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Abstract 13 

Permafrost degradation induced by climate warming is widely observed in the Northern 14 

Hemisphere. However, changes in permafrost sensitivity to climate warming (PSCW) in the future 15 

remains unclear. This study examined the changes in permafrost distribution in the Northern 16 

Hemisphere under global warming of 1.5 ℃ and 2 ℃, and then characterized the spatial and 17 

temporal characteristics of PSCW. Global warming of 1.5 ℃ and 2 ℃ would result in 17.8±5.3% 18 

and 28.3±7.2% degradation of permafrost area under the climate scenario of Representative 19 

Concentration Pathway (RCP) 4.5, respectively, and 18.7±4.6% and 28.1±7.2% under the RCP 20 

8.5, respectively. Permafrost tends to be more sensitive to climate change under the RCP 8.5 than 21 

RCP 4.5. PSCW shows small temporal variations in the 21st century under both RCPs, indicating 22 

a relatively stable sensitivity to warming on a hemisphere scale. However, PSCW varies greatly 23 

among regions, with high values at low latitudes and low values towards high latitudes. Air 24 

temperature is a major cause for the spatial heterogeneity of PSCW, explaining 66% of its 25 

variations. Permafrost under a warmer climate scenario tends to be more sensitive to the warming. 26 

Reducing snow depth and rising air temperature collectively enhances the permafrost sensitivity. 27 

Increasing in soil water content, by contrast, reduces the effect of warming. Permafrost in the south 28 

of the Northern Hemisphere is most vulnerable to climate warming. Our study highlights that 29 

permafrost in the region will respond differently under different warming scenarios across space 30 

(e.g., north vs. south) and time (e.g., summer vs. winter) in this century. 31 

 32 

Keywords: permafrost, active layer, climate warming, temperature sensitivity, spatial and 33 

temporal variation 34 

 35 
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1 Introduction 36 

Climate warming is more pronounced in cold regions of high altitudes (Pepin et al., 2015) 37 

and high latitudes (Huang et al., 2018; Cohen et al., 2014), leading to widespread permafrost 38 

degradation (Schuur et al., 2015; Romanovsky et al., 2010; Biskaborn et al., 2019; Meredith et al., 39 

2019). It is estimated (Chadburn et al., 2017) that permafrost degradation due to global warming 40 

could be at 
+1.0

-1.14.0
 million km2/℃ (1σ confidence). Permafrost thaw has far-reaching influences 41 

on environments and human society in cold regions. The downward moving of permafrost table 42 

and the drainage of thawed water can lead to the subside of ground surface, undermining the 43 

stability of human infrastructure, and changing landscape and hydrologic processes of surface and 44 

subsurface (O’Neill et al., 2019; Liljedahl et al., 2016). As a result, plant and soil microbial 45 

activities and consequent ecosystem processes can also be affected significantly (Pelletier et al., 46 

2019; Wrona et al., 2016). The interaction of these physical, chemical, and biogeochemical 47 

processes in turn affect permafrost thermal regime (Loranty et al., 2018). It remains largely 48 

uncertain whether these interactions will accelerate or decelerate permafrost degradation caused 49 

by climate warming. 50 

Increasing air temperature (Ta) contributes to permafrost degradation dominantly. During 51 

1960-2009, changes in Ta contributed to 84% of the change in permafrost area (McGuire et al. 52 

2016). Many model studies have examined the permafrost sensitivity to climate warming. For 53 

instance, Koven et al. (2013) calculated permafrost degradation in the 21st century using monthly 54 

predicted soil temperature with 18 CMIP5 models. They found there is a wide range of permafrost 55 

degradation rate, varying from 0.2 to 3.5 million km2/℃. McGuire et al. (2016) also compared 56 

results of 15 models and found that permafrost area decreasing rate shows great differences among 57 

these models from 0.2 to 58.8 × 103 km2/yr. The difference in complexity of the physical processes 58 

involved in these models and the lack of some critical processes such as thermokarst and ground 59 

ice dynamics, are the main reasons for these inconsistencies among models. 60 

Field observations also showed that the influence of warming on permafrost state is uneven 61 

around the world. Observations from the circumpolar active layer monitoring (CALM) program 62 

showed there is a great spatial heterogeneity of the changing rate of active layer thickness (ALT) 63 

(Luo et al., 2016a). ALT decreased slightly at five sites, while the other 12 sites experienced 64 

distinct increasing trends, varying from 0.05 cm/a at Site U1 (Barrow) to 8.4 cm/a at Site K0 65 

(Kazakhstan). Even under the same climate in a small basin, Sun et al. (2019) concluded that 66 

permafrost is more sensitive to warming at low elevations and sunny slopes. The different 67 

responses of permafrost (or ALT) to warming indicate that the sensitivity of permafrost to climate 68 

warming (PSCW) varies from sites to sites and regions to regions. 69 

The difficulty in PSCW prediction and the variation of PSCW in observation is largely 70 

attributed to that climate warming does not affect permafrost thermal state directly. Heat from the 71 

atmosphere must be buffered by surface snow, plant, and soils, before affecting permafrost. Snow 72 

aggravates permafrost thaw by preventing cold air from penetrating into soils in winter and 73 

therefore keeping permafrost relatively warmer (Zhang, 2005). Vegetation does not affect 74 

permafrost temperature directly, but it can intercept snow and expose underlying soil to cold winter 75 

air. Organic soil layers and humus made of plant litters impact soil thermal properties considerably. 76 

