidence-based maps?
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– How do frozen ground distributions based on air tem-
perature (indirect method) and on ground temperature
(direct method) compare?

– How well do the derived distributions reconstruct per-
mafrost boundary locations (especially in the Northern
Hemisphere)?

This paper provides a descriptive analysis of the multi-model
PMIP3 ensemble, with respect to distribution of modeled sur-
face and subsurface thermal states, and the geographical ex-
tent of reconstructed near-surface frozen ground. Progress in
modeling frozen ground characteristics after PMIP2 simu-
lations is assessed through comparisons with the evidence-
based knowledge and maps currently available.

2 Methodology

2.1 Experimental design and boundary conditions

Simulations by global paleoclimate models that contributed
to PMIP2 (Braconnot et al., 2007) and PMIP3 (PMIP3 2012)
were used in this study for the pre-industrial (piControl;
0 kya) and Last Glacial Maximum (LGM; 21 kya) periods. A
summary of the used models, institutes or groups, and simu-
lations is shown in Table 1.

In PMIP3 simulations, orbital parameters (e.g., eccentric-
ity and obliquity) and trace gas concentrations (such as car-
bon dioxide, methane, N2O, CFC, and ozone) were pre-
scribed to common values for the respective periods of 0 kya
and 21 kya (cf. PMIP3https://wiki.lsce.ipsl.fr/pmip3/doku.
php/pmip3:design:21k:final{#}ka experimentaldesign). The
pre-industrial control run experiment of PMIP3 is com-
mon to and follows design specifications and boundary
conditions determined by the CMIP5 experiment proto-
col (consult Taylor et al., 2012, for details). Ice sheet ex-
tent and land/sea distribution, as well as their altitude (to-
pography) at the LGM period, were also prescribed com-
monly by participating models. The used ice sheet extent
was a blend product of ICE-6G v2.0 (Argus and Peltier,
2010; Peltier and Drummond, 2008; Peltier, 2009), MOCA
(Tarasov and Peltier, 2002, 2003), and ANU (Lambeck et al.,
2010). Detailed information is available athttps://wiki.lsce.
ipsl.fr/pmip3/doku.php/pmip3:design:pi:final:icesheet. Veg-
etation was either computed by the model or prescribed to
the pre-industrial conditions. We did not stratify this analysis
using the difference in vegetation distribution or its mecha-
nisms; these tasks are left for future research.

In PMIP2 experiments, adherence to common bound-
ary conditions was not strict, and, therefore, the orography,
land/sea mask, and extent and height of ice sheets varied be-
tween the models. Braconnot et al. (2007) offers details re-
garding the specifications of the participating models.

All boundary conditions and monthly temperature data in
PMIP2 and PMIP3 were provided in a netCDF format. The

PMIP3 data files were taken from the Earth System Grid Fed-
eration (ESGF) system, common to the other CMIP5 data
(for example, athttp://pcmdi9.llnl.gov/esgf-web-fe/). PMIP2
data files were taken from the PMIP2 database athttp://
pmip2.lsce.ipsl.fr/database. The climatology of the variables
(i.e., near-surface air and ground temperatures) was com-
puted using the equilibrated thirty years of the simulations.

Since the horizontal resolutions (i.e., the number of grid
boxes in the longitude and latitude directions) are different
from one model to another (Table 1), spatial interpolation
was performed in advance of analysis for a respective com-
mon grid system for PMIP2 and PMIP3, by choosing the
finest resolution among the models used in the analysis. For
PMIP2, this resolution was 128 segments in longitude and
64 segments in latitude (approximately 2.8 degrees by 2.8
degrees resolution), while it was 288 by 192 boxes (approx-
imately 1.25 degrees by 0.94 degrees) for PMIP3. A com-
mon mask for the PMIP2 ice sheet and ocean for analysis
and display were determined for each grid box by a majority
principle among the models used.

2.2 Frozen ground zonation

Permafrost is defined as “ground (soil or rock and included
ice and organic material) that remains at or below 0◦C for
at least two consecutive years” by the IPA (van Everdin-
gen, 1998). According to this definition, permafrost regions
can be divided intocontinuousanddiscontinuouspermafrost
zones – in the former, “permafrost occurs everywhere be-
neath the exposed land surface”, or practically more than
90 % of the area underlain by permafrost, while in the latter
“permafrost occurs in some areas beneath the exposed land
surface throughout a geographic region where other areas are
free of permafrost”. In the “circum-Arctic map of permafrost
and ground-ice conditions” (the IPA map; Brown et al.,
1998), however, a part of a discontinuous permafrost zone is
further subdivided tosporadicandisolatedpermafrost zones,
in which 10–50 % and 0–10 % of the area is underlain by per-
mafrost, respectively. In this study, we use only two subcat-
egories for permafrost zones, unless otherwise noted: “con-
tinuous permafrost” and “discontinuous permafrost”.

For the PMIP3 results, soil temperature output (Tsl) at a
grid point can determine explicitly the frozen ground type of
the grid box between permafrost, seasonally frozen ground,
or no freezing. In this study, frozen ground types at a grid
point classified from monthly soil temperature include the
following three categories, using the thirty-year data exam-
ined for climatology (Tsl-based criteria):

Permafrost(Psl) : temperature remains at

or below 0◦C at any soil layer (1)

Seasonally frozen ground(SFGsl) :

the top soil layer(s) freeze and thaw annually,

but the layers below remain unfrozen (2)

www.clim-past.net/9/1697/2013/ Clim. Past, 9, 1697–1714, 2013
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Table 1.Summary of model simulations in PMIP2 and PMIP3 used in the study. The horizontal resolution for land is given by the number
of grid boxes in the longitudinal and latitudinal directions. Number of soil layers are given for PMIP3 models, followed by the depth of the
total soil column.

