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ARTICLE INFO ABSTRACT

Keywords: Permafrost degradation poses serious threats to both natural and human systems through its influence on eco-
Permafrost degradation logical-hydrological processes, infrastructure stability, and the climate system. The Arctic and the Third Pole
Arctic

(Tibetan Plateau, TP hereafter) are the two northern regions on Earth with the most extensive permafrost areas.
However, there is a lack of systematic comparisons of permafrost characteristics and its climate and eco-
Climate warming environment between these two regions and their susceptibility to disturbances. This study provides a
Active-layer thickness comprehensive review of the climate, ecosystem characteristics, ground temperature, permafrost extent, and
Mean annual ground temperature active-layer thickness, as well as the past and future changes in permafrost in the Arctic and the TP. The potential
Geohazard consequences associated with permafrost degradation are also examined. Lastly, possible connections between
the two regions through land-ocean-atmosphere interactions are explored. Both regions have experienced dra-
matic warming in recent decades, characterized by Arctic amplification and elevation-dependent warming on the
TP. Permafrost temperatures have increased more rapidly in the Arctic than on the TP, and will likely be rein-
forced under a future high emission scenario. Near-surface permafrost extents are projected to shrink in both
regions in the coming decades, with a more dramatic decline in the TP. The active layer on the TP is thicker and
has substantially deepened, and is projected to thicken more than in the Arctic. Widespread permafrost degra-
dation increases geohazard risk and has already wielded considerable effects on the human and natural systems.
Permafrost changes have also exerted a pronounced impact on the climate system through changes in permafrost
carbon and land-atmosphere interactions. Future research should involve comparative studies of permafrost
dynamics in both regions that integrate long-term observations, high-resolution satellite measurements, and
advanced Earth System models, with emphasis on linkages between the two regions.
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1. Introduction

Permafrost is an “invisible” (subsurface) component of the cryo-
sphere defined as ground (soil or rock and included ice or organic ma-
terial) that remains at or below 0 °C for at least two consecutive years
(Dobinski, 2011). Permafrost occupies between 14 and 16 x 10° km? of
the Earth’s exposed land surface. It covers some 15% of the exposed land
area of the Northern Hemisphere (NH) (Obu, 2021; Ran et al., 2022),
and is distributed primarily in the Arctic and in mid-latitude moun-
tainous regions (Fig. 1). One such region is the Tibetan Plateau (TP),
which is often referred to as the “Third Pole” owing to its largest storage
of ice masses on Earth outside the Arctic and Antarctic regions (Yao
et al., 2019). Although permafrost domains are not densely populated,
their economic importance has grown because of their abundant natural
resources (Nelson et al., 2002). The thermal state of permafrost can be
highly susceptible to disturbance such as changes in air temperature and
ecosystem properties, consequences of both natural and human factors
(Park et al., 2016). Permafrost can persist in areas where the mean
annual air temperature (MAAT) is as high as +2 °C, or degrade in areas
where the MAAT is around —20 °C (Jorgenson et al., 2010; Ran et al.,
2022). In concert with the unprecedented climate warming (IPCC,
2021), global permafrost temperatures have increased significantly
(Biskaborn et al., 2019), leading to permafrost degradation that exerts
large impacts on climatological and ecological-hydrological processes
through interactions between the Earth’s spheres (Yang et al., 2010;
Koven et al., 2011; Schaefer et al., 2014; Schuur et al., 2015; Hjort et al.,
2018; Teufel and Sushama, 2019).

Permafrost degradation has large impacts on processes from global
to local-scales. As a large carbon reservoir, permafrost holds about half
of all the terrestrial storage, equivalent to nearly twice as much carbon
as the atmosphere (Schuur et al., 2008; Hugelius et al., 2014; Schuur
et al., 2015). Carbon release caused by permafrost warming through
oxidation of organic matter may therefore accelerate climate warming
(Schuur et al., 2015). Permafrost also contains large amounts of ground
ice, and the areas with ice content are found at high latitudes and in high
plateaus and mountains (Zhang et al., 1999). If subsurface ice in
permafrost regions undergoes large-scale melting, it has a potential for
substantial effects on critical infrastructure, landscapes, hydrology, and
water resources (Zhang et al., 1999; Cheng and Wu, 2007; Rennermalm
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et al., 2010). Permafrost forms an impermeable layer and prevents
penetration of precipitation or snowmelt water, inducing high moisture
levels in the active layer (Hinzman et al., 2005). Hydrological activity is
generally limited to the active layer, which provides moisture to the
biosphere and atmosphere. Once permafrost thaws, the impermeable
layer is damaged and hydrological activities and cascading physical
processes can be modified substantially (Cheng and Wu, 2007; Gruber
et al.,, 2017; IPCC, 2019; Song et al., 2019). To better predict and miti-
gate these effects, an in-depth understanding of the current status of
permafrost in high-latitude and high-altitude areas, and the response of
permafrost to the unprecedented climate change under different envi-
ronmental conditions are crucially needed.

The Arctic has warmed more rapidly and drastically than the global
average since the mid-20th century, a phenomenon known as Arctic
amplification (AA) (Serreze and Barry, 2011). Changes in the surface
temperatures of the Arctic have been amplified through snow/sea-ice
albedo feedback and other physical processes (Cohen et al.,, 2018).
Near-surface air temperatures over the Arctic region have risen
dramatically, at a rate 2-3 times the global average (Cohen et al., 2014;
Huang et al., 2017). The Arctic cryosphere is an important component of
the Earth system and has a significant influence on the Earth’s energy
budget, atmospheric and ocean circulations, freshwater storage, sea-
level rise, as well as the storage and release of large amounts of green-
house gases, among other effects (Olsen et al., 2011). Partly driven by
the AA, the hydrological cycle in the Arctic has intensified, and various
components of the Arctic system have changed significantly (Box et al.,
2019; Landrum and Holland, 2020), including active layer thickening,
permafrost degradation, and settlement of the ground surface.

The TP has long been recognized to profoundly influence regional,
Asian, and even global climate and weather systems through both dy-
namic and thermal forcing (Wu et al., 2014; Xu et al., 2021). The TP and
adjacent mountain ranges have been referred to as the “Asian water
tower” because several large river systems (e.g., the Yangtze, Yellow,
Indus, and the Mekong) originate in this region, providing a substantial
portion of both natural and anthropogenic water demands (Immerzeel
et al., 2020). The TP is arguably the world’s most important and
vulnerable water tower component (Immerzeel et al., 2020) because it is
more responsive to the radiative forcing of greenhouse gases and snow
albedo than other areas in the same latitudes (You et al., 2020). The TP

Fig. 1. Biophysical permafrost zonation in the Arctic
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and the Tibetan Plateau (TP), also known as the Third
Pole, during 2000-2016 (source: Ran et al., 2021b).
The boundaries of the Arctic and TP are the same as in
Li et al. (2020). The Arctic mainly refers to the
geographical region north of the Arctic Circle
(66°32'N) together with the land areas northward of
62°N in Asia and 60°N in North America, and modi-
fied to contain the marine areas north of the Aleutian
chain, Hudson Bay, and parts of the North Atlantic
Ocean including the Labrador Sea (AMAP, 1997). The
Arctic is further divided into three subregions:
Greenland, Eurasia, and North America. In this study,
only the land parts are considered. The TP is defined
as the areas around the plateau with elevations equal
to or above 4000 m, covering the Qinghai-Tibetan
Plateau, Hengduan Mountains, the Himalayas, the
Hindu Kush, and the Pamir Plateau (Liu et al., 2014a).
=4 Mean annual ground temperature (MAGT) sites used
in the study are selected from the Global Terrestrial
Network for Permafrost (GTN-P) (Biskaborn et al.,
2019). Active-layer thickness (ALT) sites in the TP are
same as the study of Li et al. (2012a).
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possesses the largest amount of permafrost in the mid-and low-latitude
regions and is the dominant high-altitude permafrost region in the NH,
accounting for the great majority of permafrost in China (Ran et al.,
2012). Along with the dramatic climate warming since the 1960s, direct
evidence has revealed significant losses of the TP cryosphere including
glaciers, frozen ground, and snow cover (Ran et al., 2018; Yang et al.,
2019).

The current distributions of permafrost and ground ice are the result
of the historical evolution of permafrost during the Last Glacial
Maximum or Last Permafrost Maximum, as well as recent climate and
heat exchange conditions between the land surface and the atmosphere
(Zhang et al., 1999; Jin et al., 2019; Zhao et al., 2020). Between the
Arctic and the TP, there are divergent effects of Pleistocene glacial
development on permafrost. In general, the permafrost history of the TP
is shorter than that of the Arctic (Cheng, 1979), forming different de-
grees of ecosystem fragility. Besides the above aspects, local distur-
bances modulate the variations of permafrost as well. Snow, vegetation,
soil properties (e.g., soil type, soil organic matter content, and soil
moisture), and topographically-influenced factors (e.g., solar radiation
and hydrology) regulate the heat and water exchanges between land and
the atmosphere, leading to complex processes controlling the ground
thermal regime (Karjalainen et al., 2019a, 2019b; Jiang et al., 2020).
The vegetation distributions and dynamics in the Arctic and TP are
different, which exerts a marked influence on permafrost evolution
through the main driver of Earth’s energy and water budgets, i.e., land
surface-atmosphere interactions (Cheng, 1979; Shur and Jorgenson,
2007).

The Arctic and the TP are both extremely sensitive to global climate
change and can act as indicators for changes because both have shown
amplified warming under global warming (You et al., 2021). Previous
studies suggested that the two regions have varying feedbacks and re-
sponses to global change with shared linkages (e.g., Cohen et al., 2018;
Wang et al., 2018a; Gao et al., 2019; Qian et al., 2019; You et al., 2021).
Yet, significant differences between the Arctic and the TP cause
permafrost to exhibit disparate responses to climate change and human
activities. To date, the mechanisms and interconnections between the
two regions remain inconclusive, as most permafrost studies have
focused exclusively on one or the other of the two regions and there have
not been many attempts to systematically contrast the permafrost
characteristics between them. A systematic study incorporating the two
regions plays a vital role in global change research (Guo et al., 2020). It
is therefore important to comprehensively compare permafrost charac-
teristics and its formative environment, and discuss possible connections
between the two polar regions.

The objectives of this paper are to: (1) compare the climate and
ecosystem characteristics between the Arctic and the TP; (2) summarize
similarities and differences in permafrost characteristics between the
two regions, in terms of near-surface permafrost distribution, permafrost
temperature, active-layer thickness (ALT), ground ice, and permafrost
carbon storage; (3) assess the historical and future trajectory of
permafrost in the two regions in the context of human-induced climate
change; (4) evaluate the risks and potential impacts of permafrost
degradation on socio-ecological systems; and (5) highlight possible
connections between the Arctic and TP. Finally, we will conclude with
some potentially important future developments for research.

2. Climate and ecosystem characteristics

Interactions involving climatic and ecological processes during
permafrost formation and degradation are complex. There are negative
departures in air temperature from the long-term averages in both re-
gions, especially in winter, facilitating permafrost development. Air
temperatures in the Arctic are much colder than on the TP, especially
over Greenland, Siberia, and northern Canada, owing to the high lati-
tude, weak solar radiation, and high reflectance and insulation effect of
polar sea ice. Thus, the Arctic has a larger freezing index and a smaller

Earth-Science Reviews 230 (2022) 104042

thawing index (Table 1). Compared with the TP, most of the Arctic ex-
periences larger annual temperature ranges and slightly greater annual
precipitation, with the exception of parts of North America and
Greenland. Snow depth and snow cover duration also are appreciably
greater in the Arctic, and vegetation greenness as indicated by the leaf
area index is higher.

