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Abstract 17 

Permafrost covers a wide area of the Northern Hemisphere, including high-altitude mountainous areas 18 

even at mid-low latitudes. There is concern that the thawing of mountain permafrost can cause slope 19 

instability and substantially impact alpine ecosystems. However, permafrost in mountainous areas is 20 

difficult to observe, and detailed analyses have not been performed on its current distribution and 21 

future changes. Here, we show that the surface air temperature required to sustain Japan's mountain 22 

permafrost is estimated to decrease rapidly at present; most mountain permafrost in Japan is projected 23 

to disappear by the second half of the 21st century, and disappear very quickly in some places from 24 

approximately 2020–2030, regardless of climate scenarios. Our projections indicate that climate 25 

change has a considerable impact on mountain environments and that even if climate stabilization is 26 

achieved, Japan's mountain permafrost may almost disappear. It is important to consider measures to 27 

adapt to the changing mountain environment. 28 

 29 
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Main 31 

The ground where the temperature falls below 0℃ for two consecutive years is called permafrost1. 32 

Thawing of permafrost in mountainous areas has reportedly increased the frequency and scale of 33 

rockfalls and landslides2-4. This increase in disasters in mountainous areas threatens the safety of hikers 34 

and mountaineers5 and changes iconic mountaineering routes and suitable climbing seasons6. In 35 

addition, the thawing of permafrost has a substantial impact on alpine ecosystems through changes in 36 

temperature, soil moisture and groundwater7. The disappearance of permafrost, coupled with 37 

inadequate precipitation in summer and reduced snowmelt, can cause a lack of water during the 38 

growing season, early peak times, changes in species compositions, and reduced greening and 39 

productivity8,9. Thawing of mountain permafrost can have great impacts on mountain ecosystems, 40 

including various kinds of alpine plants and animals10, which are valuable natural resources visited by 41 

many climbers11. 42 

Studies on future projections of permafrost thawing show that thawing proceeds from lower latitudes 43 

and warmer regions12. Therefore, it is very important to estimate the current state and future projection 44 

of permafrost located at the lower limit latitude of the permafrost distribution to understand the 45 

changes in permafrost due to climate change. According to a study of global permafrost distribution13, 46 

the lowest latitude permafrost in the Northern Hemisphere is located on the Tibetan Plateau (28°N). 47 

In Asia, Japan's mountainous areas (Mt. Fuji: 35°N, Mt. Tateyama: 37°N, and the Daisetsu Mountains: 48 

43°N), the Tianshan Mountains in China (42°N), and the Daxing Anling Mountains (50°N) reportedly 49 

contain permafrost13. Among these areas, estimates of permafrost distribution at the 1-km scale have 50 

been compared with observational data for the Tibetan Plateau and mountains in China13. On the other 51 

hand, regarding Japan's mountain permafrost, permafrost has been reported in the Daisetsu 52 

Mountains14,28-31, Mt. Fuji15,16, and Mt. Tateyama17,18 in the Northern Japan Alps, but country-scale 53 

analyses have not been performed to date. 54 

Future projections of permafrost distribution have been estimated using global climate models 55 

(GCMs)19-22. However, since the resolution of GCMs is approximately 100 km in general, it is difficult 56 

to estimate the current distribution and future projection of mountain permafrost, which involves 57 

detailed altitude distributions23. In a previous study, we used bias-corrected and 1-km downscaled 58 

GCM projections24 to assess the size of the areas where climate conditions are suitable for permafrost 59 

in Japan’s Daisetsu Mountains25. In this study, the areas with climatic conditions suitable for sustaining 60 

permafrost in all of Japan were estimated by using the method from our previous study25. 61 
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Assessing surface air temperature conditions to sustain permafrost in Japan 64 

Figure 1 (left) shows the altitude distribution of eastern Japan. In general, the annual mean surface air 65 

temperature is low at high latitudes and high altitudes. The correspondence between altitude and 66 

annual mean surface air temperature is shown in Figure S1. In eastern Japan, the regions with low 67 

surface air temperatures are on Hokkaido (the northern island in Japan). As shown in Figure 1 left, 68 

high-altitude mountains exist in the inland (Daisetsu Mountains, 1 in Figure 1 right), southern central 69 