Horizontal
resolution Soil layers

Model name PMIP2 PMIP3 (land) (depth) Days of a year Modeling center (or group)

0 kya 21 kya 0 kya 21 kya

CCSM x x 128× 64 – 365 National Center for Atmospheric
Research

CNRM-CM33 x x 128× 64 – 360 Centre National de Recherches
Mét́eorologiques/Centre Européen
de Recherche et Formation Avancée
en Calcul Scientifique

CSIRO-Mk3L x 64× 56 – 365 Commonwealth Scientific and
Industrial Research Organisation
(CSIRO) and Bureau of Meteorol-
ogy (BOM), Australia

ECHAM5-MPIOM1 x 96× 48 – 365 Max-Planck-Institut für Meteorolo-
gie (Max Planck Institute for Mete-
orology)

HadCM3M2 x 96× 73 – 360 Met Office Hadley Centre

IPSL-CM4-V1-MR x 96× 72 – 360 Institut Pierre-Simon Laplace

MIROC3.2-mocat,
MIROC3.2.2-mocat

x x 128× 64 – 360,
365

Center for Climate System Research
(The University of Tokyo), National
Institute for Environmental Studies,
and Japan Agency for Marine-Earth
Science and Technology

MRI-CGCM2.3.4fa,
MRI-CGCM2.3.4nfa

x 128× 64 – 365 Meteorological Research Institute

UBRIS-HadCM3M2 x 96× 73 – 360 University of Bristol/Met Office
Hadley Centre

CCSM4 x x 288× 192 15 (43.7 m) 365 National Center for Atmospheric
Research

CNRM-CM5 x 256× 128 (8.0 m)* 365 Centre National de Recherches
Mét́eorologiques/Centre Européen
de Recherche et Formation Avancée
en Calcul Scientifique

GISS-E2-R x 144× 90 6 (3.5 m) 365 NASA Goddard Institute for Space
Studies

IPSL-CM5A-LR x x 96× 96 7 (7.0 m) 365 Institut Pierre-Simon Laplace

MIROC-ESM x x 128× 64 6 (14.0 m) 365 Japan Agency for Marine-Earth Sci-
ence and Technology, Atmosphere
and Ocean Research Institute (The
University of Tokyo), and National
Institute for Environmental Studies

MPI-ESM-P x x 192× 96 5 (9.6 m) 365 Max-Planck-Institut für Meteorolo-
gie (Max Planck Institute for Mete-
orology)

MRI-CGCM3 x x 320× 160 14 (10.0 m) 365 Meteorological Research Institute

∗ soil layer depth for “Water Content of Soil Layer”.

Clim. Past, 9, 1697–1714, 2013 www.clim-past.net/9/1697/2013/
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No freezing(NFsl) :

no freezing occurs at any layer (3)

However, the determination of frozen grounddistribution
(i.e., an areal zonation or coverage percentage of the ground
thermal state) from a one-point value of the GCM output for
an entire area represented by the grid point is not a trivial
issue. This will be discussed in Sect. 4.

At the time of PMIP2 no soil temperature was archived, so
it was not possible to compute the ground thermal regime di-
rectly. Saito et al. (2009) developed an indirect methodology
for using near-surface air temperature at 2 m (Tas) for esti-
mating the frozen ground type underneath. They employed
freezing and thawing indices – originally based on daily val-
ues, but computed from the modeled monthly mean outputs
(Frauenfeld et al., 2007); thereby a 365 day cycle pro year
was assumed for all simulations to enable mutual compari-
son, although some PMIP2 simulations used a 360-day cy-
cle (Table 1). They derived a four-category classification by
comparing the 0.5◦-grid IPA map (Brown et al., 1998) with
the 1981–2000 climatology of the Equal-Area 25 km-grid
freezing (If) and thawing (It) indexes interpolated and com-
piled by Zhang et al. (2005) from the 0.5◦-grid Climate Re-
search Unit (CRU) data (Mitchell and Jones, 2005). Saito et
al. (2013b) refined the classification by selecting IPA map
subsets of higher certainty with the presence of borehole ob-
servations. The resultingTas-based criteria are as follows:

Climate-driven permafrost(CP) : It < 0.9If − 2300 (4)

Environmentally conditional(EP) :

0.9If − 2300< It < 2.4If − 3300 (5)

Seasonal frost(Sf) : 2.4If − 3300< It andIf > 30 (6)

Intermittent frost(Im) : 0 < If ≤ 30 (7)

No freezing(Nf) : If = 0 (8)

Examination of theTas-based map produced from the ob-
served air freezing and thawing indices showed the following
category correspondence: climate-driven permafrost (CP) to
“continuous permafrost”, environmentally conditional (EP)
to “discontinuous permafrost”, seasonal frost (Sf) to deep
and/or long-lasting seasonal frost, intermittent frost (Im) to
short-time frost (i.e., less than two weeks), and Nf to “no
freezing” (Saito et al., 2013b). Note that the above classi-
fication criteria derived by air indices would be different if
derived by surface indices (e.g., snow pack effect). This dif-
ference is illustrated in Fig. 2 of Saito et al. (2013b)

In the analyses of this study, the statistics are shown by
multi-model median (50th percentile value) rather than arith-
metic mean, as the number of samples used in the analysis
was not large enough to evaluate the Gaussian assumption.

3 Simulated surface temperature climatology

Climatological differences in the atmospheric thermal condi-
tions at the surface for the LGM, relative to the pre-industrial
period, were evaluated for PMIP2 and PMIP3 (Fig. 1). Freez-
ing indices measure the severity of the cold season, while
thawing indices denote warm-season characteristics. An in-
crease in the freezing index in the middle to high latitudes
was commonly found in the PMIP3 and PMIP2 in the North-
ern Hemisphere. This increase was enhanced for the PMIP3,
reaching up to 7000◦C days along the southern boundary of
the continental ice sheets (for the Laurentide and Fennoscan-
dian ice sheets, especially), and up to 4000◦C days in the
northern areas across Eurasia and North America, including
Beringia (Fig. 1a and b). This increase indicates either ad-
ditional cooling during the sub-zero season or an extension
of the season, or both. Cooling was also noted in the moun-
tain ranges from Caucasus to the Pamir, Tibetan and Ordus
plateaus, by up to 2500◦C days along the southern limit of
the frozen zones. In the Southern Hemisphere, the highest
part of the Andes showed a similar cooling at a magnitude of
up to 2000◦C days (not shown). An overall decrease in the
global thawing index is found in both experiments except for
some warming in northeast Eurasia (Fig. 1c and d). Similar to
the increase in the freezing index, this trend indicates either a
decrease in the warm-season temperature or a shortening of
the season, or both. These results are in line.

MAAT is an amalgamation of the two indices (i.e.,
MAAT = (It − If)/365). The maps of MAAT show clearly
that the overall characteristics in MAAT difference are gov-
erned by the cold-season trends in both PMIP2 and PMIP3
(Fig. 1e and f). One important implication is that the de-
grees of cooling at 21 kya between the cold and warm sea-
sons (i.e., changes inIf and It) were different from region
to region. The geographical distribution of this difference
in seasonality, or asymmetry, is essential to interpreting the
spatial difference of frozen ground response, resulting in the
sometimes insufficient or misleading use of MAAT (Harris,
1981, 1982). Previous experiences have indicated that this is
especially applicable in cases of “coarse” spatial scales of
10 000 km2 or larger, where the effects of other small-scale
factors are apt to be smoothed out by spatial averaging (Saito
et al., 2009, 2013b).

