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Abstract. High Mountain Asia (HMA) is undergoing unprecedented warming, affecting the cryosphere — in-
cluding permafrost (frozen ground) — and leading to various hazards. However, understanding the prevalence,
distribution, and dynamics of these hazards and how they respond to a changing climate is challenging. Per-
mafrost is extensive in HMA, and China makes up a significant portion of this. The permafrost area in China is
about 1.6 x 10° km?, 66 % of which is on the Qinghai-Tibet Plateau. However, most of the scientific literature
concerning permafrost in China is published in Chinese and, hence, remains largely unnoticed by the non-
Chinese-speaking scientific communities. In this article, we used a systematic review to evaluate the Chinese
scientific literature on permafrost-related hazards and found that the studied areas are concentrated in certain
areas, especially on the Qinghai—Tibet Engineering Corridor (QTEC). The increasing amount of literature on
permafrost hazards reflects the increased impact of climate warming on infrastructure built on permafrost. Not
only is permafrost affecting infrastructure; these anthropogenic disturbances themselves also have amplified the
occurrence of hazards around settlements and infrastructure. The literature shows the strong relationship between
latitude and elevation with permafrost thickness. The permafrost classification system and nomenclature used by
Chinese scientists is different to that used elsewhere, which is a potential source of confusion and deserves
attention.

1 Introduction ture measurements or visible indicators such as rock glaciers

or other slow-moving bodies of rock and ice that exist in

High Mountain Asia (HMA) is undergoing unprecedented
warming (Yao et al., 2019; Hock et al., 2019), causing con-
siderable changes to the cryosphere (Bolch et al., 2019), in-
cluding to the permafrost in high mountains and on moun-
tain plateaus (Li et al., 2022). China constitutes a large por-
tion of HMA, including several high mountain ranges, with
a significant distribution of glaciers and permafrost; trans-
boundary river basin systems; and the highest plateau in the
world, the Qinghai-Tibetan Plateau (QTP). In China, about
1.6 x 10° km? is considered to be permafrost; about 66 % of
this in the QTP, 15 % is in northeastern China, and 19 % is in
the mountains of the western and central parts of the country
(Ran et al., 2012).

Permafrost is commonly defined as frozen ground at or
below 0 °C for at least 2 consecutive years (Dobinski, 2011).
It is a thermal phenomenon (Gruber Stephan and Haeberli,
2009) and is often identified using ground surface tempera-

permafrost environments. Globally, permafrost areas are re-
sponding to higher air temperatures; with higher ground tem-
peratures and the thickening of the active layer or the soil
portion above permafrost that undergoes seasonal freezing
and thawing (Dobinski, 2020), permafrost areas are thaw-
ing, warming, degrading, and disappearing, consequently in-
creasing the risks of rockfalls, debris flows, thaw slumps,
and permafrost-dammed lake outbursts (Ding et al., 2021;
Biskaborn et al., 2019). Permafrost warming and degra-
dation influence not only cryosphere-related landforms but
also fluvial landforms and processes by controlling the sur-
face runoff, by eroding sediments, and through the devel-
opment of thermo-erosional gullies (Tananaev and Lotsari,
2022). The degradation of permafrost holds particular sig-
nificance in mountainous regions due to its profound impact
on slope stability. Consequently, this process modifies the
geophysical attributes of mountain slopes, diminishing co-
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hesive forces and elevating hydraulic conductivity (Patton et
al., 2019). Water deposits affecting hydrothermal exchanges,
fluvio-thermal erosion due to surface runoff, and swelling
and subsidence of frozen grounds due to frost heave and thaw
settlements strongly affect infrastructure built on thawing-
permafrost grounds.

Understanding the probability and dynamics of potential
risks due to permafrost thaw are vital for hazard reduc-
tion and safeguarding critical infrastructure (Harris et al.,
2009). The QTP holds significant importance in permafrost
research, primarily because it houses critical infrastructures
like the Qinghai—Tibet railway and Qinghai—Tibet highway.
Within China, numerous specialized research programs are
actively studying the interplay between changing permafrost
conditions and their impact on infrastructure, as well as the
reciprocal effects of infrastructure on permafrost (Wu et al.,
2010; Cheng and Jin, 2013; Ran et al., 2022). There is exten-
sive Chinese literature and a comprehensive database, such as
the China National Knowledge Infrastructure, containing an
extensive compilation of permafrost-related publications and
summaries. This wealth of knowledge is often overlooked
and excluded in systematic assessments and reviews of per-
mafrost changes in High Mountain Asia (Baral et al., 2023).
Our systematic review tries to advance the scientific knowl-
edge related to climate change impacts on permafrost dy-
namics and the occurrence of hazards related to thawing per-
mafrost discussed in Chinese literature by making it more ac-
cessible to the English-speaking scientific community. This
study attempts to answer the following questions to reveal to
a wider audience the information stored in the Chinese liter-
ature database:

