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Abstract 

Permafrost covers a wide area of the Northern Hemisphere, including high-altitude mountainous areas and even at 
mid-latitudes. There is concern that the thawing of mountain permafrost can cause slope instability and substantially 
impact alpine ecosystems, and because permafrost in mountainous areas is difficult to observe, detailed analyses 
have not been performed on its current distribution and future changes. Although previous studies have observed 
permafrost only at a limited number of points in Japan (e.g., Daisetsu Mountains, Mt. Fuji, and Mt. Tateyama in the 
Northern Japan Alps), we show that permafrost potentially exists in nine domains in Japan (Daisetsu Mountains, Mt. 
Fuji, Northern and Southern Japan Alps, Hidaka Mountains, Mt. Shiretokodake, Sharidake, Akandake, and Yotei). In the 
Daisetsu Mountains and Mt. Fuji, the environmental conditions required for maintaining at least some permafrost are 
projected to remain in the future if a decarbonized society is achieved (RCP2.6 or RCP4.5). However, if greenhouse 
gas emissions continue to increase (RCP8.5), the environmental conditions required for sustaining permafrost are 
projected to disappear in the second half of the twenty-first century. In other domains, the environmental condi-
tions required for maintaining permafrost are either projected to disappear in the next ten years (Hidaka Mountains, 
Northern Japan Alps) or they have almost disappeared already (Southern Japan Alps, Mt. Shiretokodake, Sharidake, 
Akandake, and Yotei). Our projections show that climate change has a tremendous impact on Japan’s mountain 
permafrost environment and suggests the importance of monitoring the mountain environment and considering 
measures for adapting to future climate change.
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1 Introduction
Areas in which the temperature of the ground falls below 
0  °C for two consecutive years are called permafrost 
(IPCC 2013). Thawing of permafrost in mountains (we 
call mountain permafrost hereafter) areas has report-
edly increased the frequency and scale of rockfalls and 
landslides (Krautblatter et  al. 2013; Lacelle et  al., 2015; 
Patton et  al. 2019; Hjort et  al. 2022). This threatens the 

safety of hikers and mountaineers (Purdie et  al. 2015) 
and changes iconic mountaineering routes and suitable 
climbing seasons (Mourey et  al. 2019). In addition, the 
thawing of mountain permafrost has a substantial impact 
on alpine ecosystems through changes in temperature, 
soil moisture and groundwater. The disappearance of 
mountain permafrost, coupled with inadequate precipi-
tation in summer and reduced snowmelt, can cause a 
lack of water during the growing season, changes in spe-
cies composition, and reduced greening and productivity 
(Trujillo et al. 2012; Sloat et al. 2015). Thawing of moun-
tain permafrost can have a marked impact on mountain 
ecosystems, including various kinds of alpine plants and 
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animals (Jones et  al. 2018), which are valuable natural 
resources that are actively sought out by climbers (Kubo 
et al. 2018; Mameno et al. 2022).

Studies on future projections of permafrost thawing 
show that thawing proceeds from the lower latitudes and 
warmer regions (Yokohata et al. 2020a; Hjort et al. 2022). 
Therefore, it is considered important to estimate the cur-
rent and future projected status of permafrost located at 
the lower latitudinal limits of the permafrost distribution 
to understand the changes in permafrost due to climate 
change. According to a study on the global permafrost 
distribution (Obu et  al. 2019; Smith et  al. 2022), the 
lowest-latitude permafrost in the Northern Hemisphere 
is located in the Himalayas (Iwata et al. 2003; Matsuoka 
2002; 2003; Fukui et al. 2007). In Asia, Mt. Fuji (35° N), 
Mt. Tateyama (37° N), and the Daisetsu Mountains (43° 
N) in Japan, and the Tianshan Mountains (42° N) and 
the Daxing Anling Mountains (50° N) in China report-
edly contain permafrost (Obu et al. 2019). Among these 
areas, estimates of the permafrost distribution at the 
1 km scale have been compared with observational data 
for the Tibetan Plateau and mountains in China (Obu 
et al. 2019). Further, while permafrost in Japan has been 
reported in the Daisetsu Mountains (Fukuda and Sone 
1992; Ishikawa and Hirakawa 2000; Iwahana et al. 2011; 
Sone and Watanabe 2018; Sone 2020), the lowland of 
Hokkaido such as Shikaribetsu and Oketo (Sone 1996; 
Sawada et  al. 2003), Mt. Fuji (Higuchi and Fujii 1971; 
Ikeda et  al. 2012), and Mt. Tateyama (Fukui and Iwata 
2000; Aoyama 2005) in the Northern Japan Alps, coun-
try-scale analyses have not been performed to date.

