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A B S T R A C T

Soil moisture (SM), snow depth (SND), and air temperature are crucial factors for the soil 
thermal and hydraulic regimes in the permafrost regions. This paper analyzes the con-
tribution of these factors to active layer thickness (ALT) under different climate change 
scenarios in northern hemisphere permafrost regions, using simulations from the Coupled 
Model Intercomparison Project Phase 5 (CMIP5) for the early (2016–2035, EP), middle 
(2046–2065, MP), and late (2080–2099, LP) periods of the 21st century. The results indi-
cate that, with the temperature increasing, the relation between ALT and SM, SND, and 
mean annual air temperature (MAAT) will change in different permafrost regions. Dur-
ing 1986–2005 (reference period), ALT correlates significantly with SND in Europe only, 
the contribution of MAAT and SM to ALT are significant over the Tibetan Plateau (TP) 
and in North America (NA). MAAT is the only significant contribution factor to ALT 
deepening for all regions. In the 21st century, for the high Representative Concentration 
Pathways (RCP8.5), MAAT plays a dominant role in ALT over the TP and NA; however, 
snow effect is enhanced under RCP2.6 and RCP4.5 in Europe and NA. With tempera-
ture increasing, the importance of SM and SND alternates for low and middle emission, 
and gradually declines for high emission. In general, MAAT is the main contributor to 
ALT during the 21st century, while the impact of SM and SND declines with increasing 
temperature. Contribution of SM, SND, and MAAT to ALT varies, which illustrates the 
differences in regional thermal and hydraulic regimes from warming in permafrost regions.

IntroductIon

Permafrost occupies much of Earth’s land area, that 
is, the area of permafrost underlying the exposed land 
surface is estimated to be 16–21 × 106 km2 (Gruber, 
2012), and it is sensitive to climate change, especially 
in high-latitude and high-altitude regions (Walter et al., 
2006; Li et al., 2008). A number of recent studies have 
suggested that permafrost is warming and degrading, 
and active layer thickness (ALT) is increasing (Jafarov 
et al., 2013; Park et al., 2013; Guglielmin et al., 2014; 
Sobota and Nowak, 2014; Wang et al., 2014; Peng et al., 
2015; Pogliotti et al., 2015; Yu et al., 2015). Widespread 
warming in permafrost regions will result in substantial 

changes in terrestrial hydrology, vegetation composi-
tion, and ecosystem function, as well as carbon dioxide 
and methane fluxes (Nelson and Anisimov, 1993; Mc-
Namara et al.,1998; Jorgenson et al., 2001; Christensen 
et al., 2004; Hinzman et al., 2005; Smith et al., 2005). 
Most of these processes will be confined to the season-
ally thawed active layer, across which exchanges of heat, 
moisture, and gases between the atmosphere and ter-
restrial systems will occur (Kane et al., 1991; Nelson and 
Anisimov, 1993; Burn, 1998; Anisimov, 1997).

The active layer is the part of ground that is subject-
ed to annual thawing and freezing in areas underlain by 
permafrost, and it is an indicator of climate change in 
cold regions. Recent observations have detected a general 
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increasing trend in the ALT in many regions, including 
Russia and northern Europe (Mazhitova, 2008), eastern 
Siberia (Fyodorov-Davydov et al., 2008), the Canadian 
Arctic (Smith et al., 2010), northern Alaska (Hinkel and 
Nelson, 2003), and the Tibetan Plateau (TP) (Wu and 
Zhang, 2010; Zhao et al., 2010; Li et al., 2012).The wide-
spread increase in ALT may affect the local hydrology, 
ecology, and the infrastructure of northern communities 
(Kane et al.,1991; Jin et al., 2000; Wu et al., 2003; Instanes 
et al., 2005). Although there are many uncertainties as-
sociated with estimates of the magnitude of these effects, 
there is an urgent need to resolve questions regarding the 
fate of permafrost and changes in the ALT (Walker, 2007).