In general, ecosystems play an important role in permafrost devel-
opment. In continuous permafrost zones, ecosystem properties, such as
vegetation succession and organic matter accumulation, result in the
formation of an ice-rich layer at the top of permafrost (Shur et al., 2005).
In the subarctic, ecosystems—through the interaction of biophysical
factors with soil temperature—can also create conditions leading to the
preservation and formation of discontinuous permafrost under poorly
drained, low-lying, and north-facing landscape conditions. Farther south
in the subarctic, ecosystem-protected permafrost persists in the form of
sporadic patches under warmer climatic conditions (Shur and Jorgen-
son, 2007). The markedly different vegetation distributions in the Arctic
and TP can result in a thicker active layer on the TP than in much of the
Arctic when other conditions are the same (Cheng, 1979). Boreal forests
and mosses cover large areas of the Russian, Canadian, and Alaska
permafrost areas, in contrast to the permafrost areas on the TP where no
trees exist, and vegetation is dominated by perennial herbaceous plants.
Moreover, shrub expansion is occurring in many tundra ecosystems and
has been linked to “greening” across the Arctic (Tape et al., 2006; Myers-
Smith et al., 2011). For the TP, vegetation cover is one of the most
important factors that affect permafrost through modified soil hydro-
thermal regimes (Wang et al., 2012). The TP vegetation greening is
dominated by the main vegetation types, including grassland, shrub-
land, and meadow (Pang et al., 2017; Li et al., 2018). These ecosystem
shifts will evoke a significant response of permafrost evolution via
altered atmosphere-surface interactions (Shur and Jorgenson, 2007;
Ran et al., 2021b; Heijmans et al., 2022).

The NH land-surface MAAT has risen strikingly, on average by 0.3 °C
decade™!, over the period 1979-2018 (Fig. 2). For the Arctic land area,
the air temperature increase has outpaced the global and NH mean
temperature increases, at a rate of up to 0.5 °C decade ™! over the same
period. A previous study has revealed that Arctic warming is evident and
is occurring in all seasons, but is strongest over the Arctic in autumn and
winter and weakest in summer (Table 1; Cohen et al., 2018). The vertical
distribution of Arctic air temperatures indicates that the warming ex-
tends almost through the entire troposphere but is concentrated near the
land surface (Perlwitz et al., 2015). A newly constructed Arctic surface
air temperature dataset suggests that warming in the Arctic (including
areas of the ocean) reached 0.8 °C decade ! over the period 1998-2012
(Huang et al., 2017). Based on an analysis of a new 31 station data set,
enhanced climate warming has also been reported in the Alaskan Arctic
during 1998-2015 (Wang et al., 2017). These updated estimates of
Arctic warming largely contribute to a continual global and NH warm-
ing, contrary to the controversial warming hiatus or slowdown during
1998-2012.

Compared with the NH (including land and ocean), warming of the
TP began earlier and has been more pronounced (Yao et al., 2019). The
TP has witnessed dramatic warming since the 1960s, at a rate of
0.3-0.4 °C decade ™! (Chen et al., 201 5), and since 1979 MAAT has
increased 0.3 °C decade ™ (Fig. 2). The warming is apparent across all
seasons, with the strongest warming occurring in spring and the weakest
in summer for the period 1979-2018 (Table 1). Elevation-dependent
warming, in which greater warming is more likely to occur at higher
elevations, is evident on the TP (Rangwala et al., 2009; Pepin et al.,
2015; You et al., 2020). Elevation-dependent warming can accelerate
the rate of change in the climate system, because the mechanisms
associated with e.g. snow-albedo and water vapor-radiative feedbacks,
generate greater warming response at higher elevations (Pepin et al.,
2015). This is a special characteristic of the TP climate warming due to
the absence of extensive mountain ranges in the Arctic.

Under future emission scenarios, air temperature increases in the
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Table 1
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The climate and ecosystem characteristics in the permafrost zones of the Arctic and TP. Freezing (thawing) index is calculated as the sum of the daily temperatures for
all days below (above) 0 °C temperatures during the freezing (thawing) period (Frauenfeld et al., 2007), in which the freezing period is defined to be from July to June
of the following year, and a thawing period of January to December. An asterisk (*) indicates that the trend is significant at the 95% confidence level.

Variable Spatial mean and standard deviation (mean + ¢) Data source
Arctic Arctic subregions TP
Eurasia North Greenland
America
Mean annual air —-12.4+ 6.4 —-10.9 + 4.2 —10.0 £ 5.8 —19.0 + 6.4 —4.7 £ 4.4 WorldClim v2 for 1970-2000; Fick and
temperature (°C) Hijmans, 2017
Freezing index (°C) 4922.6 + 164.0 4910.8 + 4454.1 + 6391.1 + 838.3 + CRUNCEP v8 daily air temperature for
226.9 234.7 274.4 94.5 1979-2008; Viovy, 2018
Thawing index (°C) 522.1 + 47.6 948.7 + 72.5 696.9 + 62.6 0.0 + 0.0 1759.9 + CRUNCEP v8 daily air temperature for
77.0 1979-2008; Viovy, 2018
Air temperature annual 36.1 £9.9 40.5 + 10.6 36.6 + 6.4 26.1 +£5.6 235+ 3.1 WorldClim v2 for 1970-2000; Fick and
range (°C) Hijmans, 2017
Air temperature trend (°C DJF: 0.58* MAM: 0.52* DJF: 0.29% CRU TS4.02 data for 1979-2018; Mitchell and
decade™ ) JJA: 0.33* - - - MAM: Jones, 2005
SON: 0.60* 0.35*
JJA: 0.23*
SON: 0.24*
Annual precipitation (mm) 363.5 + 239.6 346.2 + 291.7 + 93.4 527.4 + 298.3 + WorldClim v2 for 1970-2000; Fick and
161.3 347.1 206.2 Hijmans, 2017
Precipitation trend/ DJF: 1.00 DJF: —0.72 CRU TS4.02 data for 1979-2018; Mitchell and
mm decade ! MAM: 0.76 - - - MAM: 1.97  Jones, 2005
JJA: 0.69 JJA: 2.52
SON: 2.36* SON: —0.28
Snow depth (cm) 26.0 £10.1 27.6 £10.9 24.2 £ 89 - 24+29 Takala et al., 2011; Che et al., 2008
Snow cover duration (days) 267.8 + 36.5 245.3 + 22,9 253.1 + 33.0 338.4 +19.8 75.9 + 66.4 Hori et al., 2017
Leaf area index 0.45 £ 0.31 0.47 +£0.26 0.38 £ 0.36 - 0.19 £ 0.27 GLASS LAI product; Xiao et al., 2014
Soil organic carbon content 121.8 + 55.6 126.7 + 61.7 113.1 +44.1 154.4 + 62.1 29.8 + 24.8 S0ilGrid250; Hengl et al., 2017
(gkg™M
Ground ice (x10° km®) 11.39-26.42 7.00-14.90 4.38-11.19 0.33 12.70 Brown et al., 2002; Zhao et al., 2019; Cheng

et al., 2019

DJF: December-February, MAM: March-May, JJA: June-August, SON: September-November.
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Fig. 2. Changes in mean annual land-surface air temperature anomaly (relative
to 1979-2018 mean annual temperature) over the Northern Hemisphere (NH;
black), Arctic (60°N — 90°N; red), and the Third Pole (TP; blue) between 1979
and 2018 based on the Climate Research Unit (CRU) TS4.02 data (Mitchell and
Jones, 2005) at a spatial resolution of 0.5°. Dashed lines are linear regression
lines. The trends shown in the panel are based on the linear regression. An
asterisk (*) indicates that the trend is significant at the 95% confidence level.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Arctic and TP are projected to continue for the remainder of the 21st
century. The temperature increases of the high-latitude permafrost
(referred to as circumpolar permafrost) regions are predicted to be
generally greater than those in high-altitude permafrost (mountain
permafrost) regions (Guo et al., 2018). The Coupled Model

Intercomparison Project Phase 5 (CMIP5) models have projected that
the ensemble MAAT will increase by 3.8 °C and 8.0 °C by 2099 over the
high-latitude permafrost areas in the Representative Concentration
Pathway (RCP) 4.5 and RCP 8.5 scenarios, respectively; the corre-
sponding projected ensemble MAAT increases over the high-altitude
permafrost areas, including the TP, are smaller with 2.9 °C for RCP
4.5 and 6.0 °C for RCP 8.5 (Guo and Wang, 2016). The new generation
CMIP6 models have projected that MAAT will exceed 0 °C throughout
the northwestern Siberia during 2071-2100 under the SSP5-8.5 sce-
nario (Alexandrov et al., 2021). These projections suggest that air
temperatures would rise more rapidly over the Arctic permafrost area
than the TP permafrost area.

3. Current permafrost characteristics
3.1. Permafrost extent

To discuss permafrost extent, we must distinguish two concepts: area
of a permafrost region and permafrost area. In the former, the regions
may not be underlain by permafrost in their entirety; the notion of
permafrost region is beneficial for cartography, studying soil properties,
plant ecology, hydrological pathways, and civil engineering (Obu,
2021). The latter is the actual permafrost area underlain by permafrost
(Zhang et al., 2000; Gruber, 2012; Obu et al., 2019). Their differences
are mainly related to mapping scale and study purposes (Nelson et al.,
2002; Ran et al., 2012). The permafrost area is essentially smaller than
the area of a permafrost region because permafrost only underlies a
portion of the permafrost region (Gruber, 2012; Heginbottom et al.,
2012). Various classification systems have been used to describe the
types of permafrost region. Areal continuity-based systems are popularly
used. According to the areal continuity, the permafrost region in the
Arctic occupies two commonly depicted latitudinal zones, continuous
(>90% of the area) and discontinuous (50-90% of the area) permafrost,
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while the TP is dominated by discontinuous and sporadic (10-50% of
the area) permafrost (Brown et al., 2002). The areal continuity-based
systems are useful to characterize permafrost distribution in high-
latitude areas for differentiating climatic influence, but fail to explic-
itly identify the role of ecosystem properties in the formation and evo-
lution of permafrost (Shur and Jorgenson, 2007; Ran et al., 2021b). Such
systems are also highly controversial for describing permafrost distri-
bution on the TP due to their ambiguous definition and scale-
dependency (Cheng, 1984; Ran et al., 2012, 2018, 2021a). Recent
mapping efforts have adopted a biophysical zonation, by using a rule-
based GIS model that integrates global climate and ecological data-
sets, to classify the NH permafrost regions into climate-driven, climate-
driven/ecosystem-modified, climate-driven/ecosystem  protected,
ecosystem-driven, and ecosystem-protected subregions (Ran et al.,
2021b). This provides a new perspective to describe the complex in-
teractions of climatic and ecological processes with permafrost. The new
map shows that both the Arctic and the TP are dominated by climate-
driven and climate-driven/ecosystem-modified permafrost (Ran et al.,
2021b; Fig.1). However, the hydrothermal conditions of permafrost are
very different between the Arctic and TP, the cold-humid permafrost
generally dominates in the High Arctic while the warm-arid type
dominates in the TP (Ran et al., 2022).

According to the International Permafrost Association (IPA) map, the
calculated area included in permafrost regions is 10.85 x 10° km? in the
Arctic and 1.88 x 10° km? on the TP (Table 2) while the corresponding
values of permafrost area, defined as the area of permafrost region
multiplied by the fraction of areal continuity (Zhang et al., 2000), are
9.53 x 10° km? and 0.96 x 10° km?, respectively. Several permafrost
maps have been compiled to evaluate the distribution and thermal states
of the permafrost in the Arctic and on the TP (Table 2). The estimated
permafrost area in the Arctic during 2000-2014 is 9.78 x 10° km? based
on a threshold of 0 °C mean annual ground temperature (MAGT) at the
depth of zero annual amplitude (DZAA) (Karjalainen et al., 2019b). On

Table 2
Permafrost area in the Arctic and the TP (unit: 10° km?).