(Hidaka Mountains, 2 in Figure 1 right), and eastern areas (5, 6, and 8 in Figure 1 right) on Hokkaido. 70 

On the main island on the south side of Hokkaido, there are particularly high mountains in the central 71 

region, called Chubu (southern square in Figure 1 left), due to the influence of orogeny. In the Chubu 72 

region, the high mountainous areas are the Northern Japan Alps (3 in Figure 1 right), the Southern 73 

Alps (7 in Figure 1 right), and Mt. Fuji (4 in Figure 1 right). 74 

Figure 1 (right) shows an area with climatic conditions that are suitable for permafrost development 75 

in the mountainous region of Japan. These areas are probable locations of permafrost based on nine 76 

bias-corrected and downscaled climate scenarios24,26 in each grid. Permafrost classification in this 77 

study is based on Saito et al.27, which classified permafrost into two types (i.e., climate-driven 78 

permafrost (CDP) and environmentally conditioned permafrost (ECP); see details in the Methods 79 

section); however, only ECP is present in the mountainous region of Japan. Given that the actual 80 

distribution of permafrost is determined by complex interactions between environmental phenomena, 81 

such as topography and geology14, the grid cells classified as permafrost in this study indicate only 82 

where the climatic conditions are suitable for the maintenance of permafrost. We refer to areas 83 

containing these grid cells as the “ECP region”. In addition to surface air temperature, snow cover is 84 

an important factor affecting the distribution of permafrost14. In general, permafrost is distributed in 85 

wind-blown gravel areas where the snow cover is typically thin. Due to the limited distribution of 86 

wind-blown gravel areas, the actual distribution of permafrost would be smaller than the area estimated 87 

using only surface air temperatures25. 88 

The ECP regions obtained by this study, in descending order by area under the current climate, are 89 

1) the Daisetsu Mountains, 2) the Hidaka Mountains, 3) the Northern Japan Alps, 4) Mt. Fuji, 5) Mt. 90 

Shiretokodake, 6) Mt. Sharidake, 7) the Southern Japan Alps, 8) Mt. Akandake, and 9) Mt. Yotei. In 91 

general, the ECP region is located in high-latitude and high-altitude mountainous regions where the 92 

surface air temperature is low throughout the year. 93 
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 96 

Figure 1. Left) The altitude distribution of the eastern Japan region [m], and right) the distribution of 97 

the surface air temperature environment that maintains permafrost in the mountainous regions of 98 

Japan, upper right) Hokkaido, and lower right) the Chubu region. The numbers indicate 1) Daisetsu 99 

Mountains, 2) Hidaka Mountains, 3) Northern Japan Alps, 4) Mt. Fuji, 5) Mt. Shiretokodake, 6) Mt. 100 

Shari, 7) Southern Japan Alps, 8) Mt. Akandake, and 9) Mt. Yotei. The surface air temperature 101 

environment is derived based on the probability determined based on nine bias-corrected climate 102 

scenarios. The Grid Analysis and Display System (GrADS, http://cola.gmu.edu/grads/) is used to 103 

plot this figure. 104 

 105 

 106 

Figure 2 shows the details of the ECP region in the nine areas. Regions with high confidence in 107 

multimodel estimations (large value in Figure 2) are 1) the Daisetsu Mountains, 2) the Hidaka 108 

Mountains, 3) the Northern Japan Alps, and 4) Mt. Fuji. In Figure 2, the points where permafrost 109 

was confirmed by previous observational studies are shown in red (the details of the observational 110 

sites are shown in Supplementary Table S1). Permafrost has been observed in the Daisetsu 111 

Mountains14,28-31, Northern Japan Alps17, and on Mt. Fuji16, which is consistent with the findings of 112 

the present study, as shown in Figure 2. The ECP region exists at altitudes higher than 1600 m in the 113 