Soil moisture (SM) is a crucial variable; it con-
trols the partitioning of energy into latent and sensi-
ble heat fluxes at the soil–atmosphere interface (Al-
bergel et al., 2012) and influences the mean annual 
ground temperature (MAGT) of permafrost and the 
thermal regime of the active layer (Goodrich, 1982; 
Kane et al., 2001; Nelson et al., 1997a, 1997b; Park et 
al., 2015). As a result of seasonal and interannual vari-
ations of SM associated with changes in climate and 
soil temperature (Nelson et al., 1997a, 1997b; Park 
et al., 2013), it is important to study the impact of 
SM on permafrost (Ishikawa et al., 2005; Xie et al., 
2012; Yu and Wang, 2012). However, due to a lack 
of equivalent atmospheric observational soil moisture 
data, previous studies have often assumed that SM is 
a constant factor in the spatial-temporal scale (Anisi-
mov et al., 1997; Slater and Lawrence, 2013). Moreo-
ver, snow also plays an important role in the water 
and heat exchange processes between the ground and 
the atmosphere. In addition to these two influencing 
factors, ALT can also be affected by other factors such 
as vegetation, soil texture and corresponding thermal 
properties, and topography. These variables interact 
in a complex way and result in large variations in 
the ALT (Hinzman et al., 1997; Zhang et al., 1997). 
Many numerical models have been developed to es-
timate ALT, such as analytic steady-state equations 
(Sazonova et al., 2004), heat conduction equations 
(Koichi, 1986; Mackay, 1995; Zhang et al., 2003). 
However, these models mainly depend on the tem-
perature indicator. In view of the complex impact of 
the above-mentioned factors on ALT, Kudryavtsev’s 
model (Kudryavtsev et al., 1974) is a more effective 
method for calculating ALT in this paper.

Wang et al. (2009) compared three different meth-
ods to estimate ALT and examined the effects of SM 
on ALT over the TP by using Kudryavtsev’s method 
with observations. The results showed that SM could 
improve the estimation of ALT. Further, Yu and Wang 
(2009, 2012) proposed an estimation scheme for SM pa-

rameterized by soil temperature to estimate the ALT of 
frozen ground over the TP, and the results suggest that 
the estimation scheme accurately estimates ALT. How-
ever, the acquisition of accurate SM data still presents 
challenges (Tian et al., 2012).

In recent years, land surface data assimilation has be-
come widely applied. The Global Land Data Assimilation 
System (GLDAS) generates optimal fields of land surface 
states and provides improved SM products on a global 
scale, and it is available to climate research communities as 
observational data for the time series ranging from 1948 
to 2012 (Rodell et al., 2004). Research shows that GL-
DAS can capture basic features of observed soil moisture 
in TP (Bi, 2015), and the root mean square error (RMSE) 
between GLDAS SM and the station-averaged SM in 
central TP is < 0.06 m3 m−3 (Chen et al. 2013). Therefore, 
GLDAS production would be beneficial for improving 
the estimation of permafrost dynamics.

Park et al. (2013) investigated ALT changes in the 
pan-Arctic area during 1948–2006 with a land surface 
model (CHANGE). Results suggested that the relation-
ship between ALT and annual thawing index (ATI), 
snow depth (SND), and SM are different in both Eura-
sian and North American regions. Besides, ALT changes 
relative to the SND and soil thermal and moisture re-
gimes formed in the pre-thaw season. Results also re-
vealed that the contribution of SND and SM to ALT 
with changing temperatures is different in different pe-
riods. Based on the simulation, Park et al. (2015) further 
examined the insulation effects of SND on the underly-
ing soil temperature and permafrost over the pan-Artic 
area. Simulation results indicated that snow cover con-
tributes to the warming of permafrost in northern re-
gions and could play a more important role under con-
ditions of future arctic warming. Overall, the studies of 
Park et al. (2013, 2015) implied that the impacts of SND, 
SM, and air temperature on the dynamics of ALT and 
permafrost have been established.

This paper aims to investigate the relationship among 
ALT, SM, SND, and mean annual air temperature 
(MAAT) with increasing temperatures in performance 
regions in the 21st century. In particular, we focus on 
two issues: (1) How will ALT with SND and SM change 
with persistently increasing temperatures in the north-
ern hemisphere in the 21st century? and (2) How does 
the relationship change with temperatures decreasing 
SND (Shi and Wang, 2015) and SM obviously chang-
ing (in particular, when temperature has been increased 
to some level)? Answering these issues would benefit 
our understanding of the mechanism of frozen ground 
changing in the future. The structure of this paper is 
organized as follows. Section 2 gives a brief description 
of the data and methods. In section 3, the relationships 
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among SM and the maximum depth of frozen penetra-
tion (MDFP), ALT, and extent of permafrost are ana-
lyzed. In section 4, the possible changes of permafrost 
extent and ALT in the 21st century are investigated with 
Kudryavtsev’s model, based on the Coupled Model In-
tercomparison Project Phase5 (CMIP5) models. In sec-
tion 5, the contributions of SND, MAAT, and SM to 
ALT are discussed. Finally, discussion and conclusions 
are given in section 6.

data and Methods

To estimate the changes in permafrost area and 
ALT during the 21st century, six models (Table1) from 
CMIP5 are used that have good simulation performance 
in snow water equivalent (Shi and Wang, 2015). Snow 
density as an input parameter in Kudryavtsev’s model 
is calculated by snow mass and snow depth (Wang and 
Wang, 2012), whereas snow depth is computed by tem-
perature and precipitation using Equation (1) (Anisimov 
and Nelson, 1996).

