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The Qinghai-Tibet Plateau (QTP) has undergone substantial warming, resulting
in extensive permafrost degradation and a pronounced increase in landslide
frequency. However, the causal link between climate warming and permafrost
landslide occurrences remains poorly understood. A comprehensive inventory
of permafrost landslides along the Qinghai-Tibet Engineering Corridor (QTEC)
from 2016 to 2022 was compiled through remote sensing and field verification,
along with an analysis of landslide triggering factors based on data from 5
weather stations, 4 active layer thickness observation sites, and 3 precipitation
stations. From 2000 to 2020, the mean annual air temperature (MAAT) showed
an increase of 0.5°C per decade, while precipitation remained relatively stable.
A notable peak occurred in 2016, with MAAT and mean annual surface ground
temperature rising sharply by 0.59°C and 0.41°C, respectively, from the previous
year. In the same year, active layer thickness across observation sites increased
by an average of 18.5 cm, exceeding the average thickening rate. This substantial
deepening of the active layer suggests that a portion of the underlying
permafrost, potentially ice-rich near the permafrost table, thawed during the
warm season. Laboratory experiments further reveal a three-stage reduction in
soil strength as temperatures approach 0°C, with the most pronounced decline
at —1°C. Interpretation of landslide data shows that landslide frequency in 2016
significantly increased, reaching approximately 1.3 times the historical total.
This suggests that a thawed interlayer forming at the active layer-permafrost
interface plays a dominant role in landslide initiation. The thawed layer acts as a
weak zone, enabling the downward movement of the overlying active layer and
contributing to slope instability. These findings provide robust evidence linking
temperature rise to permafrost-related landslides, offering new insights into the
mechanisms of temperature-induced slope instability in high-altitude regions.

climate warming, permafrost degradation, landslides, Qinghai-Tibet Engineering
corridor, Qinghai-Tibet plateau
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1 Introduction

Permafrost, defined as ground (soil or rock, including ice and
organic material) that remains at or below 0°C for at least two
consecutive years, is significantly influenced by climate warming
(Dobinski, 2011; Hu et al., 2022). The Qinghai-Tibet Plateau (QTP),
encompassing 1.06 x 10° km? of permafrost, represents the largest
permafrost region in low-latitude areas and commonly referred
to as the “Third Pole” and the “Asian Water Tower” (Yao et al,,
2012; Zhang et al.,, 2022; Zou et al.,, 2017). The warming rate in
the QTP, surpassing the Northern Hemisphere average (Kuang and
Jiao, 2016), causes permafrost degradation characterized by elevated
ground temperatures, deepening active layers, and a reduction
in area, which subsequently results in surface subsidence, slope
instability, accelerated rock glaciers movement, and significant
alterations in hydrological processes (Krautblatter etal., 2013;
Etzelmiiller et al., 2020; Haberkorn et al., 2021; Marcer et al., 2021).
In recent years, there has been a significant increase in both the
frequency and spatial extent of landslides in the permafrost region of
the QTP, particularly along the Qinghai-Tibet Engineering Corridor
(QTECQC) (Luo et al., 2019; Niu et al., 2015; Xia et al., 2022). The
types of landslides associated with permafrost include active layer
detachment (ALD), retrogressive thaw slump (RTS), retrogressive
thaw flow, soil slope deformation, soil creep, and solifluction
(Couture and Cruden, 2010; Hungr et al., 2013; Mao et al., 2024).
ALD and RTS are the two most common types of landslides on the
Qinghai-Tibet Plateau (Swanson, 2021).ALD predominantly occurs
in warm season when the thawing of surface soils induces sliding
of the active layer over the underlying permafrost (Lewkowicz
and Harris, 2005). This phenomenon is typically characterized by
shallow sliding, with the slip plane located between the active
layer and permafrost interface. RTS is initiated by the exposure of
subsurface ice due to natural or anthropogenic factors, resulting in
seasonal thawing that causes the overlying mass to collapse. This
cyclical process of ice exposure and subsequent collapse drives the
progressive retreat of the headwall (Lacelle et al., 2015; Lewkowicz
and Way, 2019).