Future projections of the permafrost distribution have 
been performed using global climate models (GCMs) 
(Schneider von Deimling et  al. 2015; Chadburn et  al. 
2017; Gasser et al. 2018; Yokohata et al. 2020b). However, 
since the general resolution of GCMs is approximately 
100  km, it is difficult to estimate the current distribu-
tion and to perform future projections of mountain 
permafrost, which involves more detailed estimates of 
permafrost at different altitudes (Hock et al. 2019). In a 
previous study, we used bias-corrected and 1-km down-
scaled GCM projections (Ishizaki et al. 2020) to estimate 
the size of areas where climate conditions are suitable 
for permafrost in Japan’s Daisetsu Mountains (Yokohata 
et  al. 2021). In this study, such areas throughout Japan 
were estimated by employing the methods used in our 
previous study (Yokohata et al. 2021).

2  Methods
2.1  Bias‑corrected and downscaled climate model output
We used the bias-corrected and downscaled climate 
model outputs developed by Ishizaki et  al. (2020) and 
Ishizaki (2021), who generated two bias-corrected 

climate scenarios using different methods. We used cli-
mate scenarios based on the cumulative distribution 
function-based downscaling method (CDFDM, devel-
oped in previous studies; Iizumi et al. 2010, 2011, 2012). 
Using the CDFDM, the cumulative distribution func-
tion for simulated daily mean data is corrected so that 
it matches the 1-km resolution meteorological data for 
Japan (Ohno et  al. 2016). Ishizaki et  al. (2020) demon-
strated that the CDFDM method is superior to other 
methods, such as Gaussian-type scaling approaches 
(Haerter et  al. 2011). Furthermore, Ishizaki et  al. (2020) 
and Ishizaki (2021) corrected biases in historical simu-
lations and future projections based on the RCP2.6 and 
RCP8.5 scenarios for four CMIP5 GCMs (i.e., GFDL-
CM3; Donner et al. 2011, MIROC5; Watanabe et al. 2010, 
HadGEM2-ES; Jones et  al. 2011, MRI-CGCM3; Yuki-
moto et al. 2012, Nor-ESM; Bentsen et al. 2013), and the 
RCP2.6, RCP4.5, and RCP8.5 scenarios for five CMIP6 
GCMs (i.e., MIROC6; Tatebe et  al. 2019, MRI-ESM2-0; 
Yukimoto et al. 2019, ACCESS-CM2; Bi et al. 2020, IPSL-
CM6A-LR; Boucher et al. 2020, MPI-ESM1-2-HR; Müller 
et al. 2018) for the Japan region at a resolution of 1 km. 
Briefly, the reasons why Ishizaki et al. (2020) and Ishizaki 
(2021) selected nine GCMs from the CMIP5 and CMIP6 
GCMs were to account for uncertainties in the ranges of 
future surface air temperature and precipitation projec-
tions with the models and to ensure that they effectively 
reproduce the twentieth-century climate.

Ishizaki et  al. (2020) showed that bias-corrected his-
torical climate scenarios accurately reproduced monthly 
averaged values; extreme values, such as summer days, 
and indicators defined by daily values, such as precipita-
tion intensity. In this study, we utilized version 202,005 
of CMIP5 (Ishizaki et  al. 2020) and version 202,105 of 
CMIP6 (Ishizaki 2021), in which the time window for 
the cumulative distribution function (1  month) and 
the reference period (1980–2018) were modified so 
that the monthly values corresponded to those for the 
observations.