Area of Permafrost Method and reference
permafrost area
region

Arctic TP Arctic TP

10.85 1.88 9.53 0.96  IPA permafrost zonation map, compiled by
Brown et al. (2002) based on national and
regional maps and expert knowledge from
different sources and time periods. The areas of
permafrost were derived from permafrost
regions, which are defined as the area of
permafrost region multiplied by areal continuity
fraction (Zhang et al., 2000).

Permafrost zonation based on modeled
permafrost probabilities for 2000-2016 using
the TTOP model (Obu et al., 2019).

Derived from mean annual ground temperature
(< 0 °C) at the top of the permafrost for
2000-2016 estimated by Obu et al. (2019) using
the TTOP model.

Derived from mean annual ground temperature
(< 0 °C) for 2000-2014 estimated by
Karjalainen et al. (2019b) based on downscaled
climate data and updated for the TP using the
method in Ran et al. (2021a).

Derived from mean annual ground temperature
(< 0 °C) for 2005-2015 estimated by Ran et al.
(2021a) based on remote sensed data and
adjusted for the new boundary of the TP shown
in Fig. 1.

Derived from mean annual ground temperature
(< 0 °C) for the period of 2000-2016 estimated
by Ran et al. (2022), which integrates a large
amount of field measurement and remote sensed
data using machine learning techniques.

11.75 1.74  9.50 1.34

- - 9.55 1.29

- - 9.78 1.17

- - - 1.37

10.68 1.46  10.11 1.18
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the TP, the permafrost area is estimated to be 1.37 x 10% km?, ac-
counting for 34% of the TP area, based on machine learning, satellite
data, and site measurements from 2000 to 2016 (Ran et al., 2021a). New
permafrost area estimates at a 1-km scale based on the threshold MAGT
<0 °Care 10.11 x 10° km? in the Arctic and 1.18 x 10° km? on the TP
(Fig. 1; Ran et al., 2021b, 2022). Several other permafrost maps have
also reported the TP permafrost area (Li and Cheng, 1996; Zou et al.,
2017; Obu et al., 2019; Ni et al., 2021; Ran et al., 2021a), which differ
significantly due to varying data collection periods, mapping methods,
and regional boundaries for statistics, as well as limited data sources. In
addition, permafrost modeling and permafrost area calculations are
unavoidably affected by uncertainties associated with data limitations,
mathematical methods, underlying assumptions for the calculations,
and parameterization schemes, which call for estimating the uncertainty
range according to multiple calculated values of the permafrost area
considering different scenarios.

3.2. Ground temperature and active-layer thickness

Ground temperature and ALT are the most commonly used indicators
of permafrost characteristics and thermal state. Permafrost thickness can
vary between the Arctic and TP due to the different historical evolution
of permafrost. Areas at the southern limit of permafrost distribution of
the Arctic, such as Siberia, with permafrost thicknesses of 250-300 m
under a MAGT of about —5 °C, supported a small-scale ice cap during the
Pleistocene era, while Canada, with permafrost thicknesses of 60-100
m, experienced 97% coverage by glaciers (Cheng, 1979; Turner and
Schuster, 1996; Bosikov, 1998). In Arctic Alaska, where the MAGT
ranged from —10 to —12 °C before the 1990s (Lachenbruch and
Marshall, 1986), permafrost thicknesses range from 250 to 650 m,
depending primarily on the thermophysical properties of the rock units
(Lachenbruch et al., 1982; Clow, 2014). For the TP, the permafrost
thickness is estimated to be 120-160 m in areas with a MAGT of around
—5 °C, noticeably less than that of Siberia but greater than that of
Canada, partially because no large ice sheet developed on the TP during
the Quaternary era and late uplift period of this region (Cheng, 1979;
Wang and French, 1995).

Permafrost temperatures in the Arctic rise along a north-south
bioclimatic gradient, from < —14 °C in the Canadian High Arctic to
<0 °C close to the southern limits of permafrost occurrence (Streletskiy
et al.,, 2017). The average MAGT from 83 boreholes in the Arctic
permafrost area from Biskaborn et al. (2019) was —3.4 °C for a recent
decade (2007-2016) (Fig. 3). Based on a statistical modeling approach
(Aalto et al., 2018), the average MAGT across the entire Arctic perma-
frost area was —5.9 + 3.5 °C from 2000 to 2014. On the TP, MAGT
recorded by 12 boreholes from 2007 to 2016 ranged from —3.0 to
—0.1 °C and decreased gradually with increasing altitude, with an
overall MAGT of —1.9 + 1.8 °C in the permafrost area from 2000 to
2014 (Table 3). This comparison indicates that the Arctic permafrost
should be regarded as “cold permafrost”, while the TP permafrost should
be classified as “warm permafrost”. Based on MAGT, permafrost can be
characterized as sub-stable (—3 °C < MAGT < —1.5 °C), transitional
(—1.5 °C < MAGT < —0.5 °C), and unstable permafrost (—0.5 °C <
MAGT <0.5 °C) (Cheng and Wang, 1982), which together account for
75.1% of the TP permafrost area (Zhao et al., 2020).

Overlying permafrost is the active layer, which thaws in summer and
refreezes in winter. The ALT ranges from <50 cm in northern Alaska and
Siberia to >300 cm on the TP (Luo et al., 2016; Peng et al., 2018). Ac-
cording to more than 230 sites from the Circumpolar Active Layer
Monitoring (CALM) network, the mean ALT across sites and years was
48 cm in Alaska, 93 cm in Canada, and 74 cm in Russia from 1990 to
2015 (Luo et al., 2016), while the mean ALT for 142 sites in the Arctic
was 68 cm. Based on the Stefan solution considering the thawing index
and edaphic factor (Peng et al., 2018), we estimated that the regional
average ALT was 100 cm in the Arctic during 2000-2014, 104 cm in
Eurasia, 98 cm in North America, and 50 cm in Greenland (Table 3).
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Fig. 3. Changes in (a) mean annual ground temperature (MAGT) (°C), (b)
active-layer thickness (ALT) (cm), and (c) thawing degree days (TDD) (°C) in
the Arctic and TP over the past decades. The shading in (a) denotes the 25% and
75% percentiles of MAGT measured by borehole sites in the Arctic and TP from
GTN-P (from Biskaborn et al., 2019). The ALT data in the Arctic were selected
from the Circumpolar Active Layer Monitoring (CALM) Program Network,
while the TP data were obtained from Li et al. (2012a). The number of sites
used in the aggregation are shown in brackets. The trends shown in the panel
are based on linear regressions. An asterisk (*) indicates that the trend is sig-
nificant at the 95% confidence level. The thawing degree days were calculated
based on daily air temperature of the CRUNCEP v8 dataset (Viovy, 2018).
Compared to other bias-corrected reanalysis datasets, the CRUNCEP dataset
stands out for ecosystem process simulation at the global scale (Wu
et al., 2018).

Mean ALT along the Qinghai-Tibetan Highway (QTH) was 203 cm ac-
cording to ground-based ALT measurements from 1982 to 2018. For the
entire TP, ALT generally decreases with increasing elevation, ranging
from 100 cm to more than 300 cm, with an average of 212 cm (Table 3).
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This is slightly lower than the simulated ALT, found by a 1-D numerical
heat diffusion model with phase change, ~230 cm (221-240 cm) (Qin
et al., 2017). Overall, ALT is two-fold higher within the TP than in the
Arctic.

3.3. Ground ice

In general, ice-rich permafrost with a high ice content (> 20% by
volume) and relatively thick overburden cover (> 5-10 m) occurs in the
high latitudes, occupying approximately 8.6% of the total permafrost
area, while ice-poor permafrost with a low ice content (< 10% by vol-
ume, with either thick or thin overburden cover) is mostly located in
mountainous areas and high plateaus, occupying approximately 66.5%
of the total permafrost area (Zhang et al., 1999). Based on alternative
assumptions, approximately 11.37-36.55 x 10° km?® of ground ice may
be stored in the NH permafrost, corresponding to an equivalent sea-level
rise of 3-10 cm (Zhang et al., 1999). Following the method of Zhang
et al. (1999), as well as the IPA permafrost map and ground-ice condi-
tions (Brown et al., 2002), ground ice in the Arctic permafrost region has
been estimated to be approximately 11.39-26.42 x 10° km® (1.05-2.44
x 1073 km?® per km?), with largest values in Eurasia and North America.

On the TP, total ground ice storage within the permafrost regions is
roughly 9.53 x 10%km® (8.99 x 10~2 km? per km?), based on the ground
ice distribution in the different topographic units along the QTH (Zhao
et al., 2010). Recent permafrost investigations and field-based studies
reported the ground ice storage to be 12.7 x 10% km® water-equivalent
(Zhao et al., 2020). In the continuous permafrost area, ground-ice ex-
hibits east-west and south-north increasing gradients in the TP, with two
maximum centers in the Kunlun Mountains and Hoh Xil area (Cheng
et al., 2019). In the source region of the Yellow River (covering an area
of about 2.9 x 10* km? above Duoshixia) (Luo et al., 2011) on the
northeastern TP, the total volume of ground ice at depths of 3-10 m is
approximately 51.68 + 18.81 km® (Wang et al., 2018b).

3.4. Permafrost carbon storage

There is a growing concern about soil carbon storage in permafrost
because it is of great significance for global warming (Schuur et al.,
2008). When permafrost thaws, a significant amount of carbon stock in
the permafrost layers could be subject to increased decomposition and
release of trace gases. Soil organic carbon (SOC) stocks in the northern
circumpolar permafrost are estimated to be approximately 1035 + 150
Pg in the upper soil (0-3 m) (Hugelius et al., 2014), with an extra 648 Pg
in the lower depths (3-25 m) (Tarnocai et al., 2009). According to the
SoilGrids system at 250-m resolution (Hengl et al., 2017), SOC content
in the Arctic has been estimated to be 121.82 g kg™!, with Greenland
having the largest value of 154.44 g kg™! (Table 1). SOC storage is
generally associated with land cover type, ALT, soil moisture, soil
texture, and pH value (Yang et al., 2008; Baumann et al., 2009; Elberling
et al,, 2013; Mu et al.,, 2015, 2020). The thick peat layers in the
circumpolar permafrost with its abundant soil organic matter, however,
also complicate soil carbon response due to the effects of soil thermal
insulation on soil thermal and moisture regimes (Park et al., 2016).
Because of the thermal and hydraulic properties of organic soils, SOC is
another factor expected to affect permafrost active layer processes
(Fisher et al., 2016; Zhu et al., 2019).