 Z p k i ks i r
i

k

= − +










=
∑sin / ( ) /2

1

1ϕ ρ  (1)

Zs is the snow depth, P
i
 is the water-equivalent pre-

cipitation for those months i (i = 1,2,…k) in which the 
mean temperature is 0 °C or below, ρ

r
 is the relative 

snow density, and ϕ is the latitude of the location.
The six models’ detailed information is presented in 

Table 1. The historical simulations range from 1850 to 
2005 or to 2012 in CMIP5, and the simulations from 
three different Representative Concentration Pathways 
(RCPs: RCP2.6, RCP4.5, and RCP8.5) (climate sce-
narios) are chosen in this study. The simulations under 
the three RCPs ranged from 2006 to 2100 and were 
divided into three periods: an early period (2016–2035), 
a middle period (2045–2065), and a late period (2080–

2099). More details about the models used in CMIP5 
can be found on the Web at http://www-pcmdi.llnl.
gov. In addition, the following variables in CMIP5 are 
used: surface air temperature, snow mass, precipitation, 
and SM. Because of the different runs used in the Global 
Climate Models (GCMs), some only one run, we used 
only the first ensemble member produced by each 
model (i.e., r1i1p1).

One of the effective ways to improve estimation of 
ALT in permafrost is to use reasonable data sets of SM. 
In this study, GLDAS is used, which has better quality 
in most regions (Bi, 2015; Chen et al., 2013). However, 
the spatial details in high mountainous areas are not suf-
ficiently well estimated by the GLDAS products, and 
the data used in mountainous areas or places with sparse 
weather stations must be used with caution (Ji et al., 
2014).

The SM in GLDAS has four depth levels (0–10 cm, 
10–40 cm, 40–100 cm, and 100–200 cm). Because the 
changes of SM occur mainly in surface and upper lev-
els of ALT, and the top layer data have significant cor-
relation to the CMIP5’s six models, only the top layer 
(0–10 cm) of SM is considered for estimation of the 
ALT. The air temperatures from Climate Research Unit 
(CRU) data (CRUEM3) during 1901–2012 are used. 
The resolution of the CRU and GLDAS products are 
0.5° × 0.5°. The soil texture (sand, silt, clay, and loam) 
data adopt the land surface module of Community 
Earth System Model (CESM), the resolution is 1.9° × 
2.5°, and the thermal properties of soil follow the values 
by Anisimov et al. (1997). To compare the different data 
sets, the CRU and GLDAS and modeled data sets are 
interpolated with a bilinear method in a common 1° × 
1° latitude and longitude grid.

Kudryavtsev’s model is employed to estimate ALT 
in permafrost regions over the northern hemisphere 
landmass. This is a semi-empirical method that has been 
developed in Russia primarily to address the practical 
needs of cold-region engineering, and it is adjusted to 
operate on hemisphere and regional scales (Kudryavtsev 

TABLE 1

List of models used in this study.

Model Institution Resolution

CCSM4 National Center for Atmospheric Research, U.S.A. 1.25° × 0.94°

CSIRO-Mk3-6-0 CSIRO Atmospheric Research, Australia 1.875° × 1.875°

GFDL-CM3 Geophysical Fluid Dynamics Laboratory, U.S.A. 2.5° × 2.0°

GISS-E2-R NASA Goddard Institute for Space Studies, U.S.A. 2.5° × 2.0°

MIROC5 Atmosphere and Ocean Research Institute, Japan 1.4° × 1.4°

MIROC-ESM Japan Agency for Marine-Earth Science and Technology, Atmosphere and 
Ocean Research Institute, Japan

2.8° × 2.8°
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et al., 1974). The required spatially explicit mineral soil 
textures come from the land surface module of CESM, 
and the thermal properties follow Anisimov et al. (1997). 
Organic soil plays an important role in the responses of 
permafrost to warming (Yi et al., 2007, 2009a). How-
ever, thickness of organic soil is controlled by several 
factors including vegetation growth, wildfire, drainage, 
and others (Yi et al., 2009b). It is difficult to simulate 
these complex processes (Yi et al., 2010), and it is also 
beyond the scope of this study. We have assumed the 
thickness of the organic mat to be a constant (defined 
as 10 cm), and the thermal diffusivity of the organic 
mat under frozen and thawing conditions also followed 
Anisimov et al. (1997). The Kudryavtsev’s model has two 
major outputs: ALT and mean annual soil temperature at 
the depth of thawing, which can be used to determine 
if permafrost exists.