2.2  Statistical method for inferring permafrost distribution
The freezing (thawing) index, defined as the cumulative 
daily temperature below (above) the freezing point of 
0 °C, has been used as a proxy for inferring the perma-
frost distribution. Saito et al. (2014) used this index to 
develop a high-resolution (2  km) method for estimat-
ing the permafrost distribution in northeastern Asia, 
including the permafrost in Japanese mountainous 
areas investigated in the present study. We employed 
the same method to infer the permafrost distribu-
tion by using the bias-corrected, 1  km resolution cli-
mate scenarios developed by Ishizaki et al. (2020). The 
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method of Saito et al. (2014) was also used to estimate 
the permafrost environment for the past 122 kyr (Saito 
et al. 2022).

Saito et  al. (2014) classified the permafrost area in 
northeastern Asia into two categories based on freez-
ing and thawing indices: (a) climate-driven perma-
frost (CDP), which are areas where climatic conditions 
favor the development and/or maintenance of continu-
ous permafrost, and (b) environmentally conditioned 
permafrost (ECP), which are areas where permafrost 
development and/or maintenance is dependent upon 
environmental factors such as ecosystem character-
istics, topography or geology. In addition, Saito et  al. 
(2014) divided seasonally frozen ground into two sub-
categories: (c) ground that undergoes seasonal freezing 
(SF) and (d) ground that undergoes intermittent freez-
ing (IF). These distinctions were made to distinguish 
between seasonal frost that is deep and/or persistent 
and frost that exists for a short time (i.e., < 2 weeks).

Using a freezing index (i.e., the number of days per 
year when the surface air temperature is below 0  °C 
multiplied by the surface air temperature), If, and the 
thawing index (i.e., the number of days per year when 
the surface temperature is above 0 °C multiplied by the 
surface air temperature), It, these permafrost classes 
can be defined as follows.

(a) CDP

(b) ECP

(c) SF

(d) IF

For consistency with Saito et  al. (2014), this study 
used the monthly mean surface air temperature to cal-
culate the freezing and thawing indices; previous stud-
ies have shown that the relative error is less than 5% 
when using daily or monthly means (Frauenfeld et  al. 
2007). Saito et  al. (2014) performed permafrost classi-
fication at a resolution of 2 km by considering the tem-
perature decrease with altitude using spatially detailed 
elevation data (ETOPO1; Amante and Eakins 2009) 
that were based on the results of the CMIP5 GCMs. In 
the present study, a temperature decrease with altitude 
was considered in the 1-km-mesh observational data 

(1)It < 0.9 If − 2300

(2)0.9If − 2300 < It < 2.4If − 3300

(3)2.4If − 3300 < It and 30 < If

(4)0 < If ≤ 30

(Ohno et al. 2016) that were used for bias-corrected cli-
mate scenarios (Ishizaki et al. 2020; Ishizaki 2021).

In this study, the freezing and thawing indices for the 
past 30  years were averaged to classify the permafrost 
in each grid cell, similar to Saito et al. (2014). Averaging 
over 30 years smooths the internal variability in surface 
air temperature and corresponds to the delayed response 
of permafrost to climate change.

3  Results and discussion
3.1  Surface air temperature conditions required to sustain 

permafrost in Japan
Figure  1 (left) shows the altitude distribution of eastern 
Japan. In general, the annual mean surface air tempera-
ture is low at high latitudes and at high altitudes. The 
correspondence between altitude and the annual mean 
surface air temperature is shown in Additional file 1: Fig. 
S1. In eastern Japan, regions with low surface air tem-
peratures are widespread in Hokkaido (the northern-
most island of Japan). As shown in Fig. 1a, in Hokkaido, 
high-altitude mountains exist in the interior (Daisetsu 
Mountains, 1 in Fig. 1b), southern central region (Hidaka 
Mountains, 2 in Fig.  1b), and in the east (5, 6 and 8 in 
Fig.  1b). On the main island of Honshu to the south of 
Hokkaido, there are particularly high mountains in the 
central Chubu region (inset at bottom of Fig. 1a), due to 
the influence of orogeny. In the Chubu region, the high 
mountainous areas are the Northern Japan Alps (3 in 
Fig. 1c), the Southern Alps (7 in Fig. 1c), and Mt. Fuji (4 
in Fig. 1c).