4 Modeled distributions of frozen ground and its
inter-model diversity

4.1 Present-day frozen ground distributions

Reconstructed frozen ground distributions are shown as maps
in Fig. 2 for the Northern Hemisphere (NH). The areal extent
for the entire NH and its four sub-regions is tabulated in Ta-
ble 2. Results for 0 kya from the direct method using soil
temperature (Tsl-criteria; Fig. 2a, and PF3 in Table 2) and the

www.clim-past.net/9/1697/2013/ Clim. Past, 9, 1697–1714, 2013
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Fig. 1.Difference in freeze index at the LGM (21 kya) from the pre-industrial period (0 kya), computed from(a) the PMIP3 simulations and
(b) PMIP2.(c) and(d) same as(a) and(b) except for the freeze index.(e)and(f) same as(a) and(b) except for mean annual air temperature
at the surface (MAAT).

Clim. Past, 9, 1697–1714, 2013 www.clim-past.net/9/1697/2013/
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Table 2. Coverage of frozen ground (percentage relative to the land area) in the Northern Hemisphere, simulated by the models in PMIP2
and PMIP3 for the pre-industrial and LGM periods. PF3 denotesTsl-based diagnosis in PMIP3. FG3 and FG2 denoteTas-based diagnosis
in PMIP3 and PMIP2, respectively. Values are given in median, followed by the minimum and maximum (left and right numbers in the
square parenthesis, respectively), and the difference between the two eras. The difference between the two eras is also shown in the rightmost
column. Numbers of models used for deriving the statistics for each category are given at the bottom of Table 2a.

(a) Northern Hemisphere

Zone 21 kya (113.8× 106 km2) 0 kya (97.3× 106 km2) 1 (21 kya–0 kya)

Continuous permafrost
PF3 (Psl) 26.0 [17.8, 32.8] 15.1 [12.2, 36.0] 10.9
FG3 (CP) 17.7 [14.1, 26.8] 11.2 [8.2, 12.0] 6.5
FG2 (CP) 13.2 [12.9, 16.9] 12.2 [9.0, 17.8] 1.0
Obs. – 10.1 –

Discontinuous permafrost
PF3 – – –
FG3 (EP) 7.2 [4.4, 9.4] 11.9 [10.0, 15.0] −4.7
FG2 (EP) 8.2 [6.9, 9.7] 11.7 [9.7, 14.2] −3.5
Obs.∗ – 12.1 –

Seasonally frozen ground
PF3 (SFGsl) 18.1 [10.0, 25.0] 34.5 [20.7, 40.8] −16.4
FG3 (Sf) 16.0 [12.5, 17.9] 26.6 [26.1, 28.0] −10.6
FG2 (Sf) 16.5 [13.7, 22.2] 28.0 [25.2, 34.6] −11.5
Obs. – 25.8 –

Intermittently frozen ground
PF3 – – –
FG3 (Im) 2.8 [2.1, 5.1] 4.6 [4.4, 5.6] −1.8
FG2 (Im) 3.1 [2.3, 3.6] 4.9 [3.2, 5.8] −1.8
Obs. – 3.5 –

No freezing
PF3 (NFsl) 35.6 [30.3, 36.2] 40.9 [39.3, 45.7] −5.3
FG3 (Nf) 35.1 [30.7, 36.3] 40.1 [39.4, 46.3] −5.0
FG2 (Nf) 35.9 [33.9, 37.8] 41.7 [38.5, 46.2] −5.8
Obs. – 48.5 –

# of models PF3 6 5
FG3 7 5
FG2 7 5

(b) Europe (20◦ W–60◦ E, 40◦ N–75◦ N)

Zone 21 kya (13.4× 106 km2) 0 kya (10.4× 106 km2) 1 (21 kya–0 kya)

Continuous permafrost
PF3 (Psl) 31.5 [7.3, 48.6] 2.4 [0.5, 37.4] 29.1
FG3 (CP) 11.1 [5.5, 26.1] 0.1 [0.0, 2.7] 11.0
FG2 (CP) 7.4 [4.9, 7.9] 2.2 [0.3, 14.4] 5.2
Obs. – 1.2

Discontinuous permafrost
PF3 – –
FG3 (EP) 13.0 [10.6, 19.1] 7.3 [2.9, 17.5] 5.7
FG2 (EP) 8.7 [8.3, 12.9] 16.0 [9.3, 20.6] −7.3
Obs.∗ – 5.3

Seasonally frozen ground
PF3 (SFGsl) 36.4 [13.3, 53.2] 71.3 [56.4, 84.5] −34.9
FG3 (Sf) 34.7 [21.6, 40.0] 63.6 [51.6, 71.6] −28.9
FG2 (Sf) 34.4 [27.6, 55.7] 61.4 [46.6, 68.6] −27.0
Obs. − 76.3

Intermittently frozen ground
PF3 – –
FG3 (Im) 1.5 [0.5, 3.6] 11.0 [9.0, 16.5] −9.5
FG2 (Im) 2.5 [0.6, 4.8] 12.8 [4.4, 19.8] −10.3
Obs. – 9.9

No freezing
PF3 (NFsl) 0.9 [0.0, 2.5] 9.0 [2.1, 26.0] −8.1
FG3 (Nf) 0.8 [0.0, 1.6] 9.4 [2.5, 25.8] −8.6
FG2 (Nf) 0.7 [0.0, 4.4] 6.2 [0.6, 18.7] −5.5
Obs. – 7.3
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Table 2.Continued.