Frost shade also has an influence on ground surface temperature (Loranty et al., 2018). The effects 77 

of water on permafrost temperature are complex. Wet soil has a higher thermal conductivity than 78 

dry soil. Therefore, heat conduction in wet soils is higher in summer. However, because of the 79 
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high heat capacity of water (4,200 J/kg℃), much more heat is needed to increase temperature in 80 

wet soils than in dry soils.  81 

Although many studies have examined permafrost dynamics in the past and future, 82 

considering the influence of snow, vegetation, and soil properties, few studies have focused on 83 

PSCW directly, especially on the global scale. Our study adopted a semi-empirical model to 84 

analyze the spatial and temporal variations of permafrost responses to unit temperature change 85 

during the 21st century. This study shall increase our understanding of the dynamic responses of 86 

permafrost due to climate warming and help identify the most vulnerable permafrost zones to 87 

temperature increasing in the future. 88 

2 Data and Methods 89 

2.1 Methods 90 

2.1.1 An overview of the GIPL model 91 

We used the GIPL model (Sazonova & Romanovsky, 2003) to calculate active layer 92 

thickness (ALT) and mean annual ground temperature (MAGT). The core of the GIPL model is a 93 

modified Kudryavtsev’s approach (Romanovsky & Osterkamp, 1997), which has several 94 

advantages over the classical Stefan equation (Shiklomanov & Nelson, 1999) and allows 95 

calculation of ALT and Tps under a wide variety of climate conditions (Anisimov et al., 1997). 96 

The GIPL model treats air, snow cover, surface vegetation, and active layer as separate layers with 97 

different thermal effects on the heat flow from the atmosphere to permafrost. This model has been 98 

evidenced to allow estimation of permafrost temperature with high accuracy in comparison with 99 

observations (within 0.5 ℃) (Sazonova et al., 2004), and has accurately estimated ALT in a broad 100 

range of permafrost regions, like Alaska (e.g., Shiklomanov & Nelson, 1999), Siberia (e.g. 101 

Romanovsky et al., 2007), and Qinghai Tibet Plateau (e.g. Luo et al., 2014). The model is driven 102 

by monthly Ta, precipitation, soil water content (SWC), and thermal properties of vegetation, snow 103 

cover, and soil layers (refer to Table S1 for all model input and output variables). MAGT is the 104 

same as mean annual temperature at the top of permafrost (Tps) for regions where permafrost 105 

underneath, or mean annual temperature at the bottom of seasonal frozen layer. Tps in GIPL model 106 

is given by eq (1): 107 
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and ALT (Z) is calculated as eq (2): 108 
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where Tgs and Ags are annual mean ground surface temperature and annual amplitude, respectively 109 

(℃), accounting for the thermal influence of snow cover and surface vegetation. The calculation 110 

of Tgs and Ags are documented by Sazonova and Romanovsky (2003) and have a brief description 111 

in the supplementary information. Kt and Kf are soil thermal conductivity in thawed and frozen 112 

state, respectively (W/m ℃). C is volumetric heat capacity of thawed ground (J/m3 ℃, refer to 113 

Anisimov et al. (1997) for calculation), P is the period of the temperature cycle (1 year in second) 114 

and Qph is the latent heat of phase change (J/kg).  115 

The 0 ℃ threshold of MAGT is critical for permafrost. When MAGT changes from 116 

negative to positive, the winter frozen front cannot reach permafrost table by the end of cold 117 

season, thus taliks begin to develop and permafrost starts to degrade. It should be noted that the 118 

GIPL model focuses on calculation of ALT and MAGT, but it does not calculate the unfrozen 119 

depth from ground surface, which includes ALT and the thickness of taliks. For the projection of 120 

permafrost area in this study, we excluded the regions where permafrost is already experiencing 121 

degradation (MAGT > 0 ℃).  122 

There are some shortcomings of the GIPL model. First, it does not take into account 123 

unfrozen water and heat flows deeper into permafrost, which can play a critical role in permafrost 124 

thermal dynamics (Nicolsky & Romanovsky, 2018). Second, ground ice is another important 125 

factor that was missing but has significantly impacts on permafrost thermal state (Jorgenson et al., 126 

2010; Jorgenson & Osterkamp, 2005). Besides, the GIPL model is an equilibrium model based on 127 

the assumption of a periodical, quasi-steady-state temperature regime (Kudryavtsev at al., 1974). 128 

The mean annual ground temperatures (MAGTs) calculated from the GIPL model fluctuate more 129 

greatly than measurements, and the difference between observed and calculated MAGTs can be as 130 

large as 1.5-2 ℃ (Sazonova et al., 2003). However, compared with transient models which have 131 

clear mechanisms but also require much more parameters, initial and boundary conditions, and 132 

model inputs that are difficult to acquire on a hemisphere scale, the equilibrium GIPL model 133 

demands much fewer model inputs and parameters and fit the needs of simulation on regional to 134 

continental and global scales (Luo et al., 2014; Anisimov et al., 1997; Anisimov and Reneva, 135 

2006). Furthermore, when applied to decadal and longer time scales, the GIPL model shows an 136 

acceptable degree of accuracy of ±0.2~0.4 °C for the MAGTs and ±0.1~0.3 m for the ALT 137 

calculations. In addition, ALT and MAGTs calculated from the GIPL model show a strong 138 

correlation (r equal to 0.7~0.9, and p-value close to 0.0) with that calculated from transient models 139 