Figure  1b and c shows an area with climatic condi-
tions that are suitable for permafrost development in the 
mountainous regions of Japan. These areas are probable 
locations of permafrost based on nine bias-corrected and 
downscaled climate scenarios (Ishizaki et  al. 2020; Ishi-
zaki 2021) in each grid cell. Permafrost classification in 
this study is based on Saito et  al. (2014), who classified 
permafrost into CDP and ECP; however, only ECP is pre-
sent in the mountainous regions of Japan. Given that the 
actual distribution of permafrost is determined by com-
plex interactions between environmental phenomena, 
such as topography and geology (Ishikawa and Hirakawa 
2000), grid cells that were classified as permafrost in this 
study indicate only where the climatic conditions are 
suitable for the maintenance of permafrost. We refer to 
areas containing these grid cells as an “ECP region”. In 
addition to surface air temperature, snow cover is an 
important factor affecting the distribution of permafrost 
(Ishikawa and Hirakawa 2000). In general, permafrost is 
distributed in wind-blown gravel areas where the snow 
cover is typically thin. Furthermore, it has been noted 
that mountain permafrost distribution is greatly lim-
ited by thawing of frozen soil due to the percolation of 
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rainfall during the summer (Fukui 2003, 2004; Ikeda and 
Iwahana 2010, Ikeda et al. 2012). Due to the limited dis-
tribution of wind-blown gravel areas and the percolation 
of rainfall, the actual distribution of permafrost would 
be smaller than the area estimated using only surface air 
temperatures.

The ECP regions estimated in this study under cur-
rent climate conditions, in descending order of area, are 
(1) the Daisetsu Mountains, (2) the Hidaka Mountains, 
(3) the Northern Japan Alps, (4) Mt. Fuji, (5) Mt. Shire-
tokodake, (6) Mt. Sharidake, (7) the Southern Japan Alps, 
(8) Mt. Akandake, and (9) Mt. Yotei. In general, ECP 
regions are located in high-latitude and high-altitude 
mountainous regions where the surface air temperature 
is low throughout the year.

Figure  2 shows the details of the ECP regions in the 
nine areas. Regions identified as ECP regions with high 

confidence in multi-model estimations (i.e., large value 
in Fig. 2) are (1) the Daisetsu Mountains, (2) the Hidaka 
Mountains, (3) the Northern Japan Alps, and (4) Mt. Fuji. 
In Fig.  2, the points where permafrost was confirmed 
by previous observational studies are shown in red (the 
details of the observational sites are shown in Additional 
file 1: Table S1). The permafrost observations in previous 
studies (Higuchi and Fujii 1971; Fukuda and Sone 1992; 
Ishikawa and Hirakawa 2000; Fukui and Iwata 2000; Aoy-
ama 2005; Iwahana et  al. 2011; Ikeda et  al. 2012; Sone 
and Watanabe 2018; Sone 2020) are consistent with the 
findings of the present study, as shown in Fig.  2. The 
ECP region exists at altitudes higher than 1600 m in the 
Daisetsu and Hidaka Mountains in Hokkaido. Permafrost 
has not been observed in the Hidaka Mountains to date, 
but our results indicate that permafrost could exist at 
altitudes higher than 1600  m in the Hidaka Mountains. 

Fig. 1 a Map showing the altitude [m] of northern and eastern Japan, and the distribution of regions with surface air temperatures that favor the 
maintenance of permafrost (the Environmentally Conditioned Permafrost regions) in Japan; b Hokkaido and c the Chubu. The numbers indicate 
(1) Daisetsu Mountains, (2) Hidaka Mountains, (3) Northern Japan Alps, (4) Mt. Fuji, (5) Mt. Shiretokodake, (6) Mt. Shari, (7) Southern Japan Alps, (8) 
Mt. Akandake, and (9) Mt. Yotei. The distribution of the environmentally conditioned permafrost region is based on probabilities estimated by nine 
bias-corrected climate scenarios
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Permafrost has been observed at Tateyama in the North-
ern Japan Alps (Fukui and Iwata 2000; Aoyama 2005), 
but could exist on other mountains at altitudes above 
2600 m. Mt. Fuji is located at a lower latitude than other 
areas, but the area above 3000 m is identified as an ECP 
region, which is consistent with previous studies (Ikeda 
et al. 2012). We also confirmed that the annual mean sur-
face air temperature at the field observation sites in these 

mountains is consistent with the observational data, as 
shown in Additional file 1: Fig. S2.