Daisetsu and Hidaka Mountains on Hokkaido. Permafrost has not been observed in the Hidaka 114 



 

Mountains to date, but our results indicate that permafrost can exist at altitudes higher than 1600 m 115 

in the Hidaka Mountains. Permafrost has been observed in Tateyama in the Northern Japan Alps17,18, 116 

but permafrost can exist in other mountains at altitudes above 2600 m. Mt. Fuji is located at a lower 117 

latitude than other areas, but the area above 3000 m is identified as the ECP region, which is 118 

consistent with previous studies16. We also confirmed that the annual mean surface air temperature at 119 

the field observation sites in these mountains is consistent with the observational data, as shown in 120 

Supplementary Figure S2. 121 

Regions with low confidence in projections from multiple bias-corrected and downscaled GCMs 122 

are 5) Mt. Shiretokodake, 6) Mt. Sharidake, 7) the Southern Japan Alps, 8) Mt. Akandake, and 9) Mt. 123 

Yotei (Figure 2). In these domains, ECP regions exist at altitudes above 1400 m (Mt. Shiretokodake), 124 

1200 m (Mt. Sharidake), 3000 m (Southern Japan Alps), 1300 m (Mt. Akandake), and 1800 m (Mt. 125 

Yotei). 126 

Latitude and altitude are important geographical factors that determine the surface air temperature 127 

and thus the distribution of permafrost. Figure 3 shows a scatter plot of the latitude-altitude distribution 128 

in the ECP regions under the present climate. In Figure 3, the regression line is calculated by selecting 129 

the points corresponding to the lowest altitude at each latitude. Thus, the lower limit altitude of the 130 

ECP region in the mountainous region of Japan in the present climate is 131 

Altitude = 2997 – (latitude - 35) x 177 [m] (1) 132 

The lower limit altitude is approximately 2997 m at latitude 35°N, and the lower limit altitude 133 

decreases by 177 m as the latitude increases by 1°. 134 

 135 
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 137 

Figure 2. Distribution of the surface air temperature environment that maintains permafrost in the 138 

mountainous regions of Japan under the current climate (averaged over 1999–2018). 1) Daisetsu 139 

Mountains, 2) Hidaka Mountains, 3) Northern Japan Alps, 4) Mt. Fuji, 5) Mt. Shiretokodake, 6) Mt. 140 

Shari, 7) Southern Japan Alps, 8) Mt. Akandake, and 9) Mt. Yotei. The environmentally conditioned 141 

permafrost (ECP) region is derived based on the probability determined based on nine bias-corrected 142 

climate scenarios. Red points indicate places where permafrost has been observed (see 143 

Supplementary Table S1). The Grid Analysis and Display System (GrADS, 144 

http://cola.gmu.edu/grads/) is used to plot this figure. 145 
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 149 

Figure 3. Latitude-altitude distribution of the surface air temperature environment that maintains 150 

permafrost. The colours or shapes differ for each of the nine regions shown in Figure 1. The red line 151 

is a regression line calculated using the points that take the lowest altitude at each latitude. 152 

 153 
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Projecting surface air temperature conditions to sustain permafrost in Japan 155 

Figure 4 shows the time series of the area of ECP regions in Japan. Similar to Figure 2, Figure 4 shows 156 

the results of the nine domains in order from the one with the largest ECP region under the current 157 

climate. In the Daisetsu Mountains, which have the largest ECP region in Japan, the results are similar 158 

to those of our previous study25. ECP regions decrease from approximately 2000 because the surface 159 

air temperature at high latitudes rises sharply from this period in the GCM projections (Figure 7 in 160 

Yokohata et al.25). In the Daisetsu Mountains, the area of the ECP region was approximately 150 km2 161 

in 2010, but the average value of multimodel projections shows that the ECP region disappears in 162 

approximately 2070 under RCP8.5. In 2100, the ECP region is projected to decrease to 20 km2 in the 163 