Variations in precipitation intensity and frequency are critical
triggers for landslides (Handwerger et al., 2022; Kirschbaum et al.,
2020), with higher temperatures exacerbating soil moisture
evaporation and altering its structure (Andresen et al, 2020;
Fatichi et al., 2020), thereby increasing landslide susceptibility
(Marino et al., 2020; Nefros et al., 2023). Human activities, such
as urbanization, deforestation, and infrastructure development,
further disrupt natural hydrological cycles, intensify soil erosion,
and destabilize slopes, heightening landslide risk (Nanehkaran et al.,
2022; Quevedo et al., 2023). Integrated models combining climate
data, topography, and soil characteristics provide a comprehensive
assessment of landslide risks and mechanisms (Cemiloglu et al,
2023; Mao et al., 2024; Nanehkaran et al., 2023b). Studies across
diverse regions show considerable disparities in landslide sensitivity
to climate change: in mountainous areas, increased landslides are
linked to snowmelt and precipitation changes (Liu et al., 2021),
while extreme rainfall events drive landslides in tropical regions
(Amarasinghe et al., 2024; Nanehkaran et al., 2023a). Although
global research has illuminated the relationship between landslides
and climate change, the response of landslide mechanisms to rising
temperatures and changing precipitation on the QTP remains
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understudied. Research on the plateau has primarily focused
on creep characteristics, morphological features, and landslide
spatiotemporal distribution (Mu et al, 2020; Sun et al., 2017).
Advanced remote sensing and Geographic Information Systems
(GIS) have facilitated large-scale monitoring of landslide dynamics.
For instance, Xia et al. (2022) compiled an inventory of 875
landslides along the QTEC, mapping their spatial distribution
but without detailed temporal analysis. The temporal landslide
evolution in the Beiluhe region revealed significant increases in
landslide scale and frequency in recent years (Luo et al, 2019;
Yang et al., 2023), linking this trend to rising temperatures (Luo et al.,
2019). However, the causal mechanisms through which temperature
elevations trigger landslides in permafrost of QTP remain unclear
and require further exploration.

The objective of this study is to investigate the causal relationship
between rising temperatures and permafrost landslides along
the QTEC. We first analyzed meteorological and geothermal
data from multiple stations to assess changes in air temperature,
ground temperature, and active layer thickness over the past
decade. Subsequently, we compiled a detailed landslide frequency
inventory from 2016 to 2022 by visually interpreting multi-
temporal satellite images. We quantified the changes in the
number of landslides during this period and performed a
comparative analysis of the correlations between variations in air
temperature, ground temperature, and the observed increase in
landslide occurrences.

2 Study area/data/test method
2.1 Study area

The study area is located in the permafrost region of the
Qinghai-Tibet Plateau (QTP) (Ran et al., 2012). It extends from
Xidatan in the north to Naqu in the south, covering a length
of approximately 550 km and an area of 8 x 10*km?. Since
1950, the region has experienced significant warming (Li et al.,
2023), resulting in permafrost degradation and a reduction in
vegetation cover and species (Jin et al, 2020). These changes
have contributed to increasing slope instability in the area
(Jin et al., 2008; Wu et al., 2012).

2.2 Data

The study area, primarily characterized by alpine meadows
and alpine steppe, exhibits pronounced differences in color and
texture in landslide-affected regions compared to the surrounding
undisturbed landforms. Additionally, the progressive expansion
traits of permafrost-related landslides can be distinctly identified
through the analysis of multi-temporal high-resolution satellite
imagery. The high-resolution images used are Planet images (https://
www.planet.com/) of every July from 2016 to 2022 with a resolution
of 3 m, which completely cover the study area. July was chosen
as it is the ground surface of the study area was completely
free of snow cover compared to May and June. Despite being
time-consuming compared to automated identification, manual
detection offers high accuracy and enables the addition of attributes
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FIGURE 1