It should be noted that sporadic permafrost has been 
observed in the lower altitudes of the mountain flanks 
(shown as ▼ in Fig. 2-1 at Shikaribetsu and Oketo with 
an altitude of 1254  m and 480  m, respectively), which 
formed under exceptionally cold conditions at the spe-
cific geomorphological locations of Fuketsu, or wind 

Fig. 2 Distribution of regions with surface air temperatures that favor the maintenance of permafrost (the Environmentally Conditioned Permafrost 
regions) in Japan under the current climate conditions (averaged over 1999–2018); (1) Daisetsu Mountains, (2) Hidaka Mountains, (3) Northern 
Japan Alps, (4) Mt. Fuji, (5) Mt. Shiretokodake, (6) Mt. Sharidake, (7) Southern Japan Alps, (8) Mt. Akandake, and (9) Mt. Yotei. The distribution of 
the environmentally conditioned permafrost region is based on probabilities estimated by nine bias-corrected climate scenarios. Red points 
indicate sites where permafrost has been observed. The observations of sporadic permafrost in Shikaribetsu and Oketo are shown as ▼, and other 
observations are shown as + . See Additional file 1: Table S1 for details. The contour interval is 400 m
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caves (Sone 1996; Sawada et  al. 2003). Our analysis is 
based on spatially averaged surface air temperatures on 
the 1-km scale and thus does not represent permafrost in 
such extraordinary conditions defined as extra-zonal per-
mafrost (Ishikawa et al. 2003).

Regions with low confidence in projections from mul-
tiple bias-corrected and downscaled GCMs are (5) Mt. 
Shiretokodake, (6) Mt. Sharidake, (7) the Southern 
Japan Alps, (8) Mt. Akandake, and (9) Mt. Yotei (Fig. 2). 
In these domains, ECP regions exist at altitudes above 
1400  m (Mt. Shiretokodake), 1200  m (Mt. Sharidake), 
3000 m (Southern Japan Alps), 1300 m (Mt. Akandake), 
and 1800 m (Mt. Yotei).

Since latitude and altitude are important geographical 
factors that determine the surface air temperature, they 
also affect the distribution of permafrost. Figure 3 shows 
a scatterplot of the latitude–altitude distribution in the 
ECP regions under present climate conditions. We use 
the grid mean altitudes (Ohno et al. 2016) for the scatter 
plot. In Fig. 3, the regression line is calculated by select-
ing points corresponding to the lowest altitude at each 
latitude. Thus, the lower altitude limit for the ECP region 
in mountainous regions of Japan in the present climate is 
given by:

The lower altitude limit, which is approximately 2997 m 
at a latitude of 35° N, decreases by 177 m as the latitude 
increases by 1°. This is consistent with the latitudinal var-
iation of the lower limit of mountain permafrost in Asia 

(5)Altitude = 2997−(latitude− 35)× 177 [m]

has a north–south tilt of 160  m per degree (Matsuoka 
2002; 2003).

3.2  Projecting surface air temperature conditions required 
to sustain permafrost in Japan

Figure 4 shows a time series of changes in the area of ECP 
regions in Japan. As in Fig. 2, it shows the results for nine 
domains beginning with the largest ECP region under the 
current climate conditions. Based on the time series of 
future projections, the ECP regions in Japan can be clas-
sified into the following three types: (a) long-term sus-
tained: Daisetsu Mountains and Mt. Fuji, (b) Borderline: 
Hidaka Mountains and Northern Japan Alps, and (c) In 
crisis: other domains.

3.2.1  Long‑term sustained: Daisetsu Mountains and Mt. Fuji
For the Daisetsu Mountains and Mt. Fuji, the ECP 
regions are projected to be sustainable over the long 
term. This is because there is a large difference between 
the mountaintop altitude and the lower limit altitude of 
the ECP region under the current climate (Fig. 3). As the 
surface air temperature rises in the future, the altitude 
of the lower part of the ECP region will also rise. How-
ever, for the Daisetsu Mountains and Mt. Fuji, the time at 
which the lower altitude limit for the ECP region is pro-
jected to reach the mountain summit (i.e., when the ECP 
regions will disappear) depends on the climate scenario.