(Sazonova et al., 2003), demonstrating that the GIPL model is as efficient as transient models in 140 

detecting permafrost long-term changes.  141 

In this study, we do not tend to predict the exact permafrost dynamics year by year. Instead, 142 

we pay more attention on long-term permafrost stability. The PSCW of each permafrost grid is 143 

calculated from all the Ta and ALT from 2006 to 2099 in that grid. Therefore, it actually represents 144 

the stability of the permafrost grids on a century scale. The projection of permafrost area under 1.5 145 
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and 2 ℃ of global warming is also based on decade average. Taken together, the equilibrium GIPL 146 

model shall be suitable for our research objectives. 147 

2.1.2 Soil thermal conductivity 148 

There are two key parameters in the GIPL, including soil thermal conductivity of thawed 149 

(Kt) and frozen (Kf) ground. Among many soil thermal conductivity models, the generalized 150 

thermal conductivity model developed by Côté and Konrad (2005) provided the best fit between 151 

estimation and experimental data (Barry-Macaulay et al., 2015). The generalized thermal 152 

conductivity model integrates the effects of porosity, degree of saturation, mineral content, grain-153 

size distribution, and particle shape on the thermal conductivity of thawed and frozen soils. Soil 154 

thermal conductivity (K) of thawed and frozen ground is given below: 155 

( )sat dry r dryK K K K K= −  +
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where Ksat and Kdry are thermal conductivity of saturated and dry soils (in thawed or frozen state), 156 

respectively (W/m ℃);  Kr and Sr are the normalized thermal conductivity and the degree of 157 

saturation, respectively; κ is an empirical parameter used to account for the different soil types in 158 

the unfrozen and the frozen states (refer to Côté and Konrad (2005) for κ value); ρd and ρw are the 159 

density of dry soil and water (kg/m³), respectively; n is soil porosity. Kt and Kf were calculated 160 

using these equations separately, based on Ksat, Kdry, and SWC in thawed and frozen state, 161 

respectively. 162 

2.1.3 Statistical analysis methods 163 

The Geodetector method (Wang et al., 2010; http://www.geodetector.org/) was applied to 164 

calculate the contribution of different factors to the spatial distribution of PSCW. The method is 165 

based on the concept that the observations can be divided into strata (or categories and zones), 166 

within which the values are homogeneous but not between them. The stratified heterogeneity is 167 

related to the ratio between the variance within the strata and the pooled variance of the entire 168 

study area (Wang et al., 2016). q-statistic is used in this method to detect spatial stratified 169 

heterogeneity and to measure the association between independent factor (X) and dependent factor 170 

(Y), both linearly and nonlinearly. q-statistic is given as: 171 

2

1

2
1

L

h h

h

N

q
N




== −


 
(4) 

where L is the number of stratum that Y composed of; N and Nh are the number of data points of Y 172 

and the stratum h, respectively; σ2 and σh
2 are variance of the total Y and the stratum h, respectively. 173 

The strata of Y are a partition of itself, divided by an explanatory variable X, which should be 174 

stratified if it is a numerical variable. In this study, we stratified X (e.g. Ta) into 10 categories (L 175 

= 10) through the K-means method recommend by Wang and Xu (2017). The q-statistic can vary 176 

from 0 to 1, which means X explains q*100% of Y; q = 0 indicates that there is no coupling between 177 

Y and X; and q = 1 indicates that Y is completely determined by X. With definite physical meaning 178 
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and no linear hypothesis, this method has already been applied in many fields of natural and social 179 

sciences (Wang et al., 2010; Luo et al., 2016b; Zhang et al., 2019; Yang et al., 2020). 180 

2.1.4 Calculation of permafrost sensitivity to climate warming  181 

PSCW in this study was defined as the deepening of ALT upon 1 ℃ of warming. When 182 

plotting ALT against Ta, the slop of the curve is PSCW. To explore the temporal variation of 183 

PSCW in the 21st century, we plotted ALT against Ta in the three periods of 2010-2019, 2050-184 

2059 and 2090-2099 (represent the beginning, middle and end of the 21st century), respectively. 185 

The temporal variation of PSCW was then deduced from the differences among the relation 186 

between ALT and Ta during these three periods. Spatially, we obtained PSCW for each permafrost 187 

grid by constructing a linear fitting equation for yearly ALT and Ta for 2006-2099 in that grid, 188 

and the slope of the fitted line is defined as PSCW for that grid. During the simulation, if Tps for 189 

a model grid exceeds 0℃, which means the surface permafrost is already thawed and a talik starts 190 

to form (Sazonova & Romanovsky, 2003), the calculated ALT for the grid at this time was set to 191 

null value (because the change of ALT in this case does not directly relate to the thermal dynamics 192 

of underneath permafrost below taliks). PSCW for the grid is then calculated from the remain ALT 193 

and Ta pairs. For model grids where there are few ALT and Ta pairs remain (less than 20 pairs), 194 

we did not calculate PSCW for them because small number of data pairs may cause great 195 

uncertainty during curve fitting and thus cannot get a robust PSCW. We also calculated the p-value 196 

(probability that the regression coefficient is zero) for the regression equation in each permafrost 197 

grid. If p-value in a model grid is greater than 0.05, we excluded PSCW for that grid.  198 