— According to Chinese scientific literature, what are the
major hazards associated with changing permafrost in
China and how are they distributed across Chinese ter-
ritories within HMA?

— What are the major particularities in the Chinese litera-
ture that are different from the English literature?

— Are specific trends related to the occurrence of hazards
visible?

— What future concerns are related to infrastructure con-
struction and maintenance in the context of global
warming and changes in permafrost in China?

Our results are totally based on the outcome of the system-
atic review of the Chinese literature, while the Introduction
and Discussion sections are largely based on the informa-
tion about permafrost-related hazards in HMA, mainly in
China, in the English literature. In some cases, we men-
tion the Hindu Kush Himalaya (HKH), referring to the re-
gion ranging from 15.95 to 39.31° N and 60.85 to 105.04°E,
which includes the high-elevation regions in China, Bhutan,
India, Pakistan, Nepal, Afghanistan, Bangladesh, and Myan-
mar (Bajracharya and Shrestha, 2011).
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Figure 1. Study sites in High Mountain Asia (a) and Qinghai-Tibet
Engineering Corridor (b).

2 Methods

2.1 Study area

To understand permafrost and its related hazards, our re-
search is centered in the ecologically significant region of
High Mountain Asia. This vast area encompasses some of
the world’s highest and most imposing mountain ranges, in-
cluding the Himalayas, Karakoram, Hindu Kush, and Pamir.
HMA is characterized by its extreme elevations, low temper-
atures, and rugged terrain, making it a prime location for the
study of permafrost dynamics and associated risks.

Most of the study sites were located on the Qinghai—Tibet
Plateau, an integral part of the HMA region, often referred
to as the “Third Pole” due to its immense ice reserves. The
QTP is the highest and largest plateau on Earth and is sit-
uated in western China and parts of Tibet. Its unique and
remote landscape presents an ideal setting for the study of
permafrost due to its extensive permafrost coverage and sen-
sitivity to climate change. The Qinghai-Tibet Engineering
Corridor (QTEC) encompasses a network of critical infras-
tructure projects, including highways, railways, and energy
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Figure 2. Distribution by hazard type.

developments, spanning the vast and challenging terrain of 3 Results

the QTP. This corridor presents a unique opportunity to study
the interaction between human activities and the delicate per-
mafrost environment.

2.2 Systematic literature review method

This study built on the principles of the systematic review
approach to assess the Chinese-language literature on per-
mafrost hazards in High Mountain Asia and included the in-
fluence of structures on permafrost (James et al., 2016; Had-
daway and Macura, 2018). In sustaining the replicability and
transparency of systematic reviews, we adopted the RepOrt-
ing standards for Systematic Evidence Syntheses (ROSES)
framework for ensuring evidence synthesis; this framework
presents a protocol for searching, screening, and synthesis
(Fig. S1 in Pan et al., 2024, https://doi.org/10.5281/zenodo.
12157179). The following relevant indicators were included
in the compilation: site information (coordinate, tempera-
ture), permafrost (thickness, active-layer thickness), hazard
category, and infrastructure (type, area, length).

https://doi.org/10.5194/piahs-387-95-2024

3.1 Distribution of study areas

The place with the most hazard records was the QTEC
(Fig. 2). Obviously, Chinese literature paid more attention
to this area. A total of 10 distinctive hazards took place in
this engineering corridor, including collapse, thaw slumps,
frost weathering, frost heaving, thermokarst lake, thaw settle-
ment, damage to infrastructure, ice wedge, debris flow, and
landslides (e.g., Luo et al., 2014; Ma et al., 2012). Qilian
Shan mainly suffered from thaw slumps, frost weathering,
frost heaving, thaw settlements, ice wedges, debris flows, and
landslides (e.g., Mu, 2021; Pang et al., 2019; Shang, 2018).
Western Kunlun Shan experienced thaw slumps, frost heav-
ing, thaw settlements, salivary ice, and desertification (e.g.,
Ma et al., 2004; Zhu, 2017). Tien Shan, which is outside the
QTP but located in HMA, was found to be affected by thaw
slump, frost heaving, ice wedge, and landslide (e.g., Ci et
al., 2006). Besides this, thermokarst lakes, ice wedges, de-
bris flows, and landslides were exclusively recorded in the
east of the QTP.