(A) Study area location, permafrost monitoring network, and landslide distribution. The permafrost monitoring network includes 4 automatic
temperature stations, 3 precipitation stations, and 5 active layer observation stations along the QTEC in natural settings. A total of 1,298 landslides are
distributed on both sides of the QTEC. (B) Landslide distribution in the typical landslide-prone area, with different colors indicating various initial failure
years. (C) Satellite image of a representative Gushan landslide in July 2022. (D) Field photograph of the Gushan landslide in October 2023.

during the identification process. In addition to assessing the
whole study area, a typical landslide-prone sub-area was chosen
for detailed spatiotemporal assessment (Figure 1). In addition to
delineating landslide boundaries, a critical component of image
interpretation involves categorizing landslide types. Landslides
identified for the first time in a given image, when compared to
the preceding temporal image, are classified as new landslides.
Active landslides are those that show expansion and an increase
in area relative to the most recent image (2022). It is noteworthy
that for the earliest available image, such as the 2016 dataset
for the entire study area, no prior image exists for comparative
analysis. Consequently, landslides identified in this initial image are
designated as pre-existing landslides without further classification.
These pre-existing landslides serve as a foundational dataset for

Frontiers in Earth Science

tracking and analyzing landslide occurrences and expansion in
subsequent time periods.

To ensure the accuracy of the landslide inventory, field surveys
were conducted in the study area in April and October 2023.
Due to the largely uninhabited nature and limited accessibility of
the region, surveys were restricted to a 3-km corridor on either
side of the QTEC. On-site verification successfully confirmed all 5
landslides previously identified in satellite imagery. For instance, the
Gushan landslide (Figures 1C, D) was initially identified in satellite
imagery and subsequently confirmed through field verification.
An unmanned aerial vehicle (UAV) was utilized to capture
high-resolution aerial photographs of representative landslides,
which were then processed to generate a digital orthophoto map
(DOM) and a digital surface model (DSM) of these landslides.
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A comparative analysis of landslide areas derived from UAV and
satellite imagery for selected landslides indicated that the area
discrepancy between the two sources was less than 5%. This
variance could be attributed to differences in the resolution of the
imagery sources, or it may reflect ongoing landslide expansion
between 2022 and 2023.

The air temperature and ground temperature data were
provided by the National Tibetan Plateau Data Center (https://
data.tpdc.ac.cn/). The meteorological stations indices include daily
air temperature, precipitation, humidity, wind speed gradient
observation, and radiation balance. However, it is important to
note that certain data points may be missing due to variations
in the construction time of each station or other factors. The
daily ground temperature of the active layer observations was
measured at different depths below the permafrost table from
the ground surface between 2002 and 2018. The precipitation
data was obtained from the China Meteorological Data Service
Centre (http://www.cma.gov.cn/). There are 3 precipitation stations
evenly distributed in the northern, middle, and southern parts
along the QTEC.

2.3 Test method

To investigate the geological characteristics of the active layer,
we excavated a 2-m-deep observation trench at the headwall of
the Zilrama landslide (Figure 2A). To obtain undisturbed soil
samples, the trench was positioned to avoid areas with pronounced
fissures at the headwall and maintained a minimum distance
of 0.5m from any cracks. As shown in Figure 2B, the active
layer, excluding the top organic-rich layer, was divided into
three distinct sub-layers. Soil samples from each sub-layer were
carefully collected using a ring cutter for laboratory testing of
soil physical properties (Figure 2C). Additionally, approximately
50 kg of soil from each layer was gathered to prepare artificial
samples for mechanical properties testing. Table 1 presents the
physical properties of the soil layers, measured through a variety
of tests, including sieving, Malvern particle size analysis, moisture
content, specific gravity, and liquid and plastic limit tests. Figure 3
shows the grain size distribution curves. The results indicate that
the active layer soil in permafrost landslide areas predominantly
comprises fine-grained material, with particle size decreasing closer
to the permafrost table. Field observations revealed substantial
pore ice within the frozen soil of the active layer, while moisture
content tests confirmed saturation of the soil in this layer
(Figures 2D, E).