2.2 Data 199 

2.2.1 Climate data for model simulations  200 

Climate data of monthly near-surface Ta, snowfall and soil moisture content were derived 201 

from four global circulation models (GCMs) in the second simulation round of the Inter-Sectoral 202 

Impact Model Intercomparison Project (ISI-MIP 2b). Known issues of previous round of ISIMIP 203 

have been solved for the ISIMIP2b through a series of adjustments, and atmospheric GCM data 204 

provided by the ISIMIP2b have also been bias-adjusted to a new reference dataset of EWEMBI 205 

(Frieler et al., 2017). The four GCMs (IPSL-CM5A-LR, GFDL-ESM2M, MIROC5, and 206 

HadGEM2-ES) provided a similar fractional range coverage to that of randomly chosen four-207 

member sets of CMIP5 GCMs (Frieler et al., 2017). All climate variables have the same spatial 208 

resolution at 0.5°×0.5°, and the daily datasets were averaged to monthly. The temporal coverage 209 

of the datasets was 1986-2099. We used the historical (1986-2005) reconstruction climate data to 210 

drive our model and then validated the model results of permafrost distribution and ALT against 211 

previous studies and observations. For future (2006-2099) projections, Representative 212 

Concentration Pathway 4.5 (RCP 4.5) and RCP 8.5, which correspond to radiative forcing levels 213 

of 4.5 and 8.5 W/m2 by 2100, respectively (Moss et al., 2010), were selected to evaluate the effects 214 

of climate change on PSCW. Data for the Southern Hemisphere were excluded.  215 

It has been estimated that 1.5 ℃ and 2 ℃ warming threshold would be reached by about 216 

2030 and 2050 under the RCP 4.5, respectively, and about 2025 and 2040 under the RCP 8.5, 217 

respectively (Karmalkar & Bradley, 2017; Li et al., 2019; Donnelly et al., 2017). To account for 218 

the uncertainties among different GCMs that were used to estimate the time threshold of 1.5 ℃ 219 

and 2 ℃ global warming, we adopted a 11-year span around each threshold year, that was 2025-220 
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2035 and 2045-2055 for 1.5 ℃ and 2 ℃ warming under the RCP 4.5, respectively, and 2020-2030 221 

and 2035-2045 for 1.5 ℃ and 2 ℃ warming under the RCP 8.5, respectively. 222 

2.2.2 Snow depth, vegetation, and soil data for model simulation  223 

Snow and vegetation property data are needed for the calculation of Tgs and Ags. Snow 224 

depth was calculated by the equation given by Nelson and Outcalt (1987) from monthly 225 

precipitation of the ISI-MIP 2b dataset. Snow thermal properties in this study were assumed 226 

constant over time and throughout the study area. ρsn, Csn, and λsn were set equal to 300 kg/m3, 227 

0.32 W/m ℃ and 5.07×10-7 m2/s, respectively (Shiklomanov and Nelson, 1999). Although these 228 

snow parameters are realistic for the whole northern hemisphere, they have much smaller effect 229 

on the model’s overall accuracy than snow depth (Shiklomanov and Nelson, 1999). Because of the 230 

lack of vegetation thermal property data at the hemispheric scale, we assumed a 10 cm layer of 231 

moss across the study area with thermal diffusivity equal to 1.39×10-6 and 5.56×10-8 m2/s in frozen 232 

and thawed states, respectively (Kudryavtsev et al., 1974). The 10 cm thick layer of moss has been 233 

proved to achieve the best fit against data from tundra regions by Anisimov et al. (1997).  234 

Thermal conductivity of saturated and dry soils (Kwet and Kdry, respectively), and the density 235 

(ρd) and heat capacity (Cdry) of dry soil are needed during the calculation of Kf, Kt and C. The 236 

typical value for Kwet, Kdry, ρd, and Cdry of sand, silt, clay, and peat soil are given by Pavlov (1976) 237 

and Shiklomanov and Nelson (1999), showing good model performance when compared with 238 

observations (Anisimov et al., 1997; Shiklomanov and Nelson, 1999). For a given model grid, we 239 

first obtained the soil texture data for the grid from the Harmonized World Soil Database (v 1.2; 240 

FAO/IIASA/ISRIC/ISSCAS/JRC, 2012). Based on the soil texture data, we obtained the 241 

proportion of sand, silt, clay, and peat for that grid. By multiplying the proportion and 242 

corresponding thermal property and then summing up the results, we obtained the thermal property 243 

for that grid.  244 

The lack of spatially explicit snow and vegetation thermal parameters on the hemisphere 245 

scale induces uncertainties in our model estimation. Additionally, this study did not consider the 246 

impacts of vegetation dynamics on permafrost degradation, which can be significant (Jorgenson 247 

et al., 2010; Loranty et al., 2018). Although enduring these uncertainties and the model 248 

shortcomings, by regressing ALT to Ta on a century scale, some fluctuations caused by these 249 

factors might have been filtered out, resulting in a robust estimation of the long-term PSCW trend.  250 

2.2.3 Observed ALT data for model validation 251 

Observed ALT from CALM network sites (https://www2.gwu.edu/~calm/data/north.htm) 252 

were used to validate the model results during the historical period (1986-2005). Three primary 253 

methods are employed at CALM sites. Some sites use spatially oriented mechanical probing at 254 

regular intervals across a grid (like 100 m × 100 m) and/or transect(s). Some sites employed thaw-255 

tube measurements and some other sites infer thaw depth from ground temperature measurements. 256 