RCP2.6 scenario and 10 km2 in the RCP4.5 scenario. In the Hidaka Mountains and Northern Japan 164 

Alps, the time series of the future projection of the ECP region area are similar (Figure 4). The areas 165 



 

of the ECP region peaked in approximately 2000, after which the ECP region decreased sharply. In 166 

the Hidaka Mountains and Northern Japan Alps, the differences among climate scenarios are very 167 

small, and in all scenarios, the ECP regions are projected to disappear by approximately 2030. The 168 

reason why the ECP regions of the Hidaka Mountains and Northern Japan Alps are projected to 169 

disappear in the near future is that the elevations of these mountains are close to the lower limit of the 170 

ECP region under the current climate (Figure 3). The ECP regions are easily lost in the Hidaka 171 

Mountains and Northern Japan Alps due to the rapid increase in surface temperature in the high-172 

latitude regions, which has progressed since the 2000s (Figure 7 in Yokohata et al.25). 173 

Compared with other regions, Mt. Fuji has a relatively small change in the area of its ECP region 174 

(Figure 4) because there is a large difference between the mountaintop altitude and the lower limit 175 

altitude of the ECP region under the current climate (Figure 3). Nevertheless, the ECP region on Mt. 176 

Fuji is projected to disappear completely by 2100 in the RCP8.5 scenario. The ECP region on Mt. Fuji 177 

as of 2010 was approximately 8 km2, and it is projected to be approximately 1 km2 in the RCP4.5 178 

scenario and approximately 2 km2 in the RCP2.6 scenario in 2100. Even if climate stabilization is 179 

achieved in the RCP2.6 and RCP4.5 scenarios, it is projected that the Mt. Fuji ECP region will nearly 180 

disappear by the end of the 21st century. 181 

In the five domains with low concordance of multimodel projections for ECP regions under the 182 

current climate (20% or less), including 5) Mt. Shiretoko, 6) Mt. Shari, 7) the Southern Alps, 8) Mt. 183 

Akan, and 9) Mt. Yotei, the ECP regions are projected to decrease rapidly beginning in the 2000s 184 

(Figure 4). In these domains, the ECP region is projected to disappear rapidly because the lower limit 185 

altitude of the ECP region in the current climate is close to the mountain altitude, as shown in Figure 186 

3, and because the areas of the ECP region in the current climate are small (approximately 1–4 grids, 187 

where 1 grid is approximately 1 km2). 188 

The time series of the area of ECP regions in all of Japan is shown in Figure 4. Compared with the 189 

future projections for the Daisetsu Mountains shown in our previous study25, the projected decrease in 190 

the ECP region throughout Japan is more rapid because the altitudes of many mountains other than 191 

the Daisetsu Mountains and Mt. Fuji are close to the lower limit altitudes of the ECP region under the 192 

current climate, and the ECP region disappears due to a slight temperature increase. 193 

 194 
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 196 

Figure 4. Time sequence of the surface air temperature environment area that maintains permafrost in 197 

the mountainous regions of Japan. 1) Daisetsu Mountains, 2) Hidaka Mountains, 3) Northern Japan 198 

Alps, 4) Mt. Fuji, 5) Mt. Shiretokodake, 6) Mt. Shari, 7) Southern Japan Alps, 8) Mt. Akandake, 9) 199 

Mt. Yotei, and 10) all of Japan. Historical simulations (black) and future projections of the RCP2.6 200 

(blue), RCP4.5 (green), and RCP8.5 (red) scenarios are shown. The shading indicates the minimum 201 

and maximum of multimodel projections, and the thick line shows the multimodel average. 202 

 203 

 204 

Conclusions 205 

In previous studies, the existence of permafrost was reported only in the Daisetsu Mountains14,28-31, 206 