(c) Asia (60◦ E–170◦ W, 40◦ N–75◦ N)

Zone 21 kya (22.8× 106 km2) 0 kya (20.5× 106 km2) 1 (21 kya–0 kya)

Continuous permafrost
PF3 (Psl) 82.8 [68.1, 96.3] 46.2 [31.6, 86.4] 36.6
FG3 (CP) 63.8 [53.4, 89.0] 32.9 [26.5, 38.1] 30.9
FG2 (CP) 54.7 [47.9, 68.8] 37.5 [26.5, 44.6] 17.2
Obs. – 35.4 –

Discontinuous permafrost
PF3 – – –
FG3 (EP) 20.7 [5.3, 29.9] 28.1 [26.4, 36.5] −7.4
FG2 (EP) 21.9 [16.3, 30.3] 27.7 [22.4, 34.1] −5.8
Obs.∗ – 26.7 –

Seasonally frozen ground
PF3 (SFGsl) 19.1 [2.1, 30.3] 52.1 [12.0, 66.7] −33.0
FG3 (Sf) 14.1 [4.0, 16.8] 37.5 [28.7, 41.2] −13.4
FG2 (Sf) 18.2 [5.0, 24.7] 33.5 [21.3, 51.0] −15.3
Obs. – 37.6 –

Intermittently frozen ground
PF3 – – –
FG3 (Im) 0.0 [0.0, 0.0] 0.1 [0.0, 2.1] −0.1
FG2 (Im) 0.0 [0.0, 0.0] 0.0 [0.0, 2.1] 0.0
Obs. – 0.3 –

No freezing
PF3 (NFsl) 0.0 [0.0, 0.0] 0.0 [0.0, 0.6] 0.0
FG3 (Nf) 0.0 [0.0, 0.0] 0.0 [0.0, 0.4] 0.0
FG2 (Nf) 0.0 [0.0, 0.0] 0.0 [0.0, 0.0] 0.0
Obs. – 0.0 –

(d) North America (170◦ W–40◦ W, 40◦ N–75◦ N)

Zone 21 kya (20.0× 106 km2) 0 kya (15.1× 106 km2) 1 (21 kya–0 kya)

Continuous permafrost
PF3 (Psl) 14.7 [9.5, 15.5] 26.8 [17.7, 69.0] −12.1
FG3 (CP) 10.9 [5.4, 12.9] 18.3 [7.7, 22.8] −7.4
FG2 (CP) 5.5 [1.5, 6.5] 24.2 [16.3, 38.3] −18.7
Obs. – 22.8 –

Discontinuous permafrost
PF3 – – –
FG3 (EP) 4.5 [2.0, 7.0] 26.1 [19.3, 29.9] −21.6
FG2 (EP) 1.1 [0.0, 11.7] 22.5 [14.6, 23.9] −21.4
Obs.∗ – 31.7 –

Seasonally frozen ground
PF3 (SFGsl) 1.4 [0.6, 7.8] 64.9 [22.4, 71.7] −63.5
FG3 (Sf) 2.5 [1.4, 4.6] 45.8 [43.1, 61.3] −43.3
FG2 (Sf) 2.9 [1.5, 15.1] 50.3 [38.3, 65.7] −47.4
Obs. – 43.8 –

Intermittently frozen ground
PF3 – – –
FG3 (Im) 0.1 [0.1, 0.2] 0.5 [0.2, 2.5] −0.4
FG2 (Im) 0.4 [0.0, 0.9] 0.9 [0.5, 2.3] −0.5
Obs. – 0.9 –

No freezing
PF3 (NFsl) 0.0 [0.0, 0.1] 0.6 [0.1, 0.7] −0.6
FG3 (Nf) 0.0 [0.0, 0.1] 0.4 [0.1, 1.3] −0.4
FG2 (Nf) 0.4 [0.0, 0.5] 0.5 [0.0, 2.7] −0.1
Obs. – 0.8 –
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Table 2.Continued.

(e) Mid-latitudes (0◦ N–40◦ N)

Zone 21 kya (57.6× 106 km2) 0 kya (51.2× 106 km2) 1 (21 kya–0 kya)

Continuous permafrost
PF3 (Psl) 5.9 [3.2, 10.3] 3.7 [2.4, 5.7] 2.2
FG3 (CP) 3.5 [3.1, 7.2] 2.0 [1.0, 2.8] 1.5
FG2 (CP) 2.3 [0.8, 3.4] 0.5 [0.0, 1.4] 1.8
Obs. – 0.0 –

Discontinuous permafrost
PF3 – – –
FG3 (EP) 2.0 [1,1. 2.6] 1.8 [1.4, 2.3] 0.2
FG2 (EP) 2.6 [2.5, 3.5] 1.6 [0.0, 3.0] 1.0
Obs.∗ – 6.2 –

Seasonally frozen ground
PF3 (SFGsl) 22.3 [15.4, 26.2] 15.6 [9.4, 17.3] 6.7
FG3 (Sf) 17.4 [13.6, 19.5] 11.1 [5.4, 12.6] 6.3
FG2 (Sf) 17.0 [13.2, 19.0] 11.6 [7.1, 17.0] 5.4
Obs. – 14.6 –

Intermittently frozen ground
PF3 – –
FG3 (Im) 5.1 [3.9, 9.9] 6.2 [4.7, 7.3] −1.1
FG2 (Im) 5.7 [3.4, 6.4] 5.7 [4.9, 7.3] 0.0
Obs. – 7.5 –

No freezing
PF3 (NFsl) 69.7 [59.8, 71.4] 76.7 [74.1, 81.1] −7.0
FG3 (Nf) 69.1 [60.7, 71.2] 74.2 [73.3, 82.0] −5.1
FG2 (Nf) 72.0 [69.2, 76.0] 79.9 [74.9, 85.0] −7.9
Obs. – 71.8 –

∗ Total of “discontinuous”, “sporadic”, and “isolated” permafrost.

indirect method using surface air temperature (Tas-criteria;
Fig. 2c, and PG3 in Table 2) show that PMIP3 reconstruc-
tions compare well in general to the observation-based evi-
dence for the entire NH, in terms of geographic distribution
(Fig. 2g) and areal extent (column 4 in Table 2a). The ob-
served continuous and discontinuous permafrost zones oc-
cupy 10.1 % and 12.1 % of the NH land area, respectively;
the multi-model results lie in the range of 11.2 % to 15.1 %
for the former, and 11.7 % to 11.9 % for the latter (cf. Ta-
ble 2 of Koven et al., 2013). Further examination of the
sub-regions to the north of 40◦ N – Europe (20◦ W–60◦ E,
40◦ N–75◦ N; Table 2b), Asia (60◦ E–170◦ W, 40◦ N–75◦ N;
Table 2c), and North America (170◦ W–40◦ W, 40◦ N–75◦ N;
Table 2d) – also shows good correspondence to observation-
based distribution. Presence of permafrost was also repro-
duced to the south of 40◦ N by all diagnostics (Table 2e;
extending to low- to mid-latitudes, though the presence of
frozen ground is confined to the Tibetan Plateau), despite
variations in areal extent and types of permafrost. Underes-
timation of total permafrost extent in this area is primarily
due to smoothed orography in the models, leading to warmer
temperatures.