ALT is measured at the end of the thawing season each year. For spatially oriented measurements, 257 

ALT of the site is calculated by averaging all the sampling points at the site, while for point 258 

observations (e.g., thaw tube and ground temperature measurements), the single measurement is 259 

ALT for this site. In this study, we mainly chose the sites that employ the spatially oriented 260 

mechanical probing method to get a more general representation of the local value. The earliest 261 

ALT observation at CALM network sites can date back to 1990 and continue into present. But for 262 

the purpose of model validation of ALT during the historical period, we selected sites that have 263 
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sufficient (no less than 5) observations during 1990-2005. Sixty-five CALM sites (black dot in 264 

figure 1 (a)) around the Northern Hemisphere permafrost regions were finally selected. For the 265 

model validation, we first averaged the observed and calculated ALT from 1990 to 2005 to get the 266 

mean value for the historical period. Then located these 65 CALM sites into model grids and 267 

validated the model by comparing the historical mean ALT of the observations and model results 268 

in corresponding model grids.  269 

3 Results 270 

3.1 Model validation 271 

Based on ISI-MIP 2b historical climate data, permafrost distribution in the Northern 272 

Hemisphere was simulated for the recent past (1986-2005, figure 1(a)). Permafrost extent in this 273 

study only includes regions where MAGTs are negative (Tps < 0). According to Obu et al. (2019), 274 

the 0 ℃ of MAGTs roughly corresponds to the boundary of the discontinuous and sporadic 275 

permafrost regions. It can be seen from figure 1(a) that the simulated permafrost regions well 276 

match the continuous and discontinuous permafrost distribution (Brown et al., 2002). Permafrost 277 

area was estimated to be 14.9±0.2×106 km2 (figure 1a), which is within the range of 12.2-17.0×106 278 

km2 given by Zhang (2000), but a little larger than 13.9×106 km2 estimated by Obu et al. (2019) 279 

using the same indicator of negative MAGTs at the top of permafrost. But because the study period 280 

of Obu et al. (2019; from 2000 to 2016) is later than the historical period (1986-2005), considering 281 

the climate warming from 1986 to 2016, the larger extent of our study could be reasonable.  282 

The comparison between measured and calculated ALT was shown as figure 1 (b). The 283 

modeled ALT is generally higher than observed values, suggesting that the model might have 284 

slight warming biases. 285 

 286 

 287 

Figure 1. (a) Simulated permafrost distribution in the Northern Hemisphere under recent past 288 

climate (1986-2005) by GIPL model; the red lines denote the boundary of discontinuous and 289 

sporadic permafrost regions Brown’s (2002) map. The black dots represent the location of the 65 290 

observations from CALM, with averaged measured versus calculated ALT during 1995-2005 for 291 
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each site shown in (b). The horizontal and vertical error bars in panel (b) give the ± 1 standard 292 

deviation for measured and calculated ALT during 1990-2005, respectively. 293 

 294 

3.2 Permafrost degradation in the 21st Century 295 

All the four GCMs predicted a consistent warming during the 21st century under the two 296 

RCP scenarios (figure 2). The change of permafrost distribution is closely related to Ta changes. 297 

Under the RCP 4.5 scenario, when warming slows down after about 2070 for the IPSL-CM5A-LR 298 

and MIROC5 models, the decreasing in permafrost area would also decelerate. While under the 299 

RCP 8.5, persistent warming would lead to permafrost thaw continually. Among different models 300 

under the same RCP (figure 2), stronger warming would normally result in larger permafrost extent 301 

decrease, and vice versa.  302 

We also estimated permafrost distribution when global mean Ta rises by 1.5 ℃ and 2 ℃ 303 

relative to pre-industrial levels (1850-1900), and permafrost distribution at the end of the 21st 304 

century (2090s) under the RCP 4.5 and RCP 8.5 scenarios, respectively (figure 3 and table 1). 305 

When Ta reaches the 1.5 ℃ warming threshold, 2.66±0.82 and 2.80±0.71 million km2 of 306 

permafrost would thaw under the RCP 4.5 and RCP 8.5, respectively. Another 1.57±0.30 and 307 

1.40±0.42 million km2 of permafrost would thaw under the RCP 4.5 and RCP 8.5, respectively, 308 

when 2 ℃ warming threshold reached. Under both global warming threshold of 1.5 ℃ and 2 ℃, 309 

permafrost degradation rate is greater under the RCP 8.5 than RCP 4.5 (Table 1), indicating a 310 

higher sensitivity of permafrost extent to climate warming under the RCP 8.5.   311 

 312 

 313 
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Figure 2. Changes in the Northern Hemisphere permafrost area and Ta in permafrost regions under 314 

the RCP 4.5 and RCP 8.5 scenarios, respectively.  315 

 316 

By the end of the 21st century, Ta in permafrost regions would rise by 3.95±1.37 ℃ relative 317 

to present level (1986-2005) under the RCP 4.5, and the temperature sensitivity of permafrost 318 

distribution was projected at 1.47±0.08 million km2/℃ during the 21st century. As a result, 319 

39.3±11.9% (5.73±1.85 million km2) of the present permafrost extent (14.9 × 106 km2) would 320 

experience permafrost degradation. Under the RCP 8.5 scenario, only 24.1±15.2% of the current 321 

permafrost area would persist at the end of the 21st century, due to a much greater warming of 322 

8.05±1.92 ℃ above present level. These permafrost regions would mainly distribute in northern 323 