On the TP, the estimated SOC storage in the upper 1 m is 7.4 Pg in
alpine grasslands (Yang et al., 2008). Using 190 soil profiles located in
three typical vegetation-type areas—alpine steppe, alpine meadow, and
alpine desert—the SOC has recently been estimated to be 33 Pg in the
top 3 m and 127.2 Pg within 3-25 m. Stocks of 132 Pg out of the total
160 Pg SOC are in the permafrost layer, excluding the active layer (Mu
et al., 2015). Through large-scale systematic field investigations of
permafrost soil carbon, spatially explicit estimates of SOC indicate that
15.31 Pg is stored in the top 3 m of alpine grasslands (Ding et al., 2016).
Based on SOC observations after 2006 in the TP permafrost region and
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Table 3
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Statistics of mean annual ground temperature (MAGT) (mean + ¢ °C) in the permafrost region, near-surface permafrost (< 10-15 m depth) area (PE, 10° kmz), and
active-layer thickness (ALT) (mean =+ ¢ cm) in the Arctic and the TP over three periods: baseline (2000-2014), 2041-2060, and 2061-2080 under the RCP 4.5 and RCP
8.5 scenarios. For the Arctic, data for MAGT and PE in the Arctic are from Aalto et al. (2018) and Karjalainen et al. (2019b), and data for ALT are based on the Stefan
solution using the thawing index derived by the multi-model ensemble mean of CMIP5 GCMs and the edaphic factor (Peng et al., 2018). For the TP, the calculations in

this study are the same as those for the Arctic, except that the atmospheric forcing data uses the downscaled climate data, i.e. WorldClim (Ran et al., 2022).

Arctic Arctic subregions TP
Eurasia North America Greenland

MAGT

Baseline 2000-2014 -59+34 —55+26 —6.1 +£3.9 —85+3.7 -19+1.8

RCP 4.5 2041-2060 -2.8+3.1 -23+23 -3.2+3.6 —5.8 +3.2 -0.4+1.5
2061-2080 -2.1+3.0 -1.6 +2.3 -2.5+ 3.4 -5.1+3.0 0.0 +1.5

RCP 8.5 2041-2060 —-2.1+3.0 -15+23 —-25+3.5 -5.1+3.0 0.0 +1.5
2061-2080 -0.5+ 3.0 0.2 + 2.3 -0.9+ 34 -3.7+28 1.0+ 1.5

PE

Baseline 2000-2014 9.78 5.21 4.32 0.25 1.17

RCP 4.5 2041-2060 7.60 4.19 3.18 0.23 0.64
2061-2080 6.99 3.79 2.99 0.21 0.49

RCP 8.5 2041-2060 6.94 3.75 2.98 0.21 0.48
2061-2080 4.97 2.41 2.38 0.18 0.19

ALT

Baseline 2000-2014 100.18 + 43.16 104.49 + 33.67 98.21 + 51.47 49.97 + 32.52 212.03 + 78.15

RCP 4.5 2041-2060 111.41 + 46.55 115.76 + 35.60 109.27 + 56.49 62.81 + 35.33 265.75 + 82.11
2061-2080 114.67 + 47.76 119.00 + 36.22 112.44 + 58.42 67.89 + 35.67 278.91 + 84.26

RCP8.5 2041-2060 115.50 + 48.01 119.25 + 36.05 113.81 + 59.27 71.56 + 35.37 280.07 + 84.58
2061-2080 125.66 + 51.09 128.73 + 37.95 124.21 + 64.11 90.49 + 34.73 310.61 + 90.61

upscaling using the random forest method, SOC is estimated at 15.33 Pg
within 0-3 m soil depth, 6.25 Pg within 3-6 m soil depth, and 28.85 Pg
within 6-25 m soil depth (Wang et al., 2020). Although the soil layers
(0-25 m) contain relatively small amounts of SOC on the TP, a larger
percentage of the SOC is stored in the deeper soil layer (3-25 m) of the
TP (70-80% of SOC stocks) than in deep layers in the circum-Arctic
areas (only 39%). Mean topsoil (0-10 cm) organic carbon density
(organic carbon amount per unit area) in the TP grassland is less than
half of that in Arctic tundra (Wu et al., 2021), this discrepancy is largely
due to the significant difference in soil carbon turnover times (547 years
for the TP grassland relative to 1609 years for Arctic tundra), which is
the average time elapsed between the sequestration of carbon and its
release back to the atmosphere (Barrett, 2002). Large uncertainty exists
in permafrost SOC, however, owing to the heterogeneous distribution of
soil layers, ice content, regional variations, and limited SOC observa-
tions, particularly from the lack of deep borehole drilling (Mu et al.,
2020). The estimated stock for the upper 2 m of soil ranges from 12.22 to
28 Pg (Ding et al., 2016; Cheng et al., 2019). Based on the boundary used
in this study (Fig. 1; Liu et al., 2014a), the mean SOC content on the TP is
estimated to be 29.8 g kg™! (Table 1), which is slightly less than one-
quarter of that found in the Arctic. The TP has less ground ice in total
than that in the Arctic permafrost area, yet extensive permafrost
degradation is more likely to occur in the TP due to its rugged topog-
raphy, which increases carbon losses (Mu et al., 2020).

4. Past and future changes in permafrost characteristics
4.1. Ground temperature change

Permafrost temperatures have increased across the entire permafrost
region in recent decades but exhibit strong spatial and temporal vari-
ability. The largest increases have occurred in the Canadian High Arctic,
northern Alaska, and western Siberia, together with significant increases
in the continuous permafrost of Russia and North America (Romanovsky
et al., 2017). Across the entire Arctic, warm permafrost sites have dis-
played slower ground temperature increases than cold permafrost sites
because the temperatures are already close to 0 °C. Sites in cold
permafrost areas such as the Beaufort-Chukchi region, northern Alaska,

northwest Canada, northeastern Siberia, and Svalbard have experienced
ground temperature increases ranging from 0.3° to 0.8 °C decade ! (Box
et al., 2019; Richter-Menge et al., 2020), while at sites farther south
within warm discontinuous permafrost, such as interior Alaska, the
Mackenzie Valley, Scandinavia, and Russia, values of ground tempera-
ture over the last 30-40 years have increased at a lower rate, < 0.3 °C
decade™? (Richter-Menge et al., 2020). At the DZAA, permafrost tem-
peratures in the continuous permafrost zone increased by 0.39 + 0.15 °C
from 2007 to 2016, and 0.20 + 0.10 °C in the discontinuous permafrost
zone (Biskaborn et al., 2019). Based on 83 boreholes at different depths
in the Arctic (Fig. 1; Biskaborn et al.,, 2019), the average MAGT
increased at a rate of 0.23 °C decade ! in the last decade (Fig. 3a).

On the TP, nearly all monitoring sites displayed an increasing trend,
at an average rate of 0.14 °C decade™! (Figs. 1 and 3a), which is less than
in the Arctic. This is consistent with the slower air temperature warming
on the TP compared with the Arctic. The MAGT increase has been
characterized by strong temporal and spatial variability (Table 4). The
temperature at the top of the permafrost for the sites along the QTH

Table 4
Observed mean annual ground temperature (MAGT) changes (°C decade™) in
the Arctic and the TP over the past years.

Region  Depth MAGT Reference

change

Time period

Arctic DZAA 0.39 2007-2016 for continuous Biskaborn et al.,

permafrost 2019
0.20 2007-2016 for
discontinuous permafrost
15.9 0.23 2007-2016 This study
m
TP 6m 0.39 1996-2006 Wu and Zhang,
2008
0.20 2006-2010 Wu et al., 2012a

10 m 0.04-0.49 2005-2015 Streletskiy et al.,
20 m 0.10-0.28 2005-2015 2017

DZAA 0.12 2006-2010 Wu et al., 2012a
20.2 0.14 2007-2016 This study

m

40 m 0.12 2003-2015 Zhang et al.,

2020
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reached —0.9 °C in 2018, which was the highest since records began in
2004. The MAGT at a depth of 6 m increased at a rate of ~0.39 °C
decade ! over the period 1996-2006 (Wu and Zhang, 2008). Between
2006 and 2010, the increasing trend of 0.20 °C decade ! was less steep
than the former period (Wu et al., 2012a). The permafrost temperatures
at the depth of 10 m increased by 0.04-0.49 °C decade™! and
0.10-0.28 °C decade™! at 20 m from 2005 to 2015 (Streletskiy et al.,
2017). Newly published permafrost data show a more rapid increase
(0.02-0.78 °C decade’l) for the depth of 10 m for the period 2004-2018
(Zhao et al., 2021). Influenced by surface features, subsurface water
content, and soil thermal diffusivity, it generally takes one to two years
for the changes in atmospheric temperature to propagate down to the
DZAA. The MAGT at the DZAA, which is estimated to be 10-15 m on the
TP (Zhou et al., 2000), rose at a rate of 0.12 °C decade ™! between 2006
and 2010 (Wu et al., 2012a), which is slower than in the Arctic. At a
depth of 40 m, the rate was 0.12 °C decade ! for the period 2003-2015
(Zhang et al., 2020). Similar to the Arctic, changes of cold permafrost
(MAGT < —1.0 °C) on the TP are more distinct than those of warm
permafrost (MAGT > —1.0 °C) (Wu et al., 2012a). More specifically, for
deeper permafrost at a depth of 40 m, cold permafrost exhibited in-
creases of 0.08-0.13 °C decade ™!, while the effect of warming on warm
permafrost only reached 30 m depth (Zhang et al., 2020).

Overall, there are strong geographic heterogeneities of MAGT in-
creases in both areas, wherein ground temperature increases are higher
in cold permafrost than in warm permafrost. The Arctic has experienced
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a more rapid increase in MAGT than the TP, because the Arctic contains
more cold permafrost than the TP. This is especially true for the ice-rich
permafrost areas, where latent heat effects related to melting ground ice
play a key role in the permafrost temperatures approaching 0 °C, and
mitigate the rate of ground temperature change (Romanovsky et al.,
2010; Smith et al., 2010). Another possible cause is that the moist peat
layers in the Arctic give rise to a higher contrast of thermal conductivity
between freezing and thawing states compared to the TP with dry
organic peat layers (McClymont et al., 2013) (Table 1). Strengthened
vertical energy exchange between the ground surface and the underly-
ing permafrost results in an area of preferential permafrost warming in
the Arctic. In general, the permafrost warming that began three or four
decades ago has been particularly rapid in cold-continuous permafrost.

The MAGT in the Arctic is projected to rise by 3.8 °C and 5.4 °C under
the RCP 4.5 and RCP 8.5 scenarios, respectively, during the 2061-2080
period compared to the baseline period (2000-2014) (Fig. 4), while on
the TP, the MAGT is predicted to increase by 1.9 °C and 2.9 °C under the
RCP 4.5 and RCP 8.5 scenarios, respectively (Table 3), suggesting larger
increases in MAGT in the Arctic than on the TP, especially under the
high future emission scenario. This is in accordance with the projected
MAAT changes that drive long-term permafrost temperatures.

4.2. Change in permafrost area

More than 40% of the permafrost areas (9.6 x 10° kmz), equivalent
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Fig. 4. Mean annual ground temperature (MAGT) in the Arctic and the TP for (a) the baseline (2000-2014) and MAGT changes for a few decades from now
(2061-2080) under (b) RCP 4.5 and (c) RCP 8.5 relative to the baseline. The MAGT data for the Arctic is from Aalto et al. (2018). The MAGT data for the TP is from
Ran et al. (2022), which employs the same method as that of Aalto et al. (2018) except that the driving data are the downscaled climate data from WorldClim.
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to the Arctic permafrost area, are vulnerable to degradation, with a
decreasing rate of 0.33 x 10 km? decade ™! over the 1980-2009 period
(Park et al., 2016). CMIP5 simulations have suggested that the sensi-
tivity of permafrost primarily in the Arctic to global warming is
approximately 4.0ﬂ;(1) % 10% km?°C~! (16 confidence) (Chadburn et al.,
2017). The sensitivity in the CMIP6 multi-model ensemble lies between
3.1 and 3.8 x 10°km?°C~! (Burke et al., 2020), which falls at the lower
end of the equilibrium sensitivity estimated by Chadburn et al. (2017).
Over the past half-century, climate warming has caused permafrost
degradation on the TP, but different degradation magnitudes have been
reported. For example, the degradation rate simulated by Cheng et al.
(2012) and Ran et al. (2018) using the MAAT model was 7.9-9.5 x 10*
km? decade™! from the 1960s to the 2000s. The Community Land Model
simulated the degradation rate over the TP to be 9.2 x 10* km? decade ™?
(Guo and Wang, 2013), which is within the above degradation range.
The permafrost area on the TP decreased from ~1.50 x 10 km? in 1975
to ~1.26 x 10° km? in 2006 (Jin et al., 2011) to the recent value of 1.06
x 10° km? over the period 2003-2012 (Zou et al., 2017), an overall
decrease of approximately 0.44 x 108 km? (or roughly a rate of 11.6 x
10* km? decade™) from 1975 to 2012 (Yang et al., 2019).