TheTsl-based map (Fig. 2a) showed dark blue areas (Psl)

that lie between “continuous permafrost” (cold permafrost
zone) and “discontinuous” permafrost (warm permafrost

zone). Similarly, the SFGsl area (green in Fig. 2a) does
not coincide with “seasonally” and “intermittently” frozen
ground (green and pale green in Fig. 2g, respectively). This
is one example of the gap between a point soil temperature
profile and the determination of an areal zonation. These dis-
cords with observations have also resulted from the time dif-
ference between the pre-industrial period (circa 1850; Taylor
et al., 2012) and the observations for the IPA map (late 20th
century). This likely owes to a recovery from the Little Ice
Age and a long time constant of frozen ground dynamics.
In fact, Koven et al. (2013) showed that the modeled per-
mafrost area for 1850 had changed by 2005 by a value rang-
ing from 2 % (increase) to−47 % (decrease) in the CMIP5
multi-model simulations. Another factor, not irrelevant to the
previous point, is that the piControl experiment is an equilib-
rium experiment, while the IPA map includes transient states
of the permafrost system. TheTas-based method, however,
reproduced a result closer to the IPA map, as shown below.
Considering the shorter timescale of atmospheric tempera-
ture relative to its subsurface counterpart, the discrepancies
between theTsl-based map and observations is rather due to
this issue of associating point value with a zone of areal ex-
tent (including limitations in the classification construction
given by Eqs. 1–3), and/or implemented subsurface physics.
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Fig. 2. Frozen ground distribution diagnosed from the Tsl for(a) the pre-industrial and(b) the LGM periods, from PMIP3 results. Multi-
model mode (the most frequent categories in each grid box) was used. Colors denote permafrost zone (Pf; dark blue), transitional zone
(Tr; blue), seasonally freezing zone (Sf; dark green), intermittently freezing zone (If; pale green), no-freezing zone (Nf; orange), and ice
sheets (LI; yellow). White solid (dashed) lines denote the southern boundary of continuous (discontinuous) permafrost reconstructed by
Vandenberghe et al. (2004, 2012), while dotted line denotes the reconstruction by Xu et al. (1988). Cross symbols (x) denote the presence
of alpine permafrost by Xu et al. (1988).(c) and (d) same as(a) and (b) except that the diagnoses areTas-based.(e) and (f) same as(c)
and(d) except for the PMIP2 results.(g) represents observation-based frozen ground distribution at the present day. Permafrost distribution
was taken from the IPA map (Brown et al., 1998), and the seasonally freezing ground is determined by mean monthly air temperature at the
surface (Saito et al., 2007).
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Fig. 2. (g) represents observation-based frozen ground distribution
at the present day. Permafrost distribution was taken from the IPA
map (Brown et al., 1998), and the seasonally freezing ground is
determined by mean monthly air temperature at the surface (Saito
et al., 2007).

The PMIP3 Tas-based classification is more closely
aligned with observation-based reconstruction. CP and EP
are in good correspondence with “continuous” and “discon-
tinuous” permafrost, while Sf and Im are consistent with
seasonally and intermittently frozen ground (Fig. 2c and g).
The PMIP2 product (Fig. 2e, PF2 in Table 2) is also consis-
tent with observations but failed to represent regional fea-
tures, particularly in areas with complex relief – e.g., the
Altai and Rocky mountains. The finer resolution of PMIP3
definitely contributed to the improvement ofTas-based maps
with local details. The PMIP3 map shows less zonal features
with clearer orographic effects. One of the advantages ofTas-
based methodology, as compared to theTsl-based method, is
its flexibility to downscale. With use of fine-resolution dig-
ital elevation models (DEMs) and the assumed lapse rate
of atmospheric temperature with height, surface air tem-
perature data from the GCM outputs or observation-derived
maps (for example, reanalysis data) can be used to produce a
downscaled frozen ground distribution map. This application
has been conducted for northeast Asia (Saito et al., 2013b),
Japan (Saito et al., 2012), and South America (Saito et al.,
2012), using PMIP2 outputs. It is expected that application
of PMIP3 data, which produced more realistic climate repre-
sentation than PMIP2, will yield improved downscaled dis-
tribution.

4.2 LGM permafrost distribution

The LGM permafrost distribution previously reconstructed
from observational evidence (i.e., Baulin et al., 1992; Petit-
Maire et al., 2000; French, 2007) shows equatorward expan-
sion of permafrost and seasonally frozen ground regions due

to cooler and drier climates at the time. Permafrost in Eura-
sia covered areas between the Fennoscandian ice sheet and
the Alps, the northern Dnieper and Volga river basins, west-
ern and central Siberia, the Altai and Mongolian highlands,
and Northern Asia (Baulin and Danilova, 1984; Velichko,
1984; Baulin et al., 1992; Frenzel et al., 1992; Vandenberghe
and Pissart, 1993; Xu et al., 1988; Ono, 1990, 1991; Petit-
Maire et al., 2000; Vandenberghe et al., 2004; French, 2007).
In North America, continuous permafrost occurred near the
Laurentide ice sheet, with a 2–8◦-wide latitudinal band of
discontinuous permafrost zone underlain to its south (French,
2007). The LGM southern boundaries of the latitudinal per-
mafrost zone (i.e., excluding alpine permafrost such as the
Tibetan Plateau) shown in those studies are at around 48–
50◦ N for Asia, 47–49◦ N for Asian Russia to eastern Europe,
and 44–47◦ N and north of the Alps in western Europe and
Eurasia (Baulin and Danilova, 1984; Velichko, 1984; Baulin
et al., 1992; Frenzel et al., 1992; Vandenberghe and Pissart,
1993; Petit-Maire et al., 2000; French, 2007; Vandenberghe
et al., 2012). Xu et al. (1988) and Ono (1990, 1991) argue
that the southern boundary of permafrost advanced to 40◦ N
latitude in northeast Asia. French (2007) suggested that the
southern boundary of continuous permafrost also advanced
up to 40◦ N in North America.

Our frozen ground maps from the PMIP products were
consistent with one another (Fig. 2b, d, and f). The more zon-
ally symmetric feature of the LGM permafrost boundary that
earlier studies (Velichko and Nechaev, 1984; Vandenberghe
et al., 2008, 2012) had also identified was successfully re-
produced in the PMIP3 products as well. Previous model
simulation studies largely failed to reconstruct permafrost in
western Europe due to insufficient winter cooling in the area
(Levavassuer et al., 2011; Saito et al., 2009). Vandenberghe
et al. (2012) demonstrated that the simulated southern limit
of permafrost is in linear relationship with winter North At-
lantic sea ice extent. In the PMIP3 results, theTsl-based (di-
rect) method successfully reconstructed the presence of per-
mafrost in western Europe, to the north of the Alps reach-
ing to the Atlantic coast. This is an obvious improvement
from the PMIP2 products. However, theTas-based (indirect)
method still failed to reconstruct permafrost in the region.
This suggests a further need for improvement of theTasclas-
sification method.