The landslide headwall height is approximately 2 m; hence, soil
from the third layer was selected for low-temperature triaxial testing
to evaluate the mechanical properties. Testing was conducted using
a thermo-mechanical triaxial compression apparatus (UL200/60
SH) manufactured by Wille, Germany, with a maximum axial
load capacity of 60 kN, confining pressure up to 4 MPa, and
temperature control from -30°C to 60°C with 0.1°C precision
(Figure 4). Sample dimensions were 70 mm in diameter and 140 mm
in height. To ensure sample consistency, particle size was restricted
to below one-tenth of the sample diameter. Particles exceeding
10 mm, comprising 1% of the sample mass, were excluded without
impacting the mechanical analysis. Before preparation, soil samples
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were dried at 105°C for 24 h. The target dry density was set to
1.7 g/cm?®, matching field values, with a 10% moisture content
achieved by combining 916 g of soil particles with 91.6 g of water.
The mixture was sealed and allowed to equilibrate for 24 h (Figure
5A). To ensure uniformity, the mixture was divided into 28 mm
segments and compacted in 5 layers, with each layer compacted to
a designated height and the surface leveled before adding the next
layer. Once prepared (Figure 5B), the specimen was wrapped in a
latex membrane and mounted onto the triaxial apparatus (Figure
5C). Saturation was achieved through back-pressure saturation,
with gradual increases in confining and back pressure over 6
h to prevent soil structural damage. A pore water pressure
coeflicient (B-value) exceeding 0.95 indicated full saturation (Figure
5D). The temperature control system then lowered the coolant
to the target level, maintaining it for 6h to ensure thermal
equilibrium within the sample. An unconsolidated undrained
(UU) shear test was conducted to assess temperature effects on
soil strength under shallow landslide conditions. The confining
pressure was set to 50 kPa, and the temperature maintained
between —6°C and 0°C. Loading was applied at a constant strain
rate of 0.7 mm/min, ceasing at 20% axial strain. After testing,
the failure characteristics were documented, and the sample was
weighed, oven-dried, and reweighed to determine post-saturation
moisture content.

3 Results

3.1 Changes in hydrothermal
disaster-prone environments

The air temperature in the permafrost region of the central
QTP has consistently risen from 2000 to 2020, as indicated by all
meteorological stations (Figure 6A). On average, the temperature
has been increasing at a rate of 0.5°C per decade. Among these
stations, the NQ station, located at the lowest altitude of 4452 m
above sea level, has experienced the fastest increase rate at an
annual average rate of 0.7°C per decade (Table 2). On the other
hand, the TGL station, situated at the highest altitude of 5,044 m
above sea level, has observed the slowest increase rate, with an
annual average rising rate of 0.3°C per decade. The annual change
patterns are highly consistent across all meteorological stations. It is
evident that the MAAT in 2016 was considerably higher compared
to the historical average (Figure 6A). During 2010-2020, The MAAT
reached its peak value in 2016, followed by a downward trend
then. The MAAT from the four meteorological stations in 2016
increased by 0.59°C compared to 2015, surpassing the average
rising rate observed in recent decades. This alignment with global
climate change is in line with the fact that 2016 was recorded
as the hottest year in some regions of the planet, partly due to
a powerful El Nifio (Witze, 2023). On the other side, the data
from two northern and central stations along the QTEC indicate
that the rainfall in 2016 was even lower than the average annual
precipitation (Figure 6B). Interestingly, although the rainfall at
the southern precipitation monitoring station in the study area
increased significantly in 2016 compared to 2015, there were no
significant occurrences of landslides in the southern study area.
Furthermore, the precipitation at the northern station in the study
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FIGURE 2

various layers. (D) and (E) Pore ice within active layer soil.
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Grain size grading curve of soil samples from different layers.

area showed a significant increase after 2016, while the precipitation
at the central and southern stations remained relatively stable
after that year.