All field sites were clustered into four zones around the
QTEC, Qilian Shan, western Kunlun Shan, and Tien Shan.

Proc. IAHS, 387, 95-101, 2024
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Figure 3. Coordinates and elevations given in publications (a).
Elevation-dependent mean annual air and ground temperature
changes over HMA (b). Variation partition analysis (VPA) reveal-
ing the impacts of latitude, elevation, and mean annual air tem-
perature on permafrost thickness (c). The values given in the non-
overlapping parts of each circle give the weight of each factor. The
value given in the overlapping circles gives the explanation of the
variation between two factors.

The elevation gradient was between 2800 to 5886 m. The
latitude and longitude ranges of these sites were 30.5 to
44.0° N and 78.3 to 105.9°E (Fig. 3a). Field-based research
sites in the mountains are distributed within the wide-ranging
elevation from 2800m to almost 6000 ma.s.l., while re-
search sites in the river basins spread from around 3000 to
5200 ma.s.l. (Fig. 3b). Consequently, mean annual air tem-
perature (MAAT hereafter) and mean annual ground temper-
ature (MAGT hereafter) values recorded at the study sites
in the mountains have a wider range of values compared to
those of the study sites in the river basins. The distribution
of MAAT in the river basins varies from —6.24 to —0.5 °C,
while in the mountains, MAAT ranges from —9 to —4.3 °C.
MAGT has a very narrow range in the basins (—1.75 to
—0.5°C) compared to in the mountains (—4.25 to 1.1 °C).

Active-layer thickness varies from 1 to 6 m for MAGT
ranging from —5 to slightly more than 1°C; study sites
record MAAT between —8 and 1 °C (Fig. S3 in Pan et al.,
2024). The thickness of permafrost reported for multiple field
sites ranges between 0 to 200 m. In locations where MAGT
ranges from —2 to 0 °C, permafrost thickness is usually be-
low 50 m. Permafrost thickness is mostly reported for sites
with MAAT from —6 to —3 °C.
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3.2 Influence of different parameters

Coordinates, topography, and temperature all show a corre-
lation with the variance in permafrost thickness (Wang et
al., 1979; Liu, 2008; Yin et al., 2014). In particular, lati-
tude, elevation, and mean annual air temperature all inde-
pendently explained the variance in permafrost thickness.
The best model for understanding the controls on permafrost
thickness indicated that latitude controlled 50 % of the varia-
tion, and elevation explained 16 % independently of the 13 %
explained by the MAAT. Elevation and MAAT shared a small
amount of variance in terms of permafrost thickness (5 %),
confirming the MAAT specificity of elevation (Fig. 3c). The
permafrost on the Qinghai—Tibet Plateau was influenced by
elevation and followed the latitudinal zonation pattern (Zhou
et al., 2000). The law of decreasing the lower limit of per-
mafrost with increasing latitude was quite evident. On aver-
age, for every 1° increase in latitude, the permafrost lower
limit decreased by 80—100 m, and the annual average ground
temperature decreased by 0.9-1 °C (Wang et al., 1979; Bian
et al., 2011). There was also a solid vertical zonation pat-
tern of increasing permafrost thickness with higher elevation.
For approximately every 100 m increase in elevation, the an-
nual average ground temperature decreased by 0.5-0.6 °C,
and the permafrost thickness increased by 15-20 m (Bian et
al., 2011).