Canada and in the east of Siberia inside the Arctic Circle (figure 3). 324 

 325 

 326 

 327 

Figure 3. Distribution of the Northern Hemisphere permafrost when global mean near surface Ta 328 

rise by 1.5 ℃ and 2 ℃ above pre-industrial levels (1850-1900) and at the end of 21st century under 329 

the RCP 4.5 and RCP 8.5 scenarios respectively. Also shown in thick red lines are the boundary 330 

of the permafrost map provided by Brown et al. (2002).  331 

 332 
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Table 1. Projected Permafrost (PF) Extent in the Northern Hemisphere when global mean near 333 

surface Ta rise by 1.5 ℃ and 2 ℃ above pre-industrial levels (1850-1900), and at the end of the 334 

21st century. 335 

 1.5 ℃ 2 ℃ End of the 21st century 

 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

PF degradation 

(×106 km2) 
2.66±0.82  2.80±0.71  4.23±1.13 4.20±1.13  5.73±1.85  11.33±2.39  

Remain 

fraction 
0.82±0.05  0.81±0.05  0.71±0.07  0.72±0.07  0.61±0.12 0.24±0.15  

Warming** 

(℃) 
1.85±0.52  1.89±0.54  2.91±0.81  2.83±0.84 3.95±1.37  8.05±1.92  

PF degradation 

per degree 

(×106 km2/℃) 

1.43±0.13  1.48±0.09  1.45±0.07  1.48±0.07  1.47±0.08  1.42±0.05  

 336 

Note. The second number in each cell is the standard deviation (std) for the four GCMs. ** denotes 337 

warming in permafrost regions relative to the regional mean Ta of 1986-2005.  338 

 339 

3.3 Temporal and spatial variation of PSCW 340 

To analyze the temporal and spatial variation of PSCW, we plotted ALT against mean 341 

annual, summer (May to October), and winter (November to April in the next year) Ta for all the 342 

Northern Hemisphere permafrost grids in three periods of 2010-2019, 2050-2059, and 2090-2099, 343 

respectively (figure 4). We used these three periods to represent the begin, middle, and end of the 344 

21st century. Because of the degradation of permafrost, there are less data points for the period of 345 

2090-2099 (as shown in the figure), especially for the RCP 8.5. On the hemisphere scale, ALT 346 

increases exponentially with mean summer Ta, leading PSCW, the slope of the fitted curves, 347 

increasing with mean summer Ta. However, the relationship between ALT and Ta is not clear in 348 

winter, and therefore resulting in a weak relationship for all year around. These results indicate 349 

that ALT is sensitive to temperature increase in summer but resistant to winter warming. 350 

The differences in the slopes of the fitted curves at low and high summer Ta show that 351 

PSCW has great spatial heterogeneity in the Northern Hemisphere. As for temporal variation, there 352 

are little differences between the fitted curves of the three periods under the RCP 4.5. Although 353 

under the RCP 8.5, PSCW increases slightly during 2050-2059, compared to spatial heterogeneity, 354 

the differences of PSCW in the three periods are relatively small, indicating that the temporal 355 

variation of PSCW is relatively stable on the hemisphere scale.  356 

 357 
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 358 

Figure 4. Scatter plot of ALT against mean annual, summer (May to October), and winter 359 

(November to April in the next year) Ta of all Northern Hemisphere permafrost grids during the 3 360 

periods of 2010-2019, 2050-2059, and 2090-2099 under the RCP 4.5 and RCP 8.5, respectively. 361 

 362 
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The spatial distributions of PSCW based on mean annual, summer and winter Ta under the 363 

RCP 4.5 and RCP 8.5 are shown in figure 5, respectively. For all the distributions, PSCW are 364 

greatest in low latitudes and decrease with increasing latitudes. Furthermore, PSCW based on 365 

summer temperature is generally higher than that based on mean annual temperature, while PSCW 366 

based on winter temperature is the lowest. This phenomenon demonstrates again that ALT is more 367 

sensitive to summer warming. It should also be noted that although PSCW based on winter 368 

temperature is generally small, temperature increasing in winter still deepens ALT, especially for 369 

low latitude permafrost regions under the RCP 8.5 scenario.  370 

As for the difference in PSCW under the two RCP scenarios, ALT tends to be more 371 

sensitive to warming (on matter it is annual, summer, or winter warming) under the RCP 8.5 (the 372 

histograms of figure 5), since more permafrost grids have higher PSWC under the RCP 8.5.  373 

 374 

 375 
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Figure 5. Distribution and histogram of PSCW (m/℃) based on mean annual, summer, and winter 376 

Ta in the 21st century under the RCP 4.5 and RCP 8.5 scenarios.  377 

 378 

4. Discussion 379 

4.1 Sensitivity of ALT and PSCW  380 

We used a simplified method to examine the sensitivities of ALT and PSCW to Ta, 381 

seasonal air temperature amplitude (Aa), soil water content (SWC), and snow depth (Zsn), 382 

respectively. Take Ta as an example, first, we run the model with the original data of the RCP 4.5 383 

scenario. Then we kept variables of Aa, SWC and Zsn unchanged but increased Ta in all the model 384 

grids during the whole study period by 0.5 ℃ at each step. The responses of ALT and PSCW to 385 

increasing temperature then can be plotted out (as shown in figure 6). The sensitivities of ALT and 386 