Mt. Fuji15,16, and Mt. Tateyama17,18 in the Northern Japan Alps of Japan, but this study shows that 207 

permafrost can exist in other regions, such as the Hidaka Mountains, Mt. Shiretokodake, Mt. Sharidake, 208 

the Southern Japan Alps, Mt. Akandake, and Mt. Yotei (Figure 2). Our results will aid in the selection 209 

of candidate sites for mountain permafrost observations in Japan. If permafrost exists in these regions, 210 

then monitoring changes in permafrost is an important future task. 211 

Furthermore, for the first time, this study shows future projections of the surface air temperature 212 

environment that maintains permafrost (called the ECP region) throughout Japan. We project that most 213 

of the ECP region in Japan will disappear by the second half of the 21st century, regardless of climatic 214 



 

scenarios (Figure 4). The temperature environment that maintains permafrost currently exists in nine 215 

domains (Figure 2), but it is projected that even in the RCP2.6 scenario, which stabilizes the global 216 

average temperature at an increase of approximately 2 ℃, the ECP regions can exist only at altitudes 217 

higher than 1900 m in the Daisetsu Mountains and higher than 3200 m on Mt. Fuji in 2100 (Figure 218 

S3). Our results indicate that climate change is already having a tremendous impact on Japan's 219 

mountain environment and that even if climate stabilization can be achieved, mountain permafrost is 220 

projected to largely disappear. 221 

Notably, the analysis presented in this study does not consider detailed factors, such as topography 222 

(slope direction and slope angle), soil properties (porosity and permeability), and meteorological 223 

conditions (precipitation, local wind direction and snow cover), which are known to play important 224 

roles in determining the distribution of permafrost14,16-18,28. Using a 30-year average as the 225 

calculation period for the freezing and thawing indices, hysteresis in surface air temperature changes 226 

is considered in our estimates for the ECP region (see Methods). However, the response of 227 

permafrost to changes in climatic conditions may occur over a much longer time scale27, and 228 

changes in permafrost distributions may be slower than those shown in Figure 4. Nonetheless, the 229 

extent of permafrost in Japan’s mountainous areas is projected to decrease significantly due to future 230 

rises in temperature. 231 

The climatic conditions under which permafrost can exist in Japan’s mountainous regions are 232 

projected to shift towards conditions where permafrost will disappear, regardless of the climate 233 

scenario (RCP2.6, RCP4.5, and RCP8.5), indicating the importance of monitoring the environment 234 

and developing adaptation measures for climate change. Specifically, it is important to monitor the 235 

phenology and distribution of alpine vegetation to investigate the effects of permafrost thawing on 236 

alpine ecosystems25. Accurately monitoring environmental changes in mountainous areas is also vital 237 

to address the problem of increases in the scale and frequency of flow slopes and landslides2,-4. Thus, 238 

applying a technique to understand the ground-surface displacement in detail by using satellite data 239 

is effective32,33. In addition to accurately monitoring changes in mountain environments, providing 240 

local governments with appropriate measures to prepare for major future environmental changes is 241 

an essential issue for future studies. 242 

 243 

Methods 244 

Bias-corrected and downscaled climate model output 245 

In this study, we used bias-corrected and downscaled climate model outputs developed by Ishizaki et 246 

al. 24,26, who generated two bias-corrected climate scenarios using different methods. We used 247 

climate scenarios based on the cumulative distribution function-based downscaling method 248 

(CDFDM, developed in previous studies34-36). Using the CDFDM, the cumulative distribution 249 

function for simulated daily mean data is corrected so that it matches the 1-km resolution 250 



 

meteorological data for Japan37. Ishizaki et al. 24 demonstrated that CDFDM is superior to other 251 

methods, such as Gaussian-type scaling approaches38. Furthermore, Ishizaki et al. 24,26 corrected 252 

biases in historical simulations and future projections based on the RCP2.6 and RCP8.5 scenarios for 253 

four CMIP5 GCMs (GFDL-CM339, MIROC540, HadGEM2-ES41, MRI-CGCM342, Nor-ESM43) and 254 

the RCP2.6, RCP4.5, and RCP8.5 scenarios for five CMIP6 GCMs (MIROC644, MRI-ESM2–045, 255 