Differences among these methods are more apparent
near the borders between seasonal and non-freezing zones
(Fig. 2), and in the Southern Hemisphere (Fig. 1 in the Sup-
plement). However, there is not enough evidence to validate
the boundaries between seasonal and non-freezing zones,
even for the present day. For the Southern Hemisphere, ge-
omorphological evidence was reported for mountain per-
mafrost in the Andes and Tierra del Fuego during the last
glacial period (Trombotto, 2002). TheTsl-based estimate
produced areas with the presence of LGM permafrost more
clearly than theTas-based estimate did, and also appeared
closer to the field observations. The PMIP2 product was
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generally too coarse for mountain permafrost reconstruction,
despite some hint of permafrost presence reproduced at the
highest area of the Andes.

The statistics on the areal extent of frozen ground regions
at 21 kya (column 3) and their changes from 0 kya (column
5) are summarized in Table 2 for the entire Northern Hemi-
sphere and the four sub-regions. Continuous permafrost in-
creased at 21 kya relative to 0 kya in all cases except for
North America, which is affected by the substantial decrease
of land by the Laurentide ice sheet. The differences in per-
centage varied between the experiments and methods from 1
to 11 million km2 (in the case of NH), to which the warm bias
of PMIP2 21 kya climate in the European sector greatly con-
tributed. Seasonally frozen ground showed unanimous de-
crease from the LGM north of 40◦ N (Table 2b–d), while it
increased in the more equatorial region (Table 2e), reflect-
ing the overall equatorward advancement of frozen area at
21 kya.

4.3 Inter-model diversity

Figure 3 shows the variations, or diversity, of the estimated
frozen ground types among the models for each method and
era, measured by the quantityH = −6pi ln(pi), known
as the Shannon–Wiener index, defined by the classification
probabilitypi for theith category (Shannon, 1948), and plot-
ted after standardization to the range [0, 1]. Areas of high
diversity (shown in reddish colors) denote regions of dispute
among the models, while zero diversity indicates the result-
ing type is unanimous. For 0 kya, theTsl-based classifica-
tion showed high diversity between permafrost and season-
ally frozen ground, while theTas-based version varied more
between seasonal and no frost (Fig. 3a and c). The areas of
high diversity shifted southward for 21 kya for both meth-
ods, following the overall cooling and the equatorward shift
of frozen ground. The values of diversity and areal extent
were largely greater for 21 kya, reflecting the general diver-
sity of the modeled atmospheric climate among the models.
Correlation analysis on the reconstructed categories showed
that the higher diversity found in the PMIP2 map (Fig. 3e and
f), in contrast to the PMIP3 map (Fig. 3c and d), resulted pri-
marily from temperature differences between the models (not
shown). TheTsl-based methods, rather, showed decreases in
the areas of high diversity.

5 Modeled subsurface thermal regime

Seasonal change in the top soil layer of the frozen ground
zone is a direct concern to the eco-climate system, and in
modern times to the anthroposphere (including the socio-
economy) as well. It is in the active (seasonally thawed) layer
of the permafrost zones that most of the hydrological and
biogeochemical activities take place. This layer’s thickness
defines the volume at which water is held and drained and

Table 3. Global areas (in million km2) for maximum active layer
thickness (ALT) and maximum seasonal frost depth (SFD). Per-
centage for ALT relative to the total permafrost regions, and that
of SFD relative to the total seasonally frozen ground regions are
given in parentheses.

ALT SFD

LGM piControl LGM piControl

0–1 m 7.1 (25.0 %) 0.9 (5.5 %) 9.2 (62.1 %) 20.5 (65.2 %)
1–2 m 12.6 (44.6 %) 9.1 (57.4 %) 4.6 (31.2 %) 9.7 (30.7 %)
> 2 m 8.6 (30.5 %) 5.8 (37.1%) 1.0 (6.7%) 1.3 (4.1%)

the realm in which the root systems can grow and other bi-
otic matter can take up nutrients. In the seasonally frozen
ground zone, the length and depth of the frozen layer re-
strict surface infiltration and biotic activities, including agri-
culture. The seasonality of the subsurface thermal regime is
closely related to the phenology in the regions. The thick-
ness of the active layer is a measure of change in the per-
mafrost (i.e., aggradation and degradation). The maximum
active layer thickness (ALT) is known to have close connec-
tion to summertime temperature, as well as local factors such
as vegetation cover and previous snow cover, while maxi-
mum seasonal frost depth (SFD) is related to winter temper-
ature (and concurrent snow depth). Figure 4 shows ALT (in
red) for permafrost regions, and SFD (in blue) in seasonally
frozen ground regions, computed from monthly soil tempera-
ture profiles. Table 3 summarizes the areal extent of different
ALT and SFD for the two eras. The results show a shallower
active layer and deeper seasonal frost for the LGM, which is
consistent with the changes in freezing and thawing indices
(Fig. 1).

Figure 5a and b extracted the boundaries for CP and EP,
respectively, from Fig. 2 (PF3 in black, FG3 in blue, and
FG2 in green). Present-day boundaries taken from observa-
tions (IPA map) are shown in red. Present-day results are
shown by thin lines, while the LGM results are in thick lines.
Modeled boundaries for the LGM are generally in good cor-
respondence with the evidence-based knowledge described
above. That the LGM is more “latitudinal” (i.e., parallel to
the latitude lines) than the present day is clearly seen, as in-
dicated by Velichko and Nechaev (1984) and Vandenberghe
et al. (2008, 2012).