PSCW to Aa, SWC, and Zsn were also tested respectively (figure 6) using the same method (but 387 

with different steps: 0.5 ℃ for Aa, 0.02 for SWC, and 0.04 m for Zsn). Because in some regions, 388 

permafrost thaws quickly before the sensitivity study finishing (especially for increasing Ta), 389 

making the calculation of ALT and PSCW based on different permafrost extent, thus the 390 

comparison between different steps is not ideal. Therefore, we selected eastern Siberia (60°-75° 391 

N, 120°-150° E), which persists during all the simulation periods, as a representative region for 392 

this sensitivity study. 393 

Both ALT and PSCW increase quickly with Ta (figure 6). The influence of Ta on ALT is 394 

direct, through deepening ALT in summer and increasing soil temperature and unfrozen soil water 395 

content in winter (Li et al., 2018). The increasing of PSCW with Ta means that ALT would deepen 396 

greater under warmer climate, suggesting that ALT is more sensitive to Ta in warmer climate. This 397 

can result from several processes. First, soil temperature would be relatively higher in a warm 398 

winter (Hansen et al., 2014), which can make the frozen ground easier to thaw during the coming 399 

spring and summer. Second, a warmer summer would transfer more heat into soil and compel 400 

permafrost table to move to a lower level. Moreover, freezing front moves shallower underground 401 

in a warmer winter. When freezing front cannot reach the permafrost table, talik will form between 402 

them and help thaw the surface frozen ground form bottom to up in next summer (Walvoord & 403 

Kurylyk, 2016).  404 

ALT increased gradually with Aa even when Ta remained unchanged (figure 6). However, 405 

the influence of Aa on PSCW is limited. The increasing of Aa with Ta remaining unchanged means 406 

a warmer summer but a colder winter. A warmer summer under greater Aa would lead to the 407 

deepening of ALT, but a cold winter would decrease the soil temperature and unfrozen water 408 

content, which may improve the resistance of the frozen ground to temperature increasing in the 409 

next spring and summer and somewhat offset the warming effects on PSCW in summer, resulting 410 

in a limited influence on annual scale.  411 

ALT and PSCW decrease with SWC noticeably (figure 6). Because of the high volumetric 412 

heat capacity of water, soil volumetric heat capacity will increase with SWC significantly. 413 

Therefore, it needs more heat to increase 1 ℃ of temperature in wet soils than dry ones, which 414 

makes wet soils more resilient to warming.  415 

Zsn has important effects on permafrost thermal regime (Zhang, 2005; Park et al., 2015; 416 

Bisht et al., 2018). Because a large fraction of snow layer is filled with air, snowpack has extremely 417 
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low thermal conductivity, insulating thermal transfer between the atmosphere and substrate 418 

ground. With the increasing of snow depth, insulation effects of snowpack will be stronger than 419 

albedo effects (Zhang, 2005), warming the ground and therefore increasing both ALT and PSCW 420 

(figure 6). 421 

 422 

 423 

Figure 6. Sensitivity study of ALT (m) and PSCW (m/℃) for a representative permafrost region 424 

in Siberia (60°-75° N, 120°-150° E). The first dot (from left to right) in each panel is the calculated 425 

ALT or PSCW from original RCP 4.5 data. The dots (from left to right) after the first one was 426 

calculated from gradually increased Ta (℃), Aa (℃), SWC (m3/m3), or Zsn (m), respectively. Ta 427 

and Aa increase by 0.5 ℃ at each step; SWC increase by 0.02 at each step; and Zsn increase by 428 

0.04 m at each step. 429 

 430 

4.2 Temporal stability of PSCW 431 

Figure 4 shows that although PSCW would change over time, their differences among the 432 

three periods (i.e., the three fitted lines) are relatively small. When plotting mean ALT against Ta 433 

in the Northern Hemisphere permafrost regions during 2006-2035, 2036-2065 and 2066-2095 434 

(figure 7), we find that PSCW (the slop of ALT against Ta) are similar during these three periods, 435 

no matter based on mean annual Ta, or mean summer and winter Ta.  436 

The dynamics of PSCW can be controlled by heat balance between the atmosphere and 437 

ground, and local factors such as vegetation, snow covers, soil thermal properties, surface water 438 

and groundwater. As for the temporal variation of a specific region, factors like topography and 439 
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soil texture can be treated as constant values in the 21st century. And since vegetation dynamics in 440 

the 21st century is out of the scope of this study and may introduce additional uncertainty, we fixed 441 

vegetation properties and focused mainly on the dynamics of Ta, SWC, and Zsn. 442 

During the 21st century, Aa of the Northern Hemisphere permafrost region would decrease 443 

by 1.33±0.94 ℃ and 3.29±1.74 ℃ under the RCP 4.5 and RCP 8.5, respectively (figure S1). SWC 444 

and Zsn would increase by 0.02±0.0 and 0.01±0.00 m, respectively, under the RCP 4.5, and 445 

0.03±0.02 and 0.02±0.0 m, respectively, under the RCP 8.5. The sensitivity study (figure 6) shows 446 

that the magnitude of the changes in SWC and Zsn under both RCPs would have limited influence 447 

(less than 0.002 m/℃) on PSCW. PSCW is sensitivity to Ta (figure 6). Figure 7 shows that PSCW 448 

tends to increase with summer warming under the RCP 8.5. However, since climate warming in 449 

permafrost regions would be more significant in winter (increasing by 4.42±2.36 ℃ and 450 