SND, SM, and temperature play a crucial role in per-
mafrost dynamics. To analyze the relative impacts of SM, 
SND, and temperature on permafrost and ALT, the par-
tial correlation coefficients are calculated by Equations 
(2) and (3) between ALT and SND, MAAT, and SM in 
the permafrost regions.

 r
r r r

r r
12 34

12 3 14 3 24 3

14 3
2

24 3
21 1

,
, , ,

, , )( )(
=

−

− −
 (2)

 r
r r r

r r
12 3

12 13 23

13
2

23
21 1

,

)( )(
= −

− −
 (3)

where r
12,34

 indicates the partial correlation between 
the first and second variable after eliminating the influ-
ence of the third and fourth variables on the first vari-
able, and r

12,3
 is the partial correlation between the first 

and second variable after eliminating the influence of 
the third variable on the first variable. The definitions 
for r

14,3
 and r

24,3
 follow that for r

12,3
; and r

12
 is the correla-

tion coefficient between the first and second variable. 
The definitions for r

13
 and r

23
 follow that for r

12
.

results

Impacts of SM on Frozen Ground and 
Its Indicators

Compared with snow depth and air temperature, 
SM is a relatively robust factor for frozen ground. When 
the SM remains constant, changes in heat conduction 
and heat capacity will have an evident effect on frozen 
ground (Xie et al., 2012; Yu and Wang, 2012; Wang et 

al., 2014). To validate the link between SM and frozen 
ground, Figure 1 (parts a–c) shows the relationship be-
tween GLDAS’s SM and MDFP observed at the Henan, 
Yushu, and Qamdo stations; and Figure 1 (parts d–f) il-
lustrates the correlation between GLDAS’s SM and ALT 
observed at FH1, TG1, and TM1 stations over the TP. 
There was a significant positive correlation between SM 
and ALT, and a significant negative correlation between 
SM and MDFP. This implies that SM contributes to the 
thickening of ALT and restrains the increase of MDFP.

To quantify the importance of SM on permafrost 
change over the northern hemisphere permafrost re-
gions, Figure 2 shows the estimated permafrost extent 
during 1986–2005. The extent of the 0 °C isotherm of 
MAAT (black line) from CRU is also shown in Figure 
2. SM is a constant factor in Figure 2 (part a) (Anisimov 
et al., 1997), but in Figure 2 (part b), the SM value is re-
placed by the data from GLDAS. An obvious difference 
is that the permafrost edge in Figure 2 (part b) is more 
consistent with the 0 °C isotherm than that in Figure2 
(part a), with permafrost areas of 14.09 and 16.71 × 106 
km2 in Figure 2 (part a) and 2 (part b), respectively. The 
distribution of permafrost extent in Figure 2 (part b) is 
closer to the result from the International Permafrost 
Association (IPA) (Heginbottom et al., 1993; Brown et 
al., 1997). This implies that approximately realistic SM 
can improve the estimation performance of Kudryavt-
sev’s model for permafrost extent, which also illustrates 
that SM plays an important role in changes of the per-
mafrost.

Except for SM, MAAT and SND also play an im-
portant role in ALT. Figure 3 shows partial correlation 
between ALT and SM, SND, and MAAT in three per-
mafrost regions. (Here the ALT is calculated by the SM 
and MAAT, which are from GLDAS and CRU, with 
the Kudryavtsev’s model.) The result illustrates that both 
SM and MAAT have a significant impact on ALT over 
the TP, and with correlations exceeding the 90% signifi-
cance level, this is likely because of the larger interan-
nual variation of SM and the higher increase of MAAT 
over the TP, which is consistent with IPCC (Stocker et 
al., 2013). In Europe, the effect of SND and MAAT are 
stronger than that of SM on ALT. This might be attrib-
uted to heavy snowfall in winter and spring, and the re-
sulting stronger insulating effect and high reflectivity of 
the snow having a more significant effect on ALT (Park 
et al., 2013). A notable feature is that SND, SM, and 
MAAT all have a weak relationship with ALT in NA, 
where permafrost characteristics differ from that in the 
middle latitudes (such as the TP) and in Mediterranean 
Europe. This might be attributed to the arctic-alpine cli-
mate, and relatively small changes in ALT (Zhang et al., 
2005).
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The IPCC Fifth Assessment Report (AR5) suggest-
ed that temperature will increase continuously in the 
21st century (Stocker et al., 2013), and that warming 
will be more pronounced in high-latitude and high-
altitude regions; the multi-model ensemble projects 
significant decreases in snow water equivalent (SWE) 
over the 21st century for most regions of the northern 
hemisphere for RCPs 2.6, 4.5, and 8.5 (Shi and Wang, 
2015). Permafrost also will be degrading. An issue that 
concerns us is what changes of the relative contribu-
tion of SND, SM, and MAAT to ALT would be occur-
ring, which also involve the regime of thermal hydrol-
ogy over permafrost.