4 Discussion

4.1 Permafrost in English and Chinese scientific
literature

In China, permafrost has been systematically investigated
since the 1950s (Zhang, 2005). Development of permafrost
science in China has been closely associated with the in-
frastructure and economic development; therefore, there are
dedicated institutions in China with decades of intensive
research. Permafrost research in China is based on stan-
dard definitions and classifications (Tables S1, S2, and S3
in Pan et al., 2024) commonly accepted by Chinese institu-
tions and researchers. These standard definitions and classi-
fications do not always match with the contemporary def-
initions and classifications accepted by the English scien-
tific community (Ran et al., 2012). For example, the Interna-
tional Permafrost Association defines the percentage of per-
mafrost for continuous, discontinuous, sporadic, and isolated
patches to be 90 %—-100 %, 50 %-90 %, 10 %—-50 %, and
0 %-10 %, respectively, while some of the Chinese literature
uses continuous, discontinuous, and island permafrost with
> 65%, 30 %—65 %, and 5 %-30 %, respectively (Qinglai,
2007). Similarly, although the classification of permafrost
based on ice content is well established in the English liter-
ature, the Chinese literature uses the classification based on
the ice content criterion (Table S1 in Pan et al., 2024), termed
the permafrost engineering classification. Additionally, there
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are several Chinese terms that are commonly used in Chinese
scientific literature but that are not common or are not used
at all in English scientific literature. Some examples of such
are Chinese terms whose literary translations in English are

“salivary ice”, “extruded ice”, and “ice mantle” (e.g., Liu et
al., 2003; Liu, 2008; Ma et al., 2004).

4.2 Permafrost hazards

Thermokarst terrains, such as retrogressive thaw slumps, are
increasing freeze—thaw erosions and modifying landscapes
on the Qinghai-Tibet Plateau (QTP). Permafrost warming
has extensively increased permafrost collapse events across
the Qinghai-Tibetan Plateau, affecting pedological charac-
teristics and soil microbial communities (Hu and Yang,
2023).

Permafrost degradation has some major implications for
infrastructure: damages to embankments, failure of bridges,
and longitudinal cracks along highways (Hjort et al., 2022).
Large-area coverage of permafrost (about two-fifths of the
total area) on the QTP includes large sections of highways
and several thousands or kilometers of railway lines; notably,
from 1991 to 2011, almost USD 1 billion were spent on the
maintenance of QTP. The cost for mitigation of damages to
ensure the smooth functioning of highways and railway net-
works in China could reach up to several billions of US dol-
lars between 2051-2100 (Hjort et al., 2022).

Regular field-based monitoring of meteorological vari-
ables using automated weather stations, soil moisture and
temperature measurements where infrastructure foundations
are located, regular surveys of the ground subsidence, stabil-
ity and support assessments, and effective implementation of
early-warning systems are critical for infrastructure located
in thawing-permafrost regions (Wang et al., 2019).

Changes in ground ice strongly determine risks for com-
munities on the QTP. Simulations suggest that permafrost
area on the QTP decreased by about 0.25 x 10° km?, while
ground temperatures increased by 0.25°C per decade be-
tween 1981 and 2010 (Xu et al., 2017). Freeze-thaw haz-
ards and thaw settlements due to ground ice changes will
have impacts on existing and planned infrastructure and
so will have subsequent economic implications. Elevation-
dependent temperature response will considerably increase
the active-layer thickness and decrease permafrost areas on
the Tibetan Plateau (Wang et al., 2022), increasing the risks
of geohazards.

A more detailed discussion about permafrost hazards,
adaptation to these hazards, and future projections can be
found in Pan et al. (2024) (Sup_Assessment of permafrost-
related hazards in China based on Chinese literature.docx)

5 Conclusions

The volume of scientific literature is increasing; the QTEC is
an obvious geographical preference for conducting measure-
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ments and assessments of permafrost-related hazards. Stud-
ies and measurements are concentrated around a few hotspot
areas, while extensive areas in China remain unexamined.

Projections of hazards based on complex modeling ap-
proaches using projected socioeconomic global changes
are limited. Expanding measurements and research will be
needed to provide a comprehensive picture of the dynamics
of changing permafrost and potential hazards.

Increasing warming is likely to invite climate extremes and
increase the frequency of cascading and compounding events
linked to permafrost thawing. Human populations and infras-
tructures exposed to permafrost hazards will increase as a
consequence of increasing human activities in changing per-
mafrost areas.

Finally, warming permafrost has direct and indirect bio-
physical impacts, such as landscape changes, hydrological
variations, and greenhouse gas releases, as well as socio-
economic impacts such as damage to human settlements and
infrastructure, which, in turn, can constrain permafrost distri-
bution and dynamics and the occurrence of permafrost haz-
ards.

Data availability. The dataset is available at https://doi.org/10.
5281/zenodo.12157179 (Pan et al., 2024).
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