ACCESS-CM246, IPSL-CM6A-LR47, MPI-ESM1–2-HR48) for the Japan region at a resolution of 1 256 

km. Briefly, the reasons why Ishizaki et al. 24,26 selected nine GCMs from the CMIP5 and CMIP6 257 

GCMs were to cover the uncertainty ranges of future surface air temperature and precipitation 258 

projections with the models and to utilize their reproducibility in the 20th century climate. 259 

Ishizaki et al. 24 showed that bias-corrected historical climate scenarios accurately reproduced 260 

monthly averaged values; extreme values, such as summer days; and indicators defined by daily 261 

values, such as precipitation intensity. In this study, we utilized version 202005 for CMIP5Ishizaki2020 262 

and version 202105 for CMIP626, in which the time window for the cumulative distribution function 263 

(one month) and the reference period (1980–2018) were modified so that the monthly values 264 

corresponded to those of the observations. 265 

 266 

Statistical method for inferring permafrost distribution 267 

The freezing (thawing) index, defined as the cumulative daily temperature below (above) the freezing 268 

point of 0°C, has been used as a proxy for inferring permafrost distribution. Saito et al.27 used this 269 

index to develop a high-resolution (2 km) method to estimate the permafrost distribution in 270 

northeastern Asia, including the permafrost in Japanese mountainous areas investigated in the present 271 

study. Therefore, we employed the same method to infer the permafrost distribution using bias-272 

corrected, 1-km resolution climate scenarios developed by Ishizaki et al.24. 273 

Saito et al.27 classified the permafrost area in northeastern Asia into two categories based on 274 

freezing and thawing indices: (a) CDP, which are areas where climatic conditions favour the 275 

development and/or maintenance of continuous permafrost; and (b) ECP, which are areas where the 276 

presence of permafrost is conditional upon environmental factors, such as ecosystem characteristics, 277 

topography or geology. In addition, Saito et al.27 divided seasonally frozen ground into two 278 

subcategories: (c) ground that undergoes seasonal freezing (SF) and (d) ground that undergoes 279 

intermittent freezing (IF). These distinctions were made to distinguish between seasonal frost that is 280 

deep and/or persistent and frost that exists for a short time, i.e., less than two weeks. 281 

Using a freezing index, i.e., the number of days per year when the surface air temperature is below 282 

0°C multiplied by the surface air temperature, If, and the thawing index, i.e., the number of days per 283 

year when the surface temperature is above 0°C multiplied by the surface air temperature, the 284 

definition of permafrost classification is described as follows. 285 

(a) Climate-driven permafrost: CDP 286 



 

𝐼! < 0.9	𝐼" − 2300   (1) 287 

(b) Environmentally conditioned permafrost: ECP 288 

0.9	𝐼" − 2300	 < 	 𝐼! 	< 2.4	𝐼" − 3300   (2) 289 

(c) Seasonal freezing: SF 290 

2.4	𝐼" − 3300	 < 	 𝐼! and 30	 < 	 𝐼"  (3) 291 

(d) Intermittent freezing: IF 292 

0	 < 𝐼" 	≤ 30  (4) 293 

For consistency with Saito et al.27, this study uses the monthly mean surface air temperature to 294 

calculate the freezing and thawing indices. Previous studies have shown that the relative error is less 295 

than 5% when using daily or monthly means49. Saito et al.27 performed a permafrost classification at 296 

a resolution of 2 km by considering the temperature decrease with altitude using spatially detailed 297 

elevation data (ETOPO150) based on the results of the CMIP5 GCMs. In the present study, a 298 

temperature decrease with altitude was considered in the 1-km mesh observational data37 used for 299 

bias-corrected climate scenarios24,26. 300 

In this study, the freezing and thawing indices for the past 30 years were averaged to classify the 301 

permafrost in each grid, similar to Saito et al. 27. Averaging over 30 years smooths the internal 302 

variability in surface air temperature and corresponds to the delayed response of permafrost to 303 

climate change. 304 

 305 

 306 
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