The thermal state of permafrost is primarily controlled
by climate, with influences from land surface characteristics
such as vegetation, snow cover, soil physical properties, and
geological conditions including organic-layer thickness and
ground ice content (Smith et al.,, 2022). When these surface and
subsurface conditions remain stable over a short period of time,
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FIGURE 4

Low-temperature triaxial shear testing apparatus, including loading
system, back-pressure system, temperature control system, cell
pressure system, and temperature control system.

the thermal state of shallow permafrost is mainly determined
by air temperature. During 2011-2018, the maximum mean
monthly air temperature and the maximum mean monthly ground
temperature exhibit an identical varying pattern (Figure 6C).
Annually, the highest air temperature is observed in August, which
corresponds to the peak ground temperature in the shallower
layers. However, in the deeper layers, the maximum mean monthly
ground temperature has a delayed response to air temperature,
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FIGURE 5

(b)

Specimen preparation procedure. (A) Oven-dried soil particles, (B) Soil sample, (C) and (D) Sample before and after saturation.
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TABLE 1 Physical properties of the tested material.

10.3389/feart.2024.1503980

Sample Mass Natural Dry density Specific Saturation Liquid limit Plastic index
moisture densitg/ (g/cm?) gravity (%) (%)
content (%) (9/cm?)
Layer 1 24 2.04 1.64 2.62 106.7 226 62
Layer 2 25 2.02 1.62 2.66 1023 313 124
Layer 3 21 2.06 1.70 2.64 101.0 38.4 204

TABLE 2 The information of meteorological stations along the QTEC.

Site name | Altitude (°) Longitude Elevation Average MAAT in Increasing Increasing
(°) (m) MAAT (°C) 2016 (°C) rate in 2016

(°C/year) compared

to 2015 (°C)
MXDT 35.72 94.13 4,448 -3.697 -2.9 0.045 0.5
MWDL 35.21 93.08 4,623 -4.362 -3.7 0.037 0.5
MTTH 34.22 92.45 4,547 ~2.800 -21 0.049 0.8
MTGL 33.07 91.94 5,044 ~4.662 — 0.032 —
MNQ 31.27 92.10 4,452 0275 0.9 0.070 0.6

Represents missing data for the year.

which emerged until October or November. This indicates that
air temperature is the primary factor influencing the thermal
state of permafrost in permafrost regions. The temperature
of the near-surface ground closely follows the annual cycle
of air temperature, while the temperature variation decreases
with depth.

The range of temperature at different depths in various
observations varies greatly. However, the mean annual ground
temperature (MAGT) consistently showed an upward trend, except
for the deep ground of CHO6 (Figure 6D). On average, the surface
ground (10 cm or 15cm below the surface) at all observations
experienced a rising rate of 0.87°C per decade, which is higher
than the rate of air temperature increase. The fastest rate of surface
ground temperature rise was observed at QT09, with a rate of 2°C
per decade. On the other hand, the average rate of temperature
increase near the permafrost table across all observations was
0.40°C per decade, which is lower than that of the surface ground.
The highest rate of increase near the permafrost table was still
observed at the QT09 site, with a rate of 0.9°C per decade. This
can be attributed to the fact that QT09 is located at the edge
of the continuous permafrost region. Table 3 presents the average
rate of increase at different depths for each observation, as well
as the magnitude of temperature rise in 2016 compared to 2015.
Similar to the air temperature, the mean annual surface ground
temperature in 2016 rose sharply by 0.41°C per year compared to
2015, which was significantly higher than the average rate of surface
temperature increase.
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3.2 Strength decreasing response to the
different temperature zones