The first implication of these figures is that theTas-based
CP boundary agrees well with the observation-based contin-
uous permafrost boundary, in both Eurasia and North Amer-
ica. Secondly, the direct (Tsl-base) method does not neces-
sarily produce a better estimate than the indirect (Tas-based)
method (e.g., in eastern Siberia). The southern boundary of
latitudinal permafrost is determined primarily by the zonal
climate, by definition. Vandenberghe et al. (2012) demon-
strated the sensitivity of permafrost boundaries to overly-
ing climate, which is impacted by sea-ice distribution on a
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Fig. 3. (a) to (f) same as Fig. 2 except for the inter-model diversity of the diagnosed frozen ground categories. For definition of the diversity
index see text.

large scale. However, it is also highly dependent upon lo-
cal modifying agents, such as snow, soil, vegetation, and
topography. The subsurface physics and dynamics imple-
mented in the current generations of the GCMs/ESMs may
be quite divergent in the way they handle these factors, as
described by Koven et al. (2013), or in terms of total soil
column depth (column 7 of Table 1). In fact, the formation,
aggradation, maintenance, and degradation of permafrost are
controlled not only by atmospheric temperature, but also by
other factors such as wetness (precipitation, snow, soil mois-
ture, drainage), soil (the composition of soil with matrix and
organic materials, layering, and grain size distribution), veg-
etation, and micro-topography (aspect, face of slopes, rough-
ness) (Shur and Jorgenson, 2007; Saito et al., 2013a).

Due to this complexity of the subsystem, the subsur-
face isotherms do not necessarily coincide with the per-
mafrost zone boundaries, similar to the MAAT-permafrost
zonation correspondence described in the introduction. Fig-
ure 5c compares the distribution of the multi-model median
of mean annual ground temperature (MAGT) for the per-
mafrost regions for 0 kya (red) and 21 kya (blue). The 0 kya
MAGT distribution was compared to observations obtained

by the project “Permafrost Observatory Network: a Contri-
bution to the Thermal State of Permafrost (TSP)”, conducted
during the International Polar Year (IPY; 2007–2009) in the
Northern Hemisphere (IPY-TSP; Romanovsky et al., 2010;
IPA, 2010). In Eurasia, there are areas of overestimation
(cooling biases) between the−5 and−10◦C isotherms in
eastern Siberia. In North America, to the contrary, the south-
western part of Alaska has shown underestimation (warm
biases). These biases related to the exaggerated southward
advance in eastern Siberia of the 0 kyaTsl-based permafrost
boundaries (thin black line) are shown in Fig. 5a and b. De-
spite these regional discrepancies, overall correspondence
between the modeled pre-industrial isotherms and the ob-
servations is surprisingly good, considering possible warm-
ing since the “pre-industrial” period (the mid-1800s), as ar-
gued in Sect. 4.1. In the Asian part of Russia, between 60◦

E and 120◦ E, permafrost boundaries coincide well with the
−5◦C isotherm, while in northern Canada the boundaries are
slightly warmer: between 0◦C and− 5◦C isotherms.

Similar to the LGM permafrost boundaries, LGM
isotherms showed “latitudinal” characteristics in the mid-
dle of Eurasia. To the east, the orographic effects bent the
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Fig. 4. (a)Multi-model median of maximum active layer depth (in
red; for permafrost zones) and seasonal frost depth (in blue; for sea-
sonally frozen ground zones) for the pre-industrial period.(b) same
as(a) except for the LGM period.

isotherms to the south, while to the west the cooling in-
fluence of the ice sheet is apparent. Overall cooling of
MAGT at 21 kya relative to 0 kya is about 5◦C in both
Eurasia and Alaska. Note that MAGT cooling at LGM may
have been greater in some regions, as implied by the large
MAAT decrease from the field studies in Europe (below
−8◦C in northwestern and central Europe by Huijzer and
Vandenberghe, 1998) and China (7–8◦C decrease in north-
eastern China by Jin et al., 2000; 13◦C decrease in Inner
Mongolia by Vandenberghe et al., 2004).

The results of this study have demonstrated that direct
and indirect methods can be used in combination by com-
pensating mutually. Reconstruction of frozen ground distri-
bution using GCMs/ESMs can be done through three ap-
proaches: statistical, physical offline (standalone), and phys-
ical online (coupled) approaches. TheTas-based method is a
statistical approach, while theTsl-based is a physical coupled
one. These three approaches all have advantages and disad-
vantages, but are maybe not mutually exclusive. Simplicity

and ease in computation and application (in terms of time,
space, and coding) are advantages of the statistical method
– though it may lack physical justification when the as-
sumptions or background conditions upon which the rela-
tionships were built have changed. In contrast, GCMs/ESMs
can compute the subsurface temperature and other variables
directly in a physically consistent way. Disadvantages of this
method include a high load of computational resources and
the general inflexibility to change experimental settings (for
example, spatial resolutions and choice of processes to be
included in the experiments). Multi-layered or multi-tiered
use of these approaches, including offline (one-way) sim-
ulations using the physical subsurface models (e.g., Fig. 4
of Saito et al., 2013a, by Marchenko and Romanovsky with
their spatially distributed permafrost model GIPL-1.3l), will
aid us more effectively to widen and deepen our under-
standing regarding the roles and contributions of the frozen
ground subsystem, and the impact of its change for the global
eco-climate system.

6 Conclusions and implications

Frozen ground distribution at LGM was reconstructed from
a multi-experiment analysis using multi-model ensembles
from PMIP2 and PMIP3 GCM simulations. Direct (soil-
temperature-based) and indirect (surface-air-temperature-
based) estimation approaches were employed, and both
showed results more consistent with the present day and
glacial periods in comparison with previously known distri-
butions compiled from multiple observational studies. The
PMIP3 soil temperature output from the models with finer
horizontal resolutions and improved model climatology pro-
duced a refined reconstruction with regional details and
quantitative information for the subsurface thermal regime
for the LGM period. Both the direct and indirect approaches
proved to be successful in many aspects, each showing differ-
ent strength and shortcomings, which also prove somewhat
mutually complementary.

The fact that larger inter-model diversity was obtained
from the direct method (i.e., based on soil temperature)
frozen ground distribution than from the indirect method
(based on near-surface air temperature) has implied that the
implemented subsurface regime of the GCMs is still at the
development phase in comparison to the implemented atmo-
spheric processes, and further suggests the substantial pos-
sibility of improvement, in terms of both resolved processes
(parameterizations) and specification of subsurface charac-
teristics (settings and parameters; e.g., total soil column
depth, thickness of soil layers, choice of appropriate phys-
ical property values). Coupling, such as between thermal and
hydrological processes and with biogeochemical processes at
and below the surface (including snow-vegetation dynamics),
is definitely a necessary step in the next generation. Interac-
tions and feedback with vegetation and ecological processes
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Fig. 5. (a)Southern boundary of the latitudinal permafrost zones in the Northern Hemisphere for continuous permafrost for pre-industrial
(0 kya; thin lines) and LGM (21 kya; thick lines) periods, as defined in Fig. 2a and b, respectively. The boundaries for theTas-based diagnosis
(CP) are shown in color (blue for PMIP3 and green for PMIP2), while those for theTsl-based diagnosis (Psl) are shown in black. Observed
boundaries for the present-day continuous permafrost are shown by red lines.(b) represents the southern boundary of overall permafrost
for 0 kya (thin lines) and 21 kya (thick lines). The boundaries for theTas-based diagnosis (colored) are taken as environmentally conditional
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and thin lines, respectively. Observed MAGT by IPY-TSP are shown by closed circles.
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are very important to understanding the stability and vari-
ability of the Arctic terrestrial subsystem in the changing
global eco-climate system. To this end, transitional inte-
gration, across the late Pleistocene through the Holocene
deglaciation to the present day, with differing complexity
of implemented mechanisms and resolutions, will provide
multi-tiered information regarding different aspects of the
frozen ground subsystem in the past and present climate sys-
tem, and throughout its future projections.