Changes in Permafrost Extent and ALT 
in the 21st Century

Temperature, SND, and SM are crucial climate vari-
ables for permafrost. To validate the reliability of SM, 
MAAT, and SND simulated by the CMIP5 models, 
Figure 4 shows that the correlations between the ob-
servation of SND (calculated by CRU temperature 
and precipitation by Equation [1]), MAAT (CRU), SM 
(GLDAS), agrees with that from the CMIP5 multi-
model ensemble simulation in Europe, NA, and TP, re-
spectively. Here, the reanalysis data are regarded as the 
observations. Although there are some biases between 

the simulation and observation, however, almost all of 
the simulations generally captured the characteristics 
of the variables, and most of the correlations between 
them exceeded the 90% significance level, i.e., the 
CMIP5 models can well reproduce temperature, snow 
depth, and SM.

In general, the multi-ensemble mean has better per-
formance than each individual model, similar to the 
approach of Shi and Wang (2015). Figure 5 shows the 
estimated mean permafrost extent from six individual 
and ensemble means in CMIP5 by the Kudryavtsev 
method during the period 1986–2005; the six model 
simulations have good correlation with the GlobSnow 
and the National Snow and Ice Data Center snow water 
equivalent data sets. Compared with the permafrost ex-
tent estimated using the CRU data sets, the six models 
capture the distribution pattern of permafrost, and the 
range of permafrost is consistent with the 0 °C isotherm 
of MAAT, which also agrees with the result from Brown 
et al. (1997). The estimated permafrost area ranges from 
13.8–21.0 × 106 km2 in 1986 to 11.1–16.8 × 106 km2 in 
2005. The decreasing trend of multi-model mean per-
mafrost extent during the period of 1986–2005 is about 
−8 × 105 km2/10 yr (P > 95%). Moreover, the spatial 
correlations between the permafrost extent calculated 
by the CMIP5 simulation and CRU data ranges from 
0.75 to 0.80 (P > 99.9%), whereas the multi-model 

FIGURE 1.  The correlation coefficients between soil moisture (SM) and observed maximum depth of frozen 
ground (MDFP) at (a) Henan, (b) Yushu, and (c) Qamdo observation sites during the period of 1986–2005; and 
active layer thickness (ALT) at (d) FH1, (e) TG1, and (f) TM1 during 1998–2005. These six observation stations 
are located over the Tibetan Plateau (TP). SM is from Global Land Data Assimilation System (GLDAS), over the 
Qinghai-Xizang (TP).
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ensemble shows that the spatial correlation coefficient 
reaches 0.82 (P > 99.9%). This illustrates that the model 
can well reproduce the permafrost distribution, and the 
multi-model ensemble is more effective for reproducing 
the permafrost distribution than the individual model.

FIGURE 2.  The estimated permafrost extent based on the Climatic Research Unit (CRU) data and Kudryavtsev’s 
method. The black lines indicate the 0 °C isotherm in mean annual air temperature (MAAT) from the CRU data 
set during the period 1986–2005. (a) SM is a constant. (b) SM is from GLDAS.

FIGURE 3.  The partial correlations between ALT 
in the persistent permafrost regions and snow depth 
(SND), SM, and mean annual air temperature (MAAT) 
in Europe, North America (NA), and Tibetan Plateau 
(TP) during the period 1986–2005. The dashed 
lines indicate the 90% significant levels, the partial 
correlations between ALT and SND, SM, and MAAT 
are indicated by the black, white, and diagonally-striped 
bars, respectively.