In response to future climate warming, the permafrost area is pro-
jected to shrink in both regions. A process-based numerical model pre-
dicted that permafrost would prevail in the 21st century north of 70°N in
the Arctic, and all areas north of 60°N would maintain permafrost at
least at depth (Delisle, 2007). Compared with the 1960-1990 baseline,
the permafrost area is predicted to decrease by 4.8+%9 x 10° km? under
a 1.5 °C stabilization scenario by the end of the 21st century and 6.6733
x 10° km?, or 40% of the current permafrost area, under a 2 °C stabi-
lization scenario. This indicates that approximately 2 x 105 km? of
permafrost (the equivalent of nearly twice the size of the TP permafrost)
would be retained under a 1.5 °C stabilization scenario (Chadburn et al.,
2017). The projected permafrost degradation is mainly located at the
southern edge of the permafrost area for the Arctic as well as for the
southern edge of the TP (Li and Cheng, 1999; Guo and Wang, 2016).

The future reduction in near-surface permafrost (permafrost in the
topmost ground layers, < 10-15 m depth, Hjort et al., 2022) area ex-
hibits different magnitudes in the two regions. In the Arctic, the near-
surface permafrost area is projected to gradually decline, from 22%
(28%) in 2041-2060 to 29% (49%) in 2061-2080 under the RCP 4.5
(RCP 8.5) scenarios relative to the baseline (Table 3). This means that
almost one-half of the near-surface permafrost would be lost by the end
of the 21st century under the high emission scenario. In western Siberia,
permafrost is projected by the CMIP6 models to disappear under
SSP5-8.5 because of the MAAT 0 °C isocline moving toward the north
(Alexandrov et al., 2021). On the TP, near-surface permafrost exhibits
more rapid thaw than in the Arctic, especially under RCP 8.5: 58% in
2041-2060 and 84% in 2061-2080 (Table 3), indicating that near-
surface permafrost on the TP is more susceptible to rising air tempera-
tures than the Arctic near-surface permafrost. The near-surface perma-
frost area on the TP is projected to decrease to 0.54 x 10° km? in 2099
under a future air temperature increase of 2.9 °C (warming magnitude
under RCP 4.5) using an “altitude model” (Li and Cheng, 1999), which is
close to the projection under RCP 4.5 (Table 3). It should be noted that
these projections are essentially based on surface energy balance and
heat conduction assumptions, which are likely to amplify permafrost
thawing. Influenced by climate, vegetation, snow, and ground ice,
permafrost thawing does not necessarily follow a linear trend. Zhao et al.
(2020) argued that the permafrost table would deepen slowly, and some
continuous permafrost would remain by 2050 under the RCP 8.5 sce-
nario, with the lower boundary of the permafrost area (Xidatan) on the
TP projected to still exist in 2100. This illustrates that there is great
uncertainty in estimating permafrost degradation under future
scenarios.
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4.3. Active-layer thickness change

In the Arctic, the ALT has experienced an overall thickening since
records began (Richter-Menge et al., 2020). According to the measure-
ments at 142 CALM sites, the Arctic ALT increased at a rate of 0.15 cm
yr~! from 1990 to 2019 (Figs. 1 and 3b), suggesting widespread, but
modest permafrost degradation. The most obvious areas with increasing
ALT are found in the Russian Europe North, eastern Siberia, and Chu-
kotka, while the cold permafrost of Alaska and Canada has experienced
small or no significant changes in ALT in recent decades (Peng et al.,
2018). Numerical simulations indicate that the ALT in 24% of the
permafrost in Alaska experienced a significant deepening trend from
2001 to 2015, and only a few areas (< 0.3%) displayed a significant
decreasing trend; northern Alaska has a relatively small ALT trend (0.32
+1.18 cm yr’l), which is related to the colder climate and more stable
permafrost conditions in this region; larger positive ALT trends (> 3 cm
yr‘l) occurred across central and southern areas of Alaska, which
feature a warmer climate and discontinuous permafrost conditions (Yi
et al., 2018). Thus, the warm permafrost areas appear to be exhibiting
greater magnitudes of ALT thickening compared to the cold permafrost
areas. It is widely recognized that ALT will increase due to global
warming, although other factors, such as snow cover changes, also
provide significant contributions. Increases in winter snow depth and
summer soil moisture are leading to soil temperature warming and ALT
thickening in eastern Siberia (Park et al., 2016). The strong spring
warming has caused a conspicuous advance of snowmelt and a longer
snowless period, which have increased soil energy input and soil tem-
perature, facilitating ALT deepening and permafrost degradation
(Lawrence and Slater, 2010). Although the popular view that the
warming climate has significantly increased ALT, some evidence in-
dicates that the formation of thermokarst in ice-rich permafrost areas in
Arctic Alaska may lead to a decrease in the ALT despite the warming
because ground-ice dynamics and ecological feedbacks regulate the
degradation and stabilization of ice wedges (Jorgenson et al., 2015;
Kanevskiy et al., 2017). Vegetation (e.g., aquatic moss and herbaceous
plant) colonization and accumulation of organic matter in the troughs
that develop over degrading wedges result in decreased soil tempera-
tures and thaw depths, as well as aggradation of new ground ice (Jor-
genson et al., 2015).

For the TP, the magnitude of the ALT increase has also been higher in
the warm permafrost areas than in the cold permafrost areas. The long-
term and spatially averaged increase in ALT in the cold permafrost areas
was ~5 cm yr~* from 1995 to 2007, which is significantly less than the
11.2 cm yr ! rate in the warm permafrost areas during the same period
(Wu and Zhang, 2010). Regionally averaged ALT thickened at a rate of
~7.5 cm yr~! along the QTH from 1995 to 2007 (Wu and Zhang, 2010).
Among the sites along the Qinghai-Tibetan Railway (QTR), the mean
ALT between 2006 and 2010 increased at a rate of 6.3 cm yr~! (Wu
et al., 2012a). These high rates are more likely related to local distur-
bances, given that a recent study indicated an average rate of 1.33 cm
yr~! along the QTH for the period 1981-2010 (Li et al., 2012b). ALT
deepened further in 2018, reaching as much as 2.45 m, indicating that
heat has penetrated deep into the permafrost, with the average
increasing rate of the ALT from 1981 to 2018 reaching 1.95 cm yr!
(Fig. 3b).

By comparison, a greater increase in ALT has occurred on the TP
(warm permafrost) than in the Arctic (cold permafrost). ALT changes are
associated with relatively short-term fluctuations in climate and are
particularly sensitive to summer air temperature change (Richter-Menge
et al., 2020; Wu and Zhang, 2010). The air temperature increase in
summer is higher in the Arctic than in the TP (Table 1). The thawing
degree days (TDD, i.e., the cumulative number of degree-days above
0 °C per year) are manifesting a larger increasing trend on the TP than in
the Arctic (Fig. 3c). This is consistent with the larger increase of ALT on
the TP, suggesting that the increase in TDD enhances more soil energy
input and contributes to the deepening of the ALT. The different
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magnitudes of ALT increase can be explained by the TDD increase. For
cold permafrost, a large quantity of energy entering the active layer and
permafrost may be substantially expended for specific heat consumption
from permafrost temperature increases and latent heat of fusion due to
unfrozen water content. As for warm permafrost, most of the energy is
used for melting the residual ground ice in permafrost, thus increasing
ALT (Wu and Zhang, 2010). Therefore, the higher rate of ALT increase in
warm permafrost compared to cold permafrost is primarily due to un-
frozen water content changes with temperature.

The peat layer is probably another factor responsible for the small
increase in the Arctic ALT. Over large swaths of the Arctic, the thick peat
layer over continuous permafrost, as well as the thick peat layer with
shrub and forest vegetation in discontinuous permafrost zones, is viewed
as a strong buffer layer and substantially alleviates the impact of climate
forcing on ALT (Smith et al., 2009). In contrast, on the TP, there is no
peat layer and sometimes only bare ground, which enables climate
forcing to exert a direct impact on ALT (Wu and Zhang, 2010). The
regional response of the soil thermal regime to climate change is
determined by differences in atmospheric warming and the current
ground thermal regime.

The ALT is projected to undergo more drastic increases in the TP than
in the Arctic in the future. The multi-model ensemble means of the
CMIP5 models project that the largest increases (~25-100 cm) will
occur on the TP compared to the much smaller increases (<10 c¢m) in
Alaska during the 2061-2080 period under the RCP 4.5 scenario relative
to 2000-2014 (Fig. 5b). Under RCP 8.5, the ALT in the Arctic in the
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2061-2080 period is projected to increase by ~25 cm on average, with
the largest increase occurring in Greenland (41 cm). The ALTs in some
permafrost areas of North America and Eurasia are projected to increase
noticeably, and on the TP it is projected to increase by around 99 cm
(Fig. 5¢; Table 3). In general, the increase in ALT exhibits a decrease
from south to north for both regions.

5. Permafrost degradation risk and potential impacts

Permafrost degradation caused by climate warming, including the
loss of ground ice, has adversely impacted the stability of the ground
surface, the integrity of hydrological systems (including water quality),
ecosystems (including permafrost carbon emissions), and the socio-
economic systems in extensive areas of both the Arctic and the TP.
These impacts have become increasingly observable and are projected to
continue through the remainder of this century (IPCC, 2019). Below we
review some of the main impacts and discuss regional differences.