Supplementary material related to this article is
available online at:http://www.clim-past.net/9/1697/
2013/cp-9-1697-2013-supplement.pdf.
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Lyså, A., Mangerud, J., M̈oller, P., Saarnisto, M., Schirrmeister,
L., Sher, A. V., Siegert, C., Siegert, M. J., and Svendsen, J. I.:
The periglacial climate andenvironment in northern Eurasia dur-
ing the Last Glaciation, Quaternary Sci. Rev., 23, 1333–1357,
2004.

Huijzer, B. and Vandenberghe, J.: Climatic reconstruction of the
Weichselian Pleniglacial in north-western and central Europe, J.
Quaternary Sci., 13, 391–417, 1998.

International Permafrost Association (IPA): IPA-IPY Thermal State
of Permafrost (TSP) Snapshot Borehole Inventory, Version 1.0.
Version 1. [indicate subset used]. Boulder, Colorado USA: Na-
tional Snow and Ice Data Center, 2010.

Jin, H., Li, S., Cheng, G., Wang, S., and Li, X.: Permafrost and
climatic change in China, Global Planet. Change, 26, 387–404,
2000.

Kitover, D. C., Renssen, H., Van Balen, R. T., and Vandenberghe,
J.: Modeling Permafrost Response of the Last Glacial Termina-
tion: First Results of the VAMPER Model, in: Tenth Interna-
tional Conference on Permafrost, 1, edited by: Hinkel, K. H., The
Northern Publisher, Salekhard, 209–214, 2012.

Koven, C., Riley, W., and Stern, A.: Analysis of permafrost thermal
dynamics and response to climate change in the CMIP5 Earth
System Models, J. Climate, 26, 1877–1900, doi:10.1175/JCLI-
D-12-00228.1, 2013.

Lachenbruch, A. H., Sass, J. H., Marshall, B. V., and Moses, Jr, T.
H.: Permafrost, Heat Flow, and the Geothermal Regime at Prud-
hoe Bay, Alaska, J. Geophys. Res., 87, 9301–9316, 1982.

Lambeck, K., Purcell, A., Zhao, J., and Svensson, N-O.: The
Scandinavian Ice Sheet: from MIS 4 to the end of the Last
Glacial Maximum, Boreas, 39, 410–435, doi:10.1111/j.1502-
3885.2010.00140.x, 2010.

Lawrence, D. M. and Slater, A. G.: A projection of severe near-
surface permafrost degradation during the 21st century, Geophys.
Res. Lett., 32, L24401, doi:10.1029/2005GL025080, 2005.

Lawrence, D. M. and Slater, A. G.: The contribution of snow con-
dition trends to future ground climate, Clim. Dyn. 34, 969–981,
2010.

Levavasseur, G., Vrac, M., Roche, D. M., Paillard, D., Martin, A.,
and Vandenberghe, J.: Present and LGM permafrost from climate
simulations: contribution of statistical downscaling, Clim. Past,
7, 1225–1246, doi:10.5194/cp-7-1225-2011, 2011.

Matsuoka, N: Climate and material controls on periglacial soil pro-
cesses: Toward improving periglacial climate indicators, Quater-
nary Res., 75, 356–365, 2011.

Mitchell, T. D. and Jones, P. D.: An improved method of construct-
ing a database of monthly climate observations and associated
high-resolution grids, Int. J. Climatol., 25, 693–712, 2005.

Nelson, F. E.: (Un)frozen in time, Science, 299, 1673–1675, 2003.
Nicolsky, D. J., Romanovsky, V. E., Alexeev, V. A., and Lawrence,

D. M.: Improved modeling of permafrost dynamics in a
GCM land-surface scheme, Geophys. Res. Lett., 34, L08501,

doi:10.1029/2007GL029525, 2007.
Ono, Y.: The Northern Landbridge of Japan, The Quaternary Re-

search (Daiyonki kenkyuu) 29, 183–192, 1990.
Ono, Y.: Glacial and periglacial paleoenvironments in the Japanese

Islands. The Quaternary Research (Daiyonki kenkyuu) 30, 203–
211, 1991.

Osterkamp, T. E. and Gosink, J. P.: Variations in Permafrost Thick-
ness in Response to Changes in Paleoclimate, J. Geophys. Res.,
96, 4423–4434, 1991.

Peltier, W. R.: Closure of the budget of global sea level rise over
the GRACE Era: The importance and magnitudes of the required
corrections for global glacial isostatic adjustment, Quaternary
Sci. Rev., 28, 1658–1674, 2009.

Peltier W. R. and Drummond, R.: Rheological stratification of
the lithosphere: A direct inference based upon the geodeti-
cally observed pattern of the glacial isostatic adjustment of the
North American continent, Geophys. Res. Lett., 35, L16314,
doi:10.1029/2008GL034586, 2008.

Petit-Maire, N., Bouysse, P., de Beaulieu, J.-L., Boulton, G., Guo,
Z., Iriondo, M., Kershaw, P., Lisitsyna, O., Partridge, T., Pflau-
mann, U., Schulz, H., Soons, J., Van Vliet-Lanoë, B., Yuan, B.,
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Van Vliet-Lanöe, B.: Periglacial Geomorphology, in: Encyclopedia
of paleoclimatology and ancient environments, edited by: Gor-
nitz, V., Springer, Dordrecht, The Netherland, 770–775, 2009.

Velichko, A. A. (Ed.): Late Quaternary environments of the Soviet
Union. University of Minesota Press, Minneapolis, 1984.

Velichko, A. A. and Nechaev, V. P.: Cryogenic regions during the
Last Glacial Maximum (permafrost), in: Atlas of Paleoclimates
and Paleoenvironments of the Northern Hemisphere, edited by:
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