Permafrost is a product of cold climate, and it has 
significantly responded to global warming (Zhang et 
al., 2005). The multi-model ensemble shows that the 
MAGT at the depth of seasonal thawing gradually 
increased during the three periods of the 21st cen-
tury for the three RCPs (not shown). In most per-
mafrost regions, MAGT is closer to −2 °C, which 
indicates that most permafrost gradually changes into 
warm permafrost. Especially during the late period for 
RCP8.5, only in arctic regions (north of 60°N) and 
the TP, MAGT is below 0 °C in other regions, MAGT 
basically increases to above 0 °C, which implies that 
most permafrost might change into warm perma-
frost or even disappear; the changes of permafrost in 
the 21st century mainly depend on warm permafrost 
(Peng et al., 2015).

Furthermore, the averaged permafrost distribution 
for 1986–2005, and the early, middle, and late periods of 
the 21st century for the three RCPs is given in Figure 
6. For RCP2.6 and RCP4.5, permafrost gradually de-
generates from the southern margins of permafrost; this 
is consistent with general knowledge, but the decreased 
magnitude of permafrost extent was weak, relative to 
the reference period of 1986–2005. For RCP8.5, the 
permafrost degradation gradually becomes significant. 
Especially during the late period, most permafrost com-
pletely disappears, and only exists in the Canadian Arc-
tic, European Russian North, and the center of the TP. 
Relative to 1986–2005, the mean decreased permafrost 
extent in 2099 is 1.38 × 106 km2 for RCP2.6, 4.34 × 
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106 km2 for RCP4.5, and 10.32 × 106 km2 for RCP8.5. 
In addition, the projected future evolution of permafrost 
extent mainly depends on the periods and scenarios. 
The ensemble mean trend of the permafrost area during 
the period of 1986–2005 is (−0.9 ± 1.09) × 106 km2/10 
yr. The decreasing trend of permafrost area during the 
early, middle, and late periods for RCP2.6 and RCP4.5 
is less than that during 1986–2005, and the change trend 
appears to stabilize during the late period, whereas for 
RCP8.5, the trend ranges from (−0.9 ± 0.83) to (−1.5 
± 1.07) × 106 km2/10 yr during the three periods in the 
21st century. This implies that the permafrost area under 
RCP8.5 is on a declining trajectory during the entire 
21st century.

To further investigate the changes in permafrost, 
the spatial distribution of ALT in persistent perma-
frost regions is estimated (Fig. 7). Relative to the 
reference period of 1986–2005, ALT in persistent 
permafrost regions consistently shows an increasing 
trend for the three RCPs during the early, middle, 
and late periods. However, for RCP2.6 and RCP4.5, 
ALT in the persistent permafrost regions gradually 
becomes stable in 2099, while RCP8.5 is still show-
ing an increasing trend. The most significant increase 
in ALT occurs over the TP, especially for RCP8.5 
during the late period, the largest increment of ALT 
is greater than 0.8 m. The TP is a unique, cold, high-
altitude permafrost region in the mid-latitudes of the 

FIGURE 4.  The correlation coefficients between CMIP5 multi-model average and reanalyzed SM, MAAT, and 
SND over the TP, Europe, and NA during the period of 1986–2005. GLDAS is Global Land Data Assimilation 
System, and CRU(CRUTEM3) is Climatic Research Unit.
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northern hemisphere. The prominent warming over 
the TP results in the significant change of permafrost 
(Guo et al., 2012). Permafrost in the center of the TP 
belongs to continuous permafrost, and is regarded as 
cold permafrost with a MAGT of below −2 °C. As 
permafrost temperatures in cold permafrost regions 
increase faster than those in warm permafrost regions, 
the increasing rate of ALT at the center of the TP is 
larger than that at its edge.

Soil Thermal and Hydraulic Regimes in 
Permafrost Regions

The fifth assessment report (Stocker et al., 2013) sug-
gested that temperature warming will be amplified at 
high latitudes and high altitudes, which may further lead 
to permafrost rapidly degrading (Zhang et al., 2005). 
Figure 7 indicates that the increase in ALT over the TP 
is larger than that in the Arctic and subarctic. A simi-
lar feature of MAAT and ALT implies that MAAT over 
the TP is likely to be an important contributor to ALT. 
However, the changes in ALT indicate that the response 
of permafrost to climate change varies regionally, just 

as soil thermal and hydraulic regimes vary in different 
permafrost regions.

In order to analyze the changes in soil thermal and 
hydraulic regimes, the partial correlations between ALT 
and MAAT, SND, and SM for the period 1986–2005 
and the early, middle, and late periods for the three 
RCPs are calculated (Fig. 8). During 1986–2005, ALT 
is significantly related to MAAT in the three main per-
mafrost regions, and all of the partial correlations ex-
ceed the 90% significant level. However, the significant 
correlation between SM and ALT only occurs over the 
TP, and SND significantly correlates with ALT only in 
Europe. This implies that MAAT is the dominant factor 
for ALT in the persistent permafrost regions, while the 
impact of SND and SM on ALT varies regionally, which 
is similar to the previous results of Park et al. (2013).