5.1. Geohazard risk caused by permafrost degradation

The structure and functions of the Earth system are vulnerable to
disturbances. Two identified core planetary boundaries including
climate change and biosphere integrity might push the Earth system
outside the safe operating space if crossed and that could also lead to
deleterious or even disastrous consequences for humanity (Steffen et al.,
2015). Surface instability, or potential geohazard, associated with

(a) Baseline
135°'W 150" W 165°E 150" E 135°E
A A : ! ) -
& E
z
o
i
|
i | | |
ALT (cm)
> 300
[ 200-300 -
[J100-200.
z | CJ50-100
27 [ 25 - 50
Em10-26
P 0 750 1,500 3,000 km
'
45 W 3°W  15°W  0°  15°E  30°E 45°E 60° E
(b) RCP45 Far future (2061-2080) minus Baseline (c) RCP85 Far future (2061-2080) minus Baseline
135° W 150°W  165°W  180°  166°E  150°E 135°E 135" W 150°W  165°W 180"  165°E  150°E 135°E
= s 7 3 ) B
] -8 =
= z
g g7
{
i [P
I ‘ i :
ALT (cm) ! ALT (cm)
- 300 300
[ 200-300 B 200- 300
[J100-200 [J100-200
= | CJ50-100- ; z | 50100 LE
o7 Em25-50 : &7 E2s-50 &
=‘<°1;]2’ fd! 750 1,500 3,000 km =1°1'D" 750 1,50 . 3,000km
iy .
- T —_— T - v T - _ - - -
45° W 30°wW 15°wW 0* 15'E 30°E 45°E 60" E 45" W 30°w 15* W 0° 18" E 30°E 45" E 60°E
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permafrost degradation was mapped by Karjalainen et al. (2019a),
taking into account ground ice content, soil grain size, and slope
gradient. We used this analysis to compare geohazard risk between the
Arctic and TP (Fig. 6). High-risk values are projected in the areas where
the active layer is initially thin under RCP 4.5, such as western Siberia
and Alaska; moderate risk values are distributed in extremely cold high-
Arctic areas in which ice-rich permafrost is greatly disrupted by rapid
thaw and erosion because high ground ice contents cause accelerated
degradation by thermokarst and thermo-erosion processes (Kokelj and
Jorgenson, 2013); and low hazard values predominate in northern
Canada, which has large areas of rocky soils with little excess ground ice.
Under RCP 4.5, the areas in the Arctic with high hazard risk for the
2041-2060 period is projected to increase 36.8% by 2061-2080, while
under the high-emission scenario (RCP 8.5), the percentage reaches a
level as high as 121.4%; in particular, a large portion of the Eurasian
permafrost is projected to experience a high degree of hazard risk. On
the TP, areas with low and moderate hazard risk are projected to
decrease, and the area with high hazard risk could increase by 27.2%
under RCP 4.5 and 23.4% under RCP 8.5 for the period 2061-2080
relative to 2041-2060. The reason for the smaller increase in high
hazard risk for the RCP 8.5 scenario compared to the RCP 4.5 scenario is
that a larger area of near-surface permafrost on the TP is projected to be
lost under RCP 8.5, degrading into seasonally frozen ground or unfrozen
ground and thereby reducing the instability of ground surface. As a
result, the Arctic is more likely to experience more severe hazards due to
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permafrost degradation than the TP.

5.2. Impacts on the hydrological system

Permafrost greatly affects a wide range of hydrologic characteristics,
including water storage, surface and subsurface flow patterns,
discharge, water balance, and water quality. Permafrost retains large
quantities of water resources over centuries or millennia in the form of
ground ice, which are then released as the permafrost thaws. Permafrost
thaw and degradation increasingly impact or restructure hydrological
systems, including lake areas and the overall regional water cycle, with
effects such as increased precipitation, evapotranspiration, and river and
groundwater discharge (amount and timing of runoff) (Fig. 7), espe-
cially across those regions with well-developed permafrost (Walvoord
and Kurylyk, 2016; Ding et al., 2019; IPCC, 2019; Su et al., 2019).
Permafrost degradation can also induce releases of heavy metals and
toxic contaminants, such as mercury and arsenic, further lowering the
water quality for freshwater biota, drinking water, and agriculture
irrigation, which is potentially harmful to human health (Colombo et al.,
2018; Miner et al., 2021; Vonk et al., 2015). The observed hydrological
effects have indicated a comparably homogenous pattern. The in-
crements of streamflow are strengthened where extensive permafrost
underlies much of the landscape. It shows a high annual maximum/
minimum discharge ratio, while the discharge ratio changes slightly in
low permafrost coverage basins (Gruber et al., 2017; Song et al., 2019).
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Fig. 6. Projected geohazard indices showing permafrost degradation associated risks to infrastructure under RCP 4.5 (top row) and RCP 8.5 (bottom row) scenarios
for the mid-future (2041-2060) (left column) and far-future (2061-2080) (right column). The index reflects a consensus of geohazard indices and includes three
classes delimiting areas of low, moderate, and high hazard potential. Data source: Karjalainen et al. (2019a).
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Fig. 7. Influence of permafrost degradation on hydrology and ecosystems. SOC* indicates the estimated current soil organic carbon. The values of ground ice and
SOC are sourced from previous studies, which are correspondingly cited in the main text.

Many large river basins are distributed across the pan-Arctic region,
such as the Ob, Yenisei, Lena, and North East Siberia in Eurasia, and the
Yukon, Mackenzie, Nelson, and North and South Hudson Bays in North
America. Rennermalm et al. (2010) showed that an increasing cold-
season low-flow is apparent over most of the pan-Arctic river
discharge systems during the 20th century, with the decreasing flow in
eastern North America and unchanged flow in mainly small basins in
eastern Eurasia in the late-20th century. The surface water area has
decreased in the discontinuous permafrost areas of western Canada,
central and southern Siberia, and interior Alaska (Lantz and Turner,
2015). Warming-induced changes in permafrost have led to a remark-
able shift toward an increase in the winter and early spring streamflow
of Siberian rivers (Melnikov et al., 2019; Song et al., 2019). Moreover, as
aresult of permafrost thawing, Siberian groundwater discharge to rivers
has been enhanced with every 1 °C increase in air temperature likely
causing a 6.1-10.5% increase in groundwater discharge, depending on
permafrost condition (Wang et al., 2021b). Meanwhile, thermokarst
lakes in the continuous permafrost areas of northern Siberia and Alaska
have expanded (Polishchuk et al., 2015), and the area of small lakes in
the Arctic is projected to increase more than 50% by 2100 under RCP 8.5
(IPCC, 2019). The drainage of lakes in discontinuous to continuous
permafrost areas in the Arctic, such as in western Siberia and Alaska, has
increased because of permafrost degradation, which may signify that
changes in thermokarst lakes are associated with the transition between
different hydrological regimes when permafrost becomes increasingly
discontinuous (Nitze et al., 2018). In addition, more developed ther-
mokarst lakes are conducive to accelerating permafrost thaw through
rising ground temperature above freezing.

The TP is the source of many large Asian rivers, providing an annual
river runoff of 656 + 23 billion m® in 2018, with the largest contribution
to the Ganges River (Wang et al., 2021a), and has developed numerous
alpine lakes, features whose hydrological regimes are closely regulated
by permafrost. River runoff has increased on most of the TP due to an
increase in unfrozen water content caused by rising ground temperature
(e.g., Qiu, 2012; Zhang et al., 2017; Li et al., 2019). Ground ice melt
contributed 12% of the water supply to the increased lake volume in the
TP’s endorheic basin from 2011 to 2015 (Zhang et al., 2017). In the
Qilian Mountains, the meltwater from permafrost thaw is estimated to
have been 1.18 km® a™! over the past 10 years, accounting for 10% of
annual runoff at the mountain outlets (Li et al., 2019). However, a few
studies suggested that permafrost thawing may decrease winter river
runoff in certain areas of the TP (Wang et al., 2009; Qiu, 2012; Gao et al.,
2016). For example, winter river runoff has decreased on the northern
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TP, mainly as a result of active layer thickening (Gao et al., 2016), which
likely absorbs more water that otherwise would have flowed into the
river. The hydrology reacts to warming permafrost differently between
the TP and the Arctic because the runoff from permafrost into rivers is
jointly dictated by permafrost temperatures, permafrost type, perma-
frost thaw depth, and vegetation cover (Wang et al., 2009; Qiu, 2012).
Compared to the Arctic permafrost, for instance, most permafrost in the
northern TP belongs to discontinuous permafrost, which allows more
soil liquid water infiltrate to deeper underground, thereby decreasing
surface discharge. The decrease of vegetation cover can boost active soil
thawing, and therefore reduce surface runoff during freeze-thaw pro-
cesses (Wang et al., 2009). The number and coverage of thermokarst
lakes in the TP have increased by approximately 534 and 410 ha be-
tween 1969 and 2010 in the Beilu River Basin, respectively (Luo et al.,
2015). By contrast, in the Arctic river basins, compared to annual
discharge changes, the baseflow changes are more closely associated
with the permafrost extent of a watershed, while for the TP basins, the
permafrost extent plays a more predominant role in the annual
discharge changes (Song et al., 2019). Thawing permafrost can also
contribute to streamflow and sea-level rise. When permafrost thaws,
some meltwater flows to rivers and oceans. If all the permafrost in the
NH thawed, the water released from ground ice would increase the
global sea level by 2.7 to 8.8 cm (Zhang et al., 2000). This is especially
pronounced in the Arctic with its large volume of ground ice. For the TP,
meltwater generally enters rivers and lakes (Zhang et al., 2017; Zhao
et al., 2019), thereby having large consequences for regional water re-
sources and security. Because the response of permafrost to climate
warming is a slow and long-term process, the influence of permafrost
degradation on the hydrological process is expected to be a gradual
process.

5.3. Impacts on ecosystems

Ecosystems in permafrost regions are diverse because of strong
spatial heterogeneities in environmental conditions and disturbance
regimes (Walker et al., 2005; Jorgenson and Grosse, 2016). Permafrost
plays a crucial role in the formation and development of vegetation and
ecosystems, as well as organic carbon decomposition, based on the
processes of water conservation and water-thermal regulation (Yang
et al., 2010; Koven et al., 2011; Natali et al., 2019; Su et al., 2019).

In recent decades, permafrost degradation has markedly altered
species composition and abundance, as well as caused shifts in habitat
and biome of ecosystems through changes in soil temperature and
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moisture, as well as permafrost permeability (Jorgenson et al., 2013;
Schuur and Mack, 2018). For instance, Myers-Smith et al. (2011) com-
plied numerous observations of increases in shrub species in tundra
ecosystems across the circumpolar Arctic. In the tundra of the northern
Arctic, permafrost thaw has significantly impacted wetlands. Some
wetlands have dried up while other new wetlands have appeared (Su
et al.,, 2019). Such changes can substantially alter animal habitats
(Marcot et al., 2015). Thermokarst can influence 10-30% of the Arctic
lowland landscapes and greatly alter tundra ecosystems (Jorgenson
et al., 2006). On the TP, permafrost thaw has already caused ecosystem
deterioration, especially in the eastern and western portions, in which
large areas of alpine meadow and alpine wetland ecosystems have been
degraded, and the area affected by desertification has increased signif-
icantly (Yang et al., 2010). As ecosystems transition from permafrost to
non-permafrost systems, aboveground net primary production will drop
over most of the TP (Yang et al., 2018). Conversely, in some alpine re-
gions, plant productivity has increased due to increased soil water from
underlying permafrost thaw (Yang et al., 2018). Overall, permafrost
degradation has significantly altered the structure and functions of the
ecosystems in both regions, but the impacts show a certain latitudinal
dependency in the Arctic and both latitudinal and elevational de-
pendency in the TP.

Climate warming and other human activities could trigger biosphere
tipping points across a variety of ecosystems and scales, which can cause
a quick and irreversible (on human time scales) release of carbon back to
the atmosphere, thereby magnifying climate change (Schaefer et al.,
2014; Lenton et al., 2019). Several studies have indicated that ecological
systems in the Arctic may transform from a carbon sink to a CO5 source
by the end of the 21st century (Koven et al., 2011; Natali et al., 2019).
Potential carbon release in the circum-Arctic permafrost zone ranges
from 6 to 33 Pg C and from 23 to 174 Pg C by 2100 under the RCP 4.5
and RCP 8.5 scenarios, respectively (Anthony et al., 2018). SOC over the
TP is projected to decrease as well. A recent estimate indicated
1.07-2.60 Pg C and 2.87-5.30 Pg C emissions by 2100 for RCP 4.5 and
RCP 8.5, respectively (Wang et al., 2020), accounting for 3-43% and
2-23% of the SOC emissions in the circum-Arctic region estimated by
Anthony et al. (2018). Moreover, permafrost carbon thawing from deep
layers (> 3 m), where a large proportion of permafrost carbon is
sequestered, could comprise at least 30% of the total permafrost carbon
loss on the TP. A currently observed alpine steppe ecosystem has turned
from a carbon sink into a source (Yun et al., 2022). As the frozen organic
material thaws and decays, the emissions of methane and CO, add to the
concentration of greenhouse gases in the atmosphere, further enhancing
the warming (Fig. 7), especially in the susceptible polar regions. The
permafrost carbon feedback could increase the global temperature by
0.29 + 0.21 °C (7.8 £ 5.7%) by 2100 under RCP 8.5 (Schaefer et al.,
2014). Coastal erosion in the Arctic could amplify climate warming in
that rapid sea-level rise in the past suggests that shelf erosion was the
dominant process for the release of greenhouse gases from permafrost in
the Arctic shelf area (Winterfeld et al., 2018). In contrast, coastal erosion
is not a factor in the TP.