Currently, the Daisetsu Mountains have the largest ECP 
region in Japan; however, the spatial extent of this ECP 
region is estimated to have decreased since around 2000, 
and it is projected that the ECP regions will disappear 
around 2070, regardless of the model used, under the 
RCP8.5 scenario (Fig.  4). On the other hand, under the 
RCP2.6 scenario, which stabilizes the future global mean 
surface air temperature rise to about 2  °C, the ensem-
ble average of the ECP regions is projected to remain at 
approximately 20   km2 by 2100. Under the RCP4.5 sce-
nario, the ensemble average of the ECP regions is pro-
jected to remain at approximately 10  km2. The results of 
RCP8.5 and 2.6 scenarios in the present study are con-
sistent with Yokohata et al. (2021), which used only four 
GCMs for the future projection, while those of RCP4.5 
were not included in Yokohata et al. (2021).

Due to the low latitude of Mt. Fuji (approximately 35° 
N), its ECP regions are relatively small (approximately 
8   km2 in total based on the 2010 ensemble average). 
However, due to its high altitude, the ECP region is pro-
jected to persist long into the future. Under the RCP8.5 
scenario, the ECP regions on Mt. Fuji are projected to 
disappear at around 2100 based on the ensemble average. 
The ECP regions are projected to be sustained at approxi-
mately 2   km2 under RCP2.6 and approximately 1   km2 
under RCP4.5.

Fig. 3 Latitude–altitude distribution of surface air temperature 
that maintains permafrost. The colors or shapes of symbols differ 
for each of the nine regions shown in Fig. 1. The red regression line 
is calculated using the points that take the lowest altitude at each 
latitude
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3.2.2  Borderline: Hidaka Mountains and Northern Japan 
Alps

The Hidaka Mountains and the Northern Alps are 
domains where ECP regions are currently thought to 
exist, but which are likely to disappear by 2030 regardless 
of the climate scenario (Fig. 4). This is because the lower 
altitude limit of the ECP region in the current climate is 
relatively close to the altitude of the mountain summit. 
In the Hidaka Mountains and the Northern Alps, the 
ECP regions are currently projected to be several tens of 
square kilometers, and it is estimated that they will dis-
appear in the next 10 years. It is projected that the ECP 
regions in the Hidaka Mountains and Northern Japan 
Alps will be lost due to the rapid increase in surface tem-
perature in the high-latitude regions, which has been 
occurring since the 2000s (Fig. 7 in Yokohata et al. 2021).

3.2.3  In crisis: other domains
In the five domains with low concordance with multi-
model projections for ECP regions under the current cli-
mate (< 20%), including Mt. Shiretokodake, Mt. Shari, the 
Southern Japan Alps, Mt. Akan, and Mt. Yotei, the ECP 
regions are estimated to decrease rapidly beginning in 
the 2000s (Fig. 4) and are projected to disappear before 

2020. In these domains, the mountaintop altitudes are 
even lower and the areas of the ECP region are smaller 
than those for the Hidaka Mountains and the Northern 
Alps (approximately several  km2), and thus, the rate of 
disappearance is projected to be even faster than those in 
these latter two domains.

4  Conclusions
The analysis in this study clarified, for the first time, the 
distribution of the temperature environment that sus-
tains permafrost in mountainous areas throughout Japan. 
Due to the difficulties associated with in  situ observa-
tions of permafrost in mountainous areas, the existence 
of mountain permafrost has only been reported in a lim-
ited number of places, such as in the Daisetsu Mountains, 
Mt. Fuji, and Mt. Tateyama in the Northern Japan Alps 
of Japan (Higuchi and Fujii 1971; Fukuda and Sone 1992; 
Ishikawa and Hirakawa 2000; Fukui and Iwata 2000; Aoy-
ama 2005; Iwahana et al. 2011; Ikeda et al. 2012; Sone and 
Watanabe 2018; Sone 2020). However, the findings of this 
study show that permafrost could exist in other regions, 
such as the Hidaka Mountains, Mt. Shiretokodake, Mt. 
Sharidake, the Southern Japan Alps, Mt. Akandake and 
Mt. Yotei (Fig.  2). Our results will therefore aid in the 

Fig. 4 Time sequence of areas in mountainous regions of Japan with surface air temperatures that favor the maintenance of permafrost; (1) 
Daisetsu Mountains, (2) Hidaka Mountains, (3) Northern Japan Alps, (4) Mt. Fuji, (5) Mt. Shiretokodake, (6) Mt. Shari, (7) Southern Japan Alps, (8) Mt. 
Akandake, (9) Mt. Yotei. Historical simulations (black) and future projections for the RCP2.6 (blue), RCP4.5 (green), and RCP8.5 (red) scenarios are 
shown. Shading indicates the minima and maxima of multi-model projections, and the thick line indicates the multi-model average
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selection of candidate sites for mountain permafrost 
observations in Japan.