The stress-strain curve is a widely used method for assessing soil
deformation and strength. In the permafrost region of the Qinghai-
Tibet Plateau, the failure behavior of saturated clay undergoes
significant changes with temperature under low confining pressure.
At soil temperatures of —3°C or lower, the soil exhibits pronounced
brittle failure. On the other hand, at temperatures higher than
-2°C, the soil shows significant plastic damage (Figure 7A). When
the soil temperature is approximately —2°C, the transition from
brittle to plastic failure occurs. In the case of plastic failure, the
deformation increases with the applied stress. Therefore, the deviator
stress corresponding to a strain of 20% is considered the strength
or failure stress of the sample. At soil temperatures below —1.6°C,
the soil strength exceeds 2 MPa and increases as the temperature
decreases. However, when the soil temperature is slightly higher than
—1.6°C but still below —1.0°C, the strength rapidly decreases to less
than 500 kPa. As the soil temperature continues to rise to 0°C, the
strength experiences a slight decrease to 200 kPa (Figure 7B).

The Figure 7C illustrates the variation of soil strength in the
negative temperature range under low confining pressure, which can
be divided into three zones. In the first zone, as the temperature rises,
the strength gradually decreases. The second zone is characterized
by a sharp decrease in strength as the temperature continues to
increase. In the third zone, as the temperature approaches 0°C, the
strength decreases at a slower rate. Typically, 0°C is considered the
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TABLE 3 The information of active layer observations along the QTEC.

10.3389/feart.2024.1503980

Site name  Altitude (°) Longitude Elevation Depth (cm) MAGT (°C) Increasing Increasing
() (m) rate in 2016
(°C/year) compared
to 2015 (°C)
QT09 35.72 94.13 4,448 10 -0.88 0.199 0.59
40 -1.07 0.160 0.52
120 -1.20 0.011 0.35
160 -1.21 0.091 0.27
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(A) The stress-strain curve of saturated soil at various temperatures under a confining pressure of 50 kPa. (B) The stress-strain curve at —-1°C and 0°C.
(C) Peak strength of soil under different negative temperatures.
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standard for defining frozen soil from a thermal state (Dobinski,
2011). However, from the viewpoint of frozen soil physics and
mechanics, the definition of freezing temperature T; should be lower
than 0°C. For clay in the permafrost region of the Qinghai-Tibet
Plateau, a standard of —1°C should be set. At this temperature,
the failure mode is already similar to that at normal temperature,
and the strength also decreases significantly, leading to a sharp
decline in slope stability. This change in macroscopic physical
and mechanical properties is attributed to the reduction in pore
ice or the increase in unfrozen water content during the soil
thawing process.

3.3 Active-layer thickness increased as
climate warming

The active layer is a ground layer in permafrost regions that
undergoes annual thawing and freezing, with its thickness (ALT)
being an essential characteristic of permafrost environments
(Dobinski, 2020). The freeze-thaw index is an important parameter
associated with permafrost. It serves as a significant indicator
for assessing the current state and long-term fluctuations of
permafrost, as well as the spatial and temporal variations in
active layer thickness (Riseborough, 2003; Smith et al., 2009).
Thawing index refers to the cumulative value of positive
temperature over time (Wu et al., 2015). ALT can be determined
by applying a modified version of the Stefan solution that
incorporates the thawing index (Nelson and Outcalt, 1987;
Nixon and McRoberts, 1973).

X= 416\]%VTISG

where X is ALT (m), and TISG is the annual thawing index of
surface ground (°C-d) ,k is the diffusivity of soil [em?/s]; L is the
volumetric latent heat of the soil [Cal/cm?]. ALT is an increasing
function of TISG, and with the increase of TISG, ALT will also show
an upward trend.

It is worth noting that the thawing index of surface ground may
vary across different active layer observations. The average value of
the thawing index at QT09 is 601.02°C-d, while at QT05 it is as
high as 1,494.89°C-d. Although there is significant variation in the
specific values of all the observations, the rising and falling trends
of the thawing index in different years are generally consistent.
The thawing index of the surface ground (TISG) in all active layer
observations exhibited an upward trend. The index experienced a
substantial increase and nearly reached its highest point in 2016,
after which it began to decline in the following years (Figure 8A).
Consequently, there was a significant deepening of the active layer
thickness in 2016, nearly reaching the maximum value observed in
recent years.