As the temperature increases in the 21st century, 
ALT also shows an increasing trend in most regions, 
but the thermal and hydraulic regimes significantly 
vary with the regions and the periods. Relative to the 
reference period of 1986–2005, MAAT has an increas-
ing, stable, and decreasing trend over the TP during the 
early, middle, and late periods for RCP2.6, respectively. 

FIGURE 5.  The estimated mean permafrost extent with CMIP5 simulation by Kudryavtsev’s model during the 
period 1986–2005. The black lines indicate the 0 °C isotherm of MAAT. SM is from the CMIP5 output.
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This implies that the impact of MAAT on ALT gradu-
ally decreases from the early to the late period under 
RCP2.6. Under RCP4.5 and RCP8.5, the increasing 
temperature significantly contributes to ALT. Because 
of the effect of temperature, the relative significant im-
pact of SM and SND on ALT alternates under RCP2.6 
and RCP4.5, and gradually decreases under RCP8.5. 
Meanwhile, the soil thermal and hydraulic regime varies 
in the middle and high latitudes. MAAT is significantly 
correlated with ALT under RCP2.6 and RCP8.5 in 
NA, and SND significantly contributes to ALT under 
RCP2.6 and RCP4.5. As snow shows a more significant 
decreasing trend in NA (north of 60°N) than that in 
other regions, this might mean that a remarkable tem-
perature rise could result in a rapid snowmelt and later 
snow accumulation (Dyer and Mote, 2006; Park et al., 
2013), especially for RCP8.5. The interannual variation 
of snow will become small and the snow would even 
disappear completely in some regions, which results in 
the gradually decreasing contribution of SND to ALT 
from low to high emission scenarios (RCPs). Howev-
er, the thermal and hydraulic regimes in Europe com-
pletely differ from those in NA and TP. SND had strong 

effects on the permafrost in Europe, although this sig-
nificant effect only occurs under RCP2.6 and 4.5. With 
the temperature increasing, the snow cover extent and 
SND quickly decrease; this affects SM in the shallow 
soil layer and results in a significant impact of SM and 
SND on ALT and, alternately, occurs under RCP2.6 
and RCP4.5, and gradually declines under RCP8.5. 
Under the high emission (RCP8.5), especially during 
the late period, most permafrost completely degrades, 
and ultimately the feature of soil thermal and hydraulic 
regimes under the lower RCPs (RCP2.6, RCP4.5) will 
disappear under RCP8.5.

In short, changes in ALT are mainly related to the in-
creasing MAAT in persistent permafrost regions in the 
21st century, and with the climate warming, the impact 
of SM and SND on ALT gradually decreases.

suMMary and conclusIons

According to the IPCC (Stocker et al., 2013), global 
temperatures will increase more in high latitudes and 
high-altitude regions. In addition, both SND and SM 

FIGURE 8.  The partial correlations between ALT in persistent permafrost regions and MAAT, snow depth 
(SND), and SM for the three scenarios (RCP2.6, RCP4.5, and RCP8.5) over the TP, Europe, and NA. The 
indications for bars are the same as in Figure 3. HIS, EP, MP, and LP refer to the period of 1986–2005, 2016–2035, 
2046–2065, and 2080–2099, respectively.
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will show a decreasing trend in the 21st century (Hua 
and Chen, 2011; Shi and Wang, 2015), which will have a 
significant impact on permafrost status. In this paper, we 
investigated the changes of soil thermal and hydraulic 
regimes with temperature increasing in the 21st century 
over permafrost regions.