The real world is facing a new threat of long-dormant microbes (such
as bacteria and viruses) trapped in permafrost that could now be revived
upon thawing in a warming climate (Revich and Podolnaya, 2011;
Walsh et al., 2018; IPCC, 2019). Pathogenic viruses and microbes pre-
served in permafrost regions have been found to remain alive for lengthy
periods (Tumpey et al., 2005; Legendre et al., 2014). As a consequence
of permafrost thawing, the exposure to contaminated sources such as
buried carcasses, cemeteries, and fossils could lead to the release of
present and future mysterious viruses (Zerefos et al., 2020). There are
some possibilities that viruses resulting from melting glaciers or thawing
permafrost in the Arctic can be transferred by the wind and migratory
birds, as well as spread along water systems to lower latitudes (IPCC,
2019; Zerefos et al., 2020). These studies highlight that the thawing of
older permafrost layers expected in the upcoming decades, especially in
the post-COVID-19 period may herald novel and unknown epidemics,
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posing new horrifying threats to animals and human beings. In high-
latitude and high-altitude areas of Asia, such as those surrounding the
TP, soil nematode density reaches a high level (van den Hoogen et al.,
2019). Although no similar studies have been conducted for the TP, it is
most likely that similar concerns can be expressed for the TP, which calls
for future studies on this aspect. Meanwhile, prompt action to slow
permafrost thaw can be a major strategy for mitigating threats from
biological hazards.

5.4. Socioeconomic effects

Permafrost carbon feedback, one of eight climate tipping points
identified by Dietz et al. (2021), contributes to an 8.4% increase in the
social cost of carbon, only slightly lower than the largest contribution
from the dissociation of ocean methane hydrates (13.1%) (Dietz et al.,
2021). Owing to permafrost thaw, the melting of ground ice, and
increased water flow on frozen slopes, the stability of mountainsides is
decreasing, which can trigger landslides and cascading events. Simul-
taneously, retrogressive thaw erosion has become much more common.
As a result, landforms such as thawed slumps and thermokarst lakes
have expanded (Rowland et al., 2010; Jorgenson and Grosse, 2016;
IPCC, 2019). Such processes can produce detrimental impacts on engi-
neered structures, such as towns, buildings, roads, pipelines, oil and gas
infrastructure, and dams, and further affect the utilization of natural
resources and the sustainable development of the socioeconomy (Nelson
etal., 2001; Melvin et al., 2017; Hjort et al., 2018). The large impacts on
infrastructure from degrading permafrost are related to the widespread
decrease in the bearing capacity of the frozen ground because of
increasing permafrost temperatures and the differential subsidence of
the ground surface caused by the thawing of ice-rich permafrost (Stre-
letskiy et al., 2019).

The socioeconomic effects of rapidly degrading permafrost in the
Arctic have become increasingly worrisome in recent years. Hjort et al.
(2018) suggested that degrading permafrost will put much of the Arc-
tic’s infrastructure at risk by 2050. Approximately four million people
and 70% of the current Arctic infrastructure are located in the perma-
frost region with high hazard risk, and one-third of the pan-Arctic
infrastructure is in the area with thawing-induced ground instability.
Coastal erosion and thawing permafrost have threatened numerous
coastal and riverine communities, especially in Alaska (Larsen et al.,
2008; Hong et al., 2014). The socioeconomic impacts of permafrost thaw
on public infrastructure are considerable. If no adaptation measures are
undertaken, it is estimated that the total expenses from near-surface
permafrost thaw-related damage to infrastructure in Alaska from 2015
to 2099 could amount to US $1.6 billion and US $2.1 billion (2015
dollars, 3% discount) under the RCP 4.5 and RCP 8.5 scenarios,
respectively (Melvin et al., 2017). Permafrost thaw also affects non-
renewable resource (e.g., hydrocarbon) extraction in the Arctic (IPCC,
2019). On the TP, with a population of about 5.6 million based on the
Landscan Global 2019 dataset (Rose et al., 2020), many studies have
demonstrated that permafrost thaw negatively impacts engineered
structures, such as the QTH, the QTR, and buildings (e.g., Yang et al.,
20105 Gruber et al., 2017; Hjort et al., 2018), while the socioeconomic
consequences are still largely unknown. In comparison with the TP,
more human activities occur in the Arctic permafrost regions and
engineered structures are associated with permafrost dynamics to a
greater extent. As a result, socio-economic activities are bound to be
strongly affected by permafrost changes. With the aid of upgraded
permafrost projections, detailed hazard maps, and identified infra-
structure data, quantitatively estimating the economic impacts of
permafrost degradation on infrastructure in both areas would be
achievable (e.g., following Melvin et al., 2017).
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6. Possible connections between the Arctic and TP
6.1. Interactions between land/ocean and atmosphere in the two regions

To better understand the possible linkages between the Arctic and
the TP, a diagram of land-ocean-atmosphere interactions in each region
is presented in Fig. 8. In the Arctic, the surface-albedo positive feedback
is a major mechanism responsible for the Arctic amplification (Cohen
et al., 2018), although the exact role of the albedo feedback is still under
debate. Another positive feedback effect exists between climate warm-
ing and vegetation growth (Chapin et al., 2005; Pearson et al., 2013;
Jeong et al., 2014). Climate warming enhances vegetation growth,
which decreases surface albedo, and this, in turn, warms the climate via
the radiation balance. In general, permafrost degradation causes vege-
tation growth due to snow melting and soil moistening, thus increasing
air temperatures (Jeong et al., 2012, 2014). Enhanced vegetation pro-
ductivity, particularly for shrub expansion, reduces surface reflection
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and increases evapotranspiration (Loranty and Goetz, 2012). Earth
system model simulations suggest a hypothetical 20% increase in shrub
cover in the Arctic can provide a positive feedback to ongoing climate
warming (Bonfils et al., 2012).

While albedo differences related to vegetation height and types have
been noted in the Arctic ecosystems (e.g., Loranty and Goetz, 2012;
Helbig et al., 2016). In the sporadic permafrost zone of North America,
permafrost thaw induces a shift from forests to wetlands and that leads
to an increase in albedo, which retards warming trends and alters
regional precipitation regimes through drastically changing the Bowen
ratio (sensible heat flux divided by latent heat flux) (Helbig et al., 2016).
Similar to the southern Taiga Plains, thawing permafrost collapses birch
forests but with a concurrent expansion of wetland area in the Tanana
Flats in central Alaska (Jorgenson et al., 2001; Lara et al., 2016).
Through all of these processes, permafrost thaw-caused land cover
changes exert an influence on the key processes in land-atmosphere
interactions and subsequent surface climate. Climate feedbacks due to
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Fig. 8. Diagram of feedback loops that couple climatic processes and possible connection between the two polar regions (modified after Chapin et al., 2005). The
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ocean-atmosphere coupling, such as the sea-ice albedo feedback and the
turbulent heat fluxes from ice-free areas of the Arctic Ocean, are also
important factors for AA (Cohen et al., 2018). The continuous rapid sea-
ice loss in the Arctic enhances heat accumulation and has an impact on
snow cover, increasing the vulnerability of permafrost degradation
under increased warming, there is therefore an indirect link between
abrupt sea ice loss and permafrost health (Lawrence et al., 2008).

The frequent freeze-thaw processes in the permafrost region modu-
late the soil heat balance and strengthen heat exchange in land-
atmosphere system on the TP (Li et al., 2012b; Yang et al., 2019).
Permafrost degradation has a large impact on energy-water exchange
processes between land and the atmosphere, and these physical pro-
cesses further influence the Asian monsoon system and associated
regional climate (Yang et al., 2010; Yang and Wang, 2019). In contrast
to the Arctic, a negative feedback seems to exist between climate
warming and vegetation growth on the TP (Shen et al., 2015). Climate
warming increases vegetation growth through improved growing con-
ditions which lead to decreased albedo (Pang et al., 2022); meanwhile,
evapotranspiration is enhanced by the increased vegetation growth due
to the strong solar radiation over the plateau’s surface. This significantly
reduces temperatures through evaporative cooling and offsets the
warming caused by the decreased albedo, thus reducing climate
warming (Shen et al., 2015). Permafrost degradation on the TP, how-
ever, limits vegetation growth due to the ALT deepening and soil drying
(Jin et al., 2021), which eventually enhances climate warming. Various
causes, such as surface (snow)-albedo feedback and water vapor change,
have been proposed to account for prominent elevation-dependent
warming (Pepin et al., 2015; You et al., 2020).

For both regions, clear-sky downward longwave radiation affected
by atmospheric water vapor has recently been diagnosed to be the
dominant factor regulating surface temperature change (Gao et al.,
2019). Climate warming exerts a tremendous influence on permafrost
and affects surface energy partitioning, which can trigger a set of
interlinked feedback processes that further alter the local and global
climate (Chapin et al., 2005; Teufel and Sushama, 2019). The seasonally
frozen status of the NH permafrost has experienced advancing and
lengthening non-frozen season trends, which have made significant
contributions to annual evapotranspiration (Zhang et al., 2011). In
addition to permafrost carbon feedback, permafrost degradation has
changed soil water contents i.e., drier ground surface, and the energy
partitioning (Lund et al., 2014), which could restrain cloud development
and enhance downward shortwave radiation and land surface temper-
atures (Ford and Frauenfeld, 2016).

6.2. Connection between the two regions

Close examination of the connections between the Arctic and TP
contributes to an enhanced understanding of climate-change mecha-
nisms and the interactions between climate and permafrost. There is
evidence that a possible link between the two polar regions comes from
the influence of the Arctic on the TP, because the enhanced AA effect
and rapid climate warming of the Arctic and associated sea-ice reduction
significantly impact the global climate system (Huang et al., 2017; Gao
et al., 2020). AA in turn is likely to lead to enhanced warming over the
TP because the Arctic amplifies the climate system’s response to
anthropogenic forcing and the TP is one of the most sensitive areas in the
global climate system. The rapid warming of the Arctic climate has likely
exerted significant influences on the TP’s weather and climate systems
through the weakening of the poleward temperature gradient (Coumou
et al., 2015; Wang et al., 2018c), Rossby waves (Gao et al., 2020), and
teleconnections such as the polar vortex, Arctic Oscillation (Jeong et al.,
2012), North Atlantic Oscillation (NAO) (Linderholm et al., 2011), and
Atlantic Multidecadal Variability (Shi et al., 2019).

The effect of the NAO on TP precipitation has attracted widespread
attention in recent years (Liu et al., 2015; Wang et al., 2018a). A pre-
vious study has indicated that the upstream NAO has a significant
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impact on the dipole oscillation of the TP summer precipitation through
modulation of the atmospheric circulation over and around the TP (Liu
et al., 2015). It is worth noting that an influx of freshwater is driven by
Arctic warming and Greenland Ice Sheet melting into the North Atlantic.
This could have led to a weakening of the Atlantic Meridional Over-
turning Circulation by about 15% since the mid-twentieth century
(Caesar et al., 2018), which could also interrupt the East Asian monsoon
(Lenton et al., 2019). More recent research has suggested that the
springtime land-surface temperature anomaly on the TP is linked with
the wintertime wave activities in the Arctic region. The wave trains from
the Arctic can propagate and reach the TP, which favors TP snowfall,
thereby influencing the springtime land-surface temperature (Zhang
et al.,, 2019). This pattern is still being explored because of a lack of
reliable datasets (observations and model simulations) and warrants
further investigation given that the Arctic may impose much broader
and longer-lasting impacts on the Asian climate.