ALT is also estimated by using linear interpolation of ground
temperatures above and below 0°C, calculated from semimonthly
temperature data obtained through daily ground temperature
measurements (Frauenfeld et al., 2004; Wu and Zhang, 2010b).
ALT along the QTEC has shown a significant upward trend in the
past 10 years. The average thickness of the active layer, based on
all observations, is 197 cm. The maximum thickness of 309.5 cm
was recorded at QT05, while the minimum thickness of 113.7 cm
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was observed at Ch04. The average rate of increase in the active
layer thickness at the four stations was 1.5 cm/year, with slight
variations among the different stations. In 2016, there was a
significant increase in the thickness of the active layer at each
station, which can be attributed to a considerable rise in temperature
along the QTEC during that year. In comparison to 2015, the
thickness of the active layer at all stations increased by an average of
18.5 cm in 2016, surpassing the average rate of increase (Figure 8B).
Notably, Ch04 experienced an increase of 42.83 cm in 2016,
reaching the highest value observed in recent decades. Interestingly,
measurements from the Circumpolar Active Layer Monitoring
network in 2016 indicated that the ALT at all Arctic sites was either
at or close to the maximum level recorded in the past 18-21 years
(Zhao et al., 2020).

3.4 Landslide frequency increasing

The K3035W landslide (Figure 9A) occurred in late September
2010 (Niu et al., 2015). The QT03 observation, located 20 km away
from the landslide, indicated that the active layer thickness (ALT)
reached its highest value in 2010 (Figure 9B), with the deepest
thawing occurring in late September (Figure 9C). A Google Earth
image from October, 2010, clearly shows intact wheel ruts behind
and on the sliding area of the landslide (Figure 9A), providing
evidence that the landslide moved as a whole. This type of landslide
is known as active-layer-detachment and is caused by the thawing
of materials near the permafrost table. Active-layer-detachment
typically occurs during late summer when the active layer reaches
its greatest depth. The headwall of the landslide continued to retreat
from 2011 to 2013 (Niu et al., 2015). Following the active-layer-
detachment, the failure progressed into a retrogressive thaw slump
due to the thawing of ice-rich permafrost or the exposure of
ground ice.

The failures mainly initiated or expanded during the thawing
season between August and November (Luo et al, 2022), so
we collected satellite images of every July in the study area.
Figure 10A illustrates that a single landslide took place in July
2016, suggesting that the landslide occurred prior to 2016. In July
2017, 6 landslides transpired within the same region, indicating
that 5 new landslides emerged between August and October of the
preceding warm season in 2016 (Figure 10B). The combined area of
these 6 landslides in July 2017 amounted to 266,141 m?. Over the
subsequent years, the landslides continued to expand, resulting in
an area of 430,189 m* by July 2022 (Figures 10C, D). This signifies
a 61.6% increase in landslide area over the course of 5 years. Just
like the K3035W, the typical landslides initially failed in the form of
overall active layer detachment, and then the landslides continued
to expand backward in the form of retrogressive thaw slump in the
next few years.

The initiation of failures was concentrated in a specific year
and month, rather than occurring steadily. Our inventory includes
1,298 landslides along the QTEC. Statistical analysis revealed
that there were only 428 failures before 2016. However, in
2016, 621 new failures emerged, constituting 56.6% of the total
number of landslides. In 2017 and 2018, only 55 and 130 failures
formed, respectively. From 2019 to 2021, there were only 16 new
landslides (Figure 11).
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(A) Satellite image of the landslide K3035W on October 2010 (acquired from Google Earth). (B) Annual changes in active layer thickness at the QT03

from 2004 to 2010. (C) Monthly change of active layer thickness at the QTO3 in 2010.