Furthermore, for the first time, we performed projec-
tions of environmental conditions to identify mountain-
ous areas that are well suited to sustaining permafrost 
throughout Japan and showed that changes in the pos-
sible distribution of permafrost can vary greatly among 
regions. At present, the domain with the largest ECP 
region is the Daisetsu Mountains in Hokkaido, where the 
latitude and altitude are both high and the annual average 
temperature is low. Predictions for the future ECP area 
of Daisetsuzan will differ depending on the climate sce-
nario that is applied. Under RCP8.5, where greenhouse 
gas concentrations continue to increase, the ECP region 
will disappear in the second half of the twenty-first cen-
tury. However, under the RCP2.6 or the RCP4.5 scenar-
ios, where the future global mean surface air temperature 
change is stabilized at 2  °C and < 3  °C, respectively, the 
ECP regions are projected to remain at approximately 
20   km2 and 10   km2, respectively. Similarly, at Mt. Fuji, 
which has a low latitude but a high altitude, the ECP 
regions are projected to disappear around 2100 under 
the RCP8.5 scenario. However, if the RCP2.6 or RCP4.5 
scenarios are realized, the ECP regions at Mt. Fuji are 
projected to remain at approximately 2   km2 or 1   km2, 
respectively. Successful attempts to stabilize the climate 
in the twenty-first century may leave a small area capable 
of sustaining permafrost.

Although ECP regions are projected to persist in the 
Daisetsu Mountains and Mt. Fuji after the latter half 
of the twenty-first century, the risk of disappearance 
is higher for the ECP regions in other domains. In the 
Hidaka Mountains and the Northern Japan Alps, where 
the latitude and mountaintop altitude are relatively high, 
the ECP regions are projected to disappear in the next 
ten years or so, irrespective of the climate scenario. In the 
other five domains, Mt. Shiretokodake, Mt. Sharidake, 
Southern Japan Alps, Mt. Akandake, and Mt. Yotei, 
most of the ECP regions are also projected to disappear 
shortly. Indeed, the mode of seasonal freezing in these 
domains may already have changed significantly.

The analysis presented in this study does not consider 
detailed factors such as topography (slope direction and 
slope angle), soil properties (porosity and permeability), 
vegetation, and meteorological conditions (precipitation, 
local wind direction and snow cover), which are known 
to play important roles in determining the distribution of 
permafrost (e.g., Ishikawa and Hirakawa 2000). Using a 
30-year average as the calculation period for the freezing 
and thawing indices, hysteresis in surface air temperature 
changes is considered in our estimates for the ECP region 
(see Methods). However, the response of permafrost to 
changes in climatic conditions may occur over a much 

longer timescale (Saito et al. 2014), and changes in per-
mafrost distributions may be slower than those shown in 
Fig. 4.

The climatic conditions under which permafrost can 
exist in Japan’s mountainous regions are expected to 
disappear, indicating the importance of monitoring the 
environment and developing adaptation measures for cli-
mate change. Specifically, monitoring the phenology and 
distribution of alpine vegetation is considered important 
for clarifying the effects of permafrost thawing on alpine 
ecosystems (Yokohata et  al. 2021). Accurately monitor-
ing environmental changes in mountainous areas is also 
vital for addressing the problem of increases in the scale 
and frequency of flow slopes and landslides (Krautblatter 
et al. 2013; Lacelle et al. 2015; Patton et al. 2019). Thus, 
applying a technique to determine the ground-surface 
displacement in detail by using satellite data is consid-
ered necessary (Iwahana et al. 2016; Abe et al. 2020). In 
addition to accurately monitoring changes in mountain 
environments, providing local governments with appro-
priate measures to prepare for major future environmen-
tal changes is an essential issue for future studies.
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