Many studies have argued about the influences of Arctic warming on
weather and climate in the mid-latitudes. Observational analyses have
suggested that warmer winter temperatures in the Arctic have contrib-
uted to cooling over the mid-latitudes from 2000 to 2013 (Cohen et al.,
2020), but more recent observations challenge this conclusion (Black-
port and Screen, 2020). Findings from modeling studies are divergent
(Cohen et al., 2020), with some studies finding a significant connection
between AA and mid-latitude cooling (Honda et al., 2009; Mori et al.,
2014), while others find little to no systematic influences of AA on mid-
latitude weather (Dai and Song, 2020; McCusker et al., 2016). The issue
of Arctic and mid-latitude connections is complicated by the short
observational time series, small signal-to-noise ratio, and the large in-
fluence of internal variability (Overland, 2016), and may have been
underestimated by models due to model deficiencies (Mori et al., 2019).
Furthermore, the AA response can be highly non-linear (Chen et al.,
2016b; Overland, 2016), and may depend on the background state
(Overland et al., 2021) and the location of sea ice loss (Chen et al.,
2016a; Screen, 2017). Therefore, appreciable knowledge gaps exist
regarding the effects of Arctic sea ice and AA mechanisms on mid-
latitudes, as well as discrepancies in both observations and model sim-
ulations (McCusker et al., 2016; Cohen et al., 2020).

Research on feedbacks from the TP to the Arctic is relatively scarce.
Nevertheless, some studies have attempted to explore the connection
caused by TP snow cover forcing. For instance, seasonal snow cover on
the TP has been revealed to modulate the El Nino-Southern Oscillation
(Wu et al., 2012b) and to affect the East Asian summer monsoon as well
as the plum rain (i.e., East Asian rainy season) (Liu et al., 2014b; Zhu
et al., 2015). More broadly, autumn TP snow cover has been suggested
as an explanation for the downstream North America extreme cold event
of 2009/2010 (Lin and Wu, 2011). The strong TP surface cooling caused
by snow cover anomalies over the TP can excite a Pacific-North America-
like atmospheric response (Liu et al., 2017). Further research has indi-
cated that abnormal autumn snow cover over the eastern TP can induce
a hemisphere-scale wave train pattern, which crosses the North Pacific
Ocean and reaches the North American region where it affects winter
temperatures over western and eastern North America (Qian et al.,
2019).

Another possible connection between the two regions is latitudinal
moisture flux transport from the TP to the Arctic. Seasonal persistence of
soil moisture anomalies associated with permafrost on the TP signifi-
cantly influences precipitation in downstream areas (Yang and Wang,
2019). Soil water-heat state anomalies caused by permafrost may
enhance TP thermal forcing to the subtropical westerlies and affect
stationary Rossby wave train propagation in the mid-latitudes, thereby
inducing downstream fluctuation of weather and climate (Fu et al.,
2020). The humidification of the Arctic, characterized by increases in
soil moisture, river discharge, and precipitation, is partly due to
enhanced poleward atmospheric moisture transport from the mid-
latitudes (Zhang et al., 2013).



X. Wang et al.

7. Future outlooks

Permafrost research has made enormous progress over the last four
decades, yet several issues remain unsolved and require more attention
in future research. To better understand the climate changes that have
occurred over recent decades and to appropriately predict whether
future changes will approach a global cascade of tipping points (Lenton
et al., 2019), large knowledge gaps remain regarding permafrost char-
acteristics, ecological feedbacks, and extreme events. These can be aided
by improvements in remote sensing, numerical models, integration of
field observations with the rapid advancement in the big data era
(Jorgenson and Grosse, 2016; Yang et al., 2019; Guo et al., 2020; Jiang
et al., 2020; Li et al., 2020).

Permafrost mapping still involves substantial uncertainties due to a
lack of explicit and standardized mapping criteria, appropriate unified
classification systems, and high-quality field data, despite the growing
availability of observational data (Brown et al., 2002; Ran et al., 2012).
Currently, the most widely used permafrost map presents the past
permafrost distribution, but cannot reflect the situation after 2000,
especially given the rapid climate warming. Ground ice is estimated
based on the outdated permafrost map and limited field investigations;
this parameter, together with permafrost area and the thickness of
sediment with ground ice, are in a generalized fashion. To obtain a
spatially explicit estimation of organic carbon stocks in the two regions,
special efforts should be made to investigate deep carbon dynamics
across permafrost regions (Ding et al., 2016; Mu et al., 2020). The high
degree of spatial heterogeneity illustrates the significance of high-
resolution mapping of global permafrost for infrastructure planning
and understanding the impacts of permafrost thaw on hydrology and
ecosystems. A recompiled permafrost map is recommended based upon
thorough on-site observational data (e.g., borehole samples) with long-
term and extensive spatial coverage, high-resolution satellite data, and
climate model simulations, and should furthermore incorporate ever
more prevalent machine learning and data assimilation methods.

Ground temperatures that are simulated in many models of perma-
frost dynamics rely heavily on linear relationships between air tem-
perature and permafrost area, and also on the assumption of an
unchanging present-day relationship between MAGT and permafrost
(Chadburn et al., 2017), yet the effects of the thermal inertia of deep soil
layers or geothermal heat flux have been routinely ignored (Wu et al.,
2010). In the climate-driven permafrost zone, a close linear relationship
between air temperature and ground temperature can be obtained, but it
is not the case in other areas with ecosystem-driven permafrost (Karja-
lainen et al., 2019a). Other environmental factors can also exert crucial
influences on permafrost. The highly variable buffer layers, such as
vegetation, snow cover, and soil organic layers, together with soil
properties and precipitation, complicate geophysical trends (Biskaborn
et al., 2019; Karjalainen et al., 2019b; Zhang et al., 2021). Remote
sensing-based data and techniques, combined with process-based
modeling (including dynamic vegetations), have the potential to
include multiple factors and their interactions, making modeling more
realistic and thereby proving additional insights into the permafrost
changes (Wang et al., 2016; Yang et al., 2019; Jiang et al., 2020).

There are large discrepancies in the simulations of near-surface
permafrost area, ALT by CMIP5/6 GCMs, and the magnitude and
timing of carbon emission as well as their impacts on climate change.
These have been ascribed to the differences in simulated surface climate,
such as AA intensity (Cohen et al., 2018), as well as the diverse capa-
bilities of land surface models to describe thermal physics and snow
(Lawrence et al., 2012; Slater and Lawrence, 2013; Zhu et al., 2019). In
addition, different permafrost types exert diverse influences on climate
due to differences in soil moisture, soil organic content, and vegetation
(Jiang et al., 2020), although the involved interaction processes have
been poorly understood. Projections of future permafrost dynamics
rarely consider the impact of potential changes in SOC on soil temper-
ature and permafrost area (Zhu et al., 2019). Also lacking is a better
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understanding of the effects of latent heat associated with high ground
ice contents that vary with depth and progressive thawing that leads to
talik formation beneath the active layer, such as the boreal zone where
permafrost is strongly affected by ecosystem dynamics. The un-
certainties that result in the large divergence in the simulation of
permafrost change highlight the need for model improvements, partic-
ularly for the ability to capture a sequence of couplings and feedbacks in
the Earth system, both locally and remotely. The differences in perma-
frost dynamics and their drivers over both regions are necessary to be
considered in Earth system models.

There have already been reports of a wide variety of weather and
climate extremes (IPCC, 2021), having important impacts on permafrost
evolutions (Westermann et al., 2011; Zhu et al., 2017; Jorgenson et al.,
2020). Most types of permafrost landscapes have experienced substan-
tial alternations in response to extreme events, such as thaw slumps, ice-
wedge degradation, and ground subsidence (Jorgenson et al., 2020). An
isolated or transient extreme could more strongly affect the degradation
of permafrost compared to unceasing warming (Marmy et al., 2013).
However, the sensitivity of permafrost evolution to different types of
extreme events differs between locations and at different stages of soil
freezing-thawing processes (Zhu et al., 2017; Jorgenson et al., 2020).
For example, summer precipitation events (light, moderate, and heavy)
in the TP affect local soil hydrothermal conditions to varying degrees
and further contribute to permafrost thawing. Climate extremes (cold,
less snowy winters) in the Arctic could cause permafrost aggradation.
Compound extreme events, such as heatwaves combined with droughts
and compound fire weather conditions (Irannezhad et al., 2020), are
projected to occur more frequently in many regions across the globe
(IPCC, 2021). The response of permafrost changes in the two regions to
the individual or compound extreme events is not yet fully clear and
deserves more attention in future research.

8. Summary

Permafrost, a sensitive indicator of climate warming, has undergone
dramatic changes in recent decades that are often broadly ascribed to all
permafrost regions. This is the first review to comprehensively compare
permafrost changes in the Arctic with those on the Third Pole (TP).
Large differences in permafrost extent, ground temperatures, active-
layer thickness, soil carbon, and environmental characteristics were
found between the two regions, causing differing impacts on societal
and ecological systems.

The Arctic has experienced more dramatic warming than the TP.
Both regions have experienced enhanced warming relative to the global
average, caused by polar amplification in the Arctic and elevation-
dependent warming on the TP. Under a future warming scenario, the
high-latitude permafrost region in the Arctic is expected to experience
more rapid warming than the high-altitude permafrost region on the TP.
The common main drivers for the warming of the two regions are
attributable to snow/ice-albedo feedback and enhanced downward
longwave radiation due to increased atmospheric water vapor, but the
Arctic is more affected by decreasing sea ice.

Ground temperatures in cold permafrost have increased more rapidly
than warm permafrost, probably because latent heat effects retard the
rise of permafrost temperature. Consistent with air temperature in-
creases, a greater increase in permafrost temperature has also occurred
in the Arctic than on the TP, possibly due to the latent heat effects and
moist soil organic matter. Under the RCP scenarios considered, increases
in mean annual ground temperature in the Arctic are projected to be
faster than those on the TP.

Permafrost extent has generally contracted as temperatures have
risen. Near-surface (< 10-15 m depth) permafrost area is projected to
decline more rapidly on the TP (58%) compared to the Arctic (29%) by
2061-2080, relative to 2000-2014, under the RCP 4.5 climate warming
scenario. Few permafrost areas are projected to remain on the TP by
2061-2080 under the RCP 8.5 scenario.
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Active-layer thickness in the Arctic (average 100 cm) is generally
shallower than on the TP (212 cm). Active-layer thickness varies
regionally, and its increase on the TP has been faster than in the Arctic,
which is well explained by the larger rise in the warming expressed by
the thawing index on the TP. This pattern is projected to continue under
different climate scenarios considered.

Permafrost degradation has had tremendous consequences on the
socio-economic systems, ecosystems, and hydrological systems over the
two polar regions, increasing the geohazard risk. The carbon sink in the
ecological systems north of 60°N is projected to transform into a CO,
source by the end of the 21st century, and SOC storage on the TP is
expected to decrease significantly.

Degradation of permafrost results in changes in surface energy bal-
ance and changes in land-atmosphere interactions. Such changes have
caused ongoing environmental deterioration and unpredictable changes
to the climate. Land-ocean-atmosphere couplings play crucial roles in
the climates over the polar regions, providing possible connections be-
tween the two regions that warrant further analysis.
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