4 Discussion reflection of this process being the permafrost surface. The air
temperature along the QTEC has shown a significant increase over

Permafrost is formed due to a long-term negative heat exchange  the past decade. The MAAT in 2016 reached nearly its highest
between the ground and the atmosphere, with the concentrated  value from 2010 to 2020. The trend of surface ground temperature
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The landslides continued to expand in the following years.
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change closely aligns with the air temperature, suggesting that the
near-surface air temperature is the primary factor influencing the
surface ground temperature. As the atmospheric temperature rises,
it inevitably leads to an increase in the temperature of the surface
soil. The surface temperature of permafrost along the QTEC has
risen significantly in the past decade, with a slightly higher rate of
increase compared to the air temperature. Similarly, the increase
in mean annual ground temperature (MAGT) in 2016, compared
to 2015, was much higher than the average rate of increase. The
temperature near the active layer and the permafrost also exhibited a
rising trend, although the rate of increase was slightly lower than that
of the surface ground. Therefore, the observed changes in permafrost
thermal conditions are generally consistent with the increasing air
temperature. Data from active layer observations along the QTEC
also show that the thickness of the active layer has been on the
rising over the last decade and increased significantly in 2016.
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The above phenomenon are concrete manifestations of permafrost
degradation. As permafrost undergoes gradual degradation,
substantial alterations in soil moisture and thermal conditions
significantly influence vegetation growth and distribution. In the
study area, over 70% of landslides occur within alpine meadow
regions, with alpine meadows comprising 72.4% of areas exhibiting
a significant decreasing trend in vegetation (Jin et al., 2020). The
root systems of alpine meadows play a crucial role in stabilizing the
soil, enhancing its cohesion and structural integrity. However, as
the area of these meadows diminishes, the stabilizing function of
the roots weakens, resulting in a loosening of soil particles and an
increased susceptibility to landslides. Furthermore, the vegetation
within these meadows demonstrates effective water regulation
capabilities, facilitating the absorption of precipitation and the
reduction of surface runoff. The ongoing degradation of permafrost
contributes to the decline of alpine meadows, thereby diminishing
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Number of landslides along the QTEC from 2016 to 2021.

their water regulation capacity and leading to increased surface
water accumulation and saturation in the upper soil layers. This
accumulation ultimately results in a reduction of the soil’s shear
strength. Additionally, the absence of vegetation cover exposes
the soil to direct solar radiation, accelerating permafrost melting
and inducing frequent cycles of expansion and contraction that
compromise soil stability. Collectively, these factors engender an
unstable soil water-thermal cycle, further undermining the soil’s
resistance to sliding.

The significant deepening of the active layer thickness beyond
the historical average indicates a change in soil temperature near
the permafrost table, transitioning from permanently negative to
positive during the warm season. Typically, the soil’s freezing
temperature (T;) is below 0°C. Therefore, a more accurate
understanding of soil freezing and thawing should be based on Ty. As
the temperature rises, the active layer and permafrost start to move
downwards, causing the original permafrost to melt and form a
thawed interlayer. Although the deepened portion of the active layer
may not entirely align with the thawed interlayer, the deepening of
the active layer implies the melting of some perennial frozen soil
near the permafrost table in the warm season.

The K3035W landslide occurred in September 2010. It is
important to note that observations of the active layer 20 km
away from the landslide site indicated that the ground temperature
and active layer thickness reached their highest levels in 2010.
Additionally, the active layer thickness significantly increased
compared to 2009, and in late September, the depth of the
thawing ground reached its maximum. This suggests that in late
September 2010, the perennial frozen soil on the permafrost table
thawed, forming a thawed interlayer, which was the main factor
contributing to the landslide. Initially, the landslide involved the
detachment of the active layer, followed by continuous collapse
and retreat of the headwall, resulting in a retrogressive thaw
slump. In 2016, the air temperature along the QTEC experienced
a sharp rise, reaching a historical high. However