SM is a crucial variable and plays a robust role in soil 
thermal and hydraulic regimes in permafrost regions. 
The strong relationship between SM and the observed 
MDFP and ALT over the TP illustrates that SM has a 
significant effect on MDFP and ALT over the TP. Fur-
thermore, employing Kudryavtsev’s model, the esti-
mated permafrost extent based on the GLDAS’s SM is 
closer to the result from the IPA than that with a con-
stant SM (Anisimov et al., 1997), which implies that 
SM is a key factor for estimating permafrost extent. 
In addition, the relationship between ALT and SM, 
MAAT, and SND shows that soil thermal and hydrau-
lic regimes varied with the increasing temperature rate 
and regions. Observations over the period 1986–2005 
show that both SM and MAAT significantly contribute 
to ALT over the TP, and the correlations between them 
exceed the 90% significance level. In Europe, ALT is 
mainly related to SND and MAAT, which implies that 
the soil thermal and hydraulic regimes are different in 
middle and high latitudes. Over the TP, warming oc-
curs earlier, and the amplitude of warming is larger 
than that in other regions (Liu and Chen, 2000; Zhong 
et al., 2011); the significant correlation between ALT 
and MAAT illustrates that MAAT has an important in-
fluence on ALT over the TP. Furthermore, SM over the 
TP has a larger interannual variation than that in NA 
and Europe (Stocker et al., 2013), which suggests that 
SM has significant effect on ALT over the TP. However, 
in Europe, where is rich in snow in winter and spring, 
snow will gradually melt with the temperature increas-
ing, which results in changes in the insulation effects 
of snow. Hence, snow and temperature both play an 
important role in ALT in Europe. In NA, especially in 
northern NA, ALT has large interannual variations, but 
few significant trends, which is consistent with results 
from the IPCC (Stocker et al., 2013). The relationship 
between ALT and MAAT, SND, and SM indicates that 
no single variable significantly contributed to ALT in 
NA. Therefore, the soil thermal and hydraulic regimes 
vary regionally.

As the global temperature rises, the near-surface 
permafrost extent will decrease by 81% for RCP8.5 
by the end of the 21st century (Stocker et al., 2013). 
In this study, the permafrost extent estimated by 
Kudryavtsev models shows that permafrost will dis-
appear along its southern edge. By the end of 2099, 
there are only 14.7, 12.0, and 5.7 × 106 km2 of per-

mafrost existing for RCP2.6, RCP4.5, and RCP8.5, 
respectively. Most permafrost completely disappears 
in the late period for RCP8.5. Relative to the per-
mafrost extent investigated by the IPA, the permafrost 
area will decrease by 64% by the end of 21st century 
for RCP8.5; this is less than the projected results from 
IPCC (Stocker et al., 2013), for which the results are 
based on the surface frost index without considering 
the impact of SM on permafrost (Slater and Law-
rence, 2013). This implies that SM is indeed a key 
factor for permafrost. Although the results have some 
uncertainty, it seems certain that permafrost will de-
grade, and that the soil thermal and hydraulic regimes 
in permafrost regions will undergo significant chang-
es in the 21st century.

Relative to the reference period of 1986–2005, ALT 
consistently shows an increasing trend in persistent 
permafrost regions under the three RCPs during the 
21st century, whereas the relationships between ALT 
and MAAT, SND, and SM illustrate that soil thermal 
and hydraulic regimes vary with the regions and pe-
riods. With increasing temperature, ALT significantly 
related to MAAT over the TP under RCP4.5 and 
RCP8.5, whereas the relative significant contribution 
of SM and SND to ALT only occurs before the mid-
dle period under RCP2.6 and RCP4.5, which im-
plies that MAAT is the main contributor to changes in 
ALT over the TP in the 21st century. However, in NA, 
MAAT only has a significant impact on ALT under 
the RCP2.6 and RCP8.5. With temperature increas-
ing, snow generally begins to melt, and this leads to a 
significant contribution of snow to ALT for RCP2.6 
and RCP4.5. The most significant changes in snow 
occurred in northern NA (north of 60°N), with the 
exception of the TP (Shi and Wang, 2015), hence, snow 
may completely disappear under high emission, hence 
the impact of SND on ALT gradually decreases under 
RCP8.5. These imply that the thermal and hydraulic 
regimes in Europe differ from those in NA and the TP. 
Although MAAT and snow contributes significantly to 
ALT over the period 1986–2005, all of the contribu-
tions of MAAT, SND, and SM gradually decline in the 
three periods of the 21st century. In Europe, it is rich 
in snow in winter and spring, with the climate warm-
ing, the significant impact of SND on ALT gradually 
declines and disappears. In general, with increasing 
temperature, MAAT will still contribute to changes in 
ALT, whereas the impact of SM and SND will gradu-
ally decline. These changes of relationship among ALT, 
SM, SND, and MAAT reflect the differences of the 
thermal and hydraulic regimes over permafrost regions.

Although there are uncertainties in this study due to 
the uncertainty of simulation, CMIP5 outputs can help 
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us quantitatively analyze the characteristics of soil ther-
mal and hydraulic regimes in permafrost regions in the 
future and deeply understand the feedbacks of perma-
frost degradation on the local and global climate system.
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