11.25±3.89 ℃ under the RCP 4.5 and RCP 8.5, respectively) than in summer (increasing by 451 

2.17±1.21 ℃ and 6.09±1.66 ℃ under the RCP 4.5 and RCP 8.5, respectively), and since PSCW 452 

is resistant to winter warming as described above, the relationship between ALT and Ta during the 453 

three periods on annual scale shows little variation (figure 7). Apart from this, although the 454 

decrease in Aa and the increase in SWC have limited influence on PSCW, both of them contribute 455 

to decreasing PSCW. As a result, PSCW would keep relatively stable on the hemisphere scale in 456 

the 21st century under both RCPs. 457 

 458 

 459 

Figure 7. Relationship between mean ALT and mean annual, summer and winter Ta in three 30-460 

year periods under the RCP4.5 and RCP 8.5, respectively 461 

 462 
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4.3 Spatial heterogeneity of PSCW 463 

Figure 5 shows that PSCW would decrease significantly from low latitudes to high ones. 464 

We plotted the main impact factors of PSCW along latitude in figure 8. It can be seen that Ta 465 

shares the same spatial pattern of PSCW, while Aa and Zsn have opposite trends. SWC peaks at 466 

55° - 60° N and then decreases slightly. Geodetector method results (Table S2) show that Ta could 467 

explain more than 50% of the spatial variation of PSCW, which is much greater than that of Aa, 468 

SWC and Zsn (about 10%, 14% and 14%, respectively). The variation of PSCW explained by Ta 469 

in this study is smaller than that in McGuire et al. (2016), which concluded that changes in Ta 470 

explain 84% of the change in permafrost area during 1960-2009. The difference may result from 471 

different study periods (historical vs. future), but the predominant role of Ta on permafrost 472 

dynamics is clear.  473 

We further tested the sensitivity of PSCW to the spatial variation of Ta, Aa, SWC and Zsn. 474 

First, we set values of Aa, SWC and Zsn in all the pixels equal to their mean values between 475 

latitudes 45° - 50° N, respectively, but kept Ta the same as the original RCP 4.5 data. We run the 476 

model with these modified data and found that the calculated PSCW followed the original results 477 

(when Ta, Aa, SWC and Zsn all changes along latitude) (figure 8). This indicates again that Ta is 478 

the main reason for the spatial heterogeneity  of PSCW, which is consistent with our Geodetector 479 

results.  480 

In order to find out whether the spatial variation of Aa, SWC and Zsn would strengthen or 481 

weaken the effects of Ta on PSCW, we let one of the three variables (Aa, SWC and Zsn) change 482 

with Ta along altitude, but keep the other two equal to their mean values between latitudes 45° - 483 

50° N. Figure 8 shows that when Ta and Zsn change together, PSCW is noticeably larger than that 484 

when Ta changes alone. This result demonstrates that Zsn would promote the influence of Ta on 485 

PSCW. However, SWC tends to have an opposite effect. Increased SWC in high latitudes tends to 486 

weaken ALT temperature sensitivity. Aa increases slightly with latitude and has weak regulation 487 

on the influence of Ta on PSCW.  488 

 489 

 490 

Figure 8. Variation of annual mean Ta, Aa, SWC and Zsn along latitude in Northern Hemisphere 491 

(a); PSCW along latitude (b). “All” indicates Ta, Aa, SWC and Zsn all varied along altitude as 492 
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RCP 4.5 scenario; “Ta” indicates only Ta varied along altitude as RCP 4.5, Aa, SWC and Zsn were 493 

set as their mean value of the latitude between 45°-50°N; “Ta&[Aa, SWC or Zsn]” indicates Ta 494 

and one of the three variables of [Aa, SWC or Zsn] changed along altitude while the other two 495 

variables were equal to their mean value of the latitude between 45°-50°N. 496 

 497 

5. Conclusions 498 

PSCW analysis is critical for understanding the dynamic responses of permafrost to climate 499 

warming. The spatial and temporal variation of the simulated PSCW in the Northern Hemisphere 500 

during 2006-2100 were analyzed. We found that, the 21st century would witness a wide permafrost 501 

degradation, starting from the south boundary towards high latitudes. Permafrost degradation 502 

would follow climate warming closely. Global warming of 1.5 ℃ and 2 ℃ relative to 1860-1900 503 

would lead to 3.26±0.89 and 5.01±1.27 million km2 of permafrost degradation, respectively, under 504 

the RCP 4.5, and 3.63±0.74 and 6.40±1.40 million km2 of permafrost degradation, respectively, 505 

under the RCP 8.5. Permafrost is more sensitive to climate change under the RCP 8.5 than RCP 506 

4.5.  507 

PSCW shows small temporal variation on the hemisphere scale during the 21st century 508 

under both RCPs. The relatively small change in Aa, SWC, and Zsn and the mainly warming in 509 

winter (which has little influence on PSCW) may result in the temporal stability of PSCW. 510 

However, PSCW shows a great spatial heterogeneity, peaking at low latitudes and reducing 511 

towards high latitudes. Ta is the main factor affecting the spatial heterogeneity of PSCW, 512 

explaining more than 50% of its spatial variation. Permafrost in warmer climate tends to be more 513 

sensitivity to climate warming. Snow depth would interact with Ta to promote PSCW. But the 514 

regulation of Ta on PSCW tends to be weakened towards wet permafrost regions. The influence 515 

of Aa on the regulation of Ta on PSCW is relatively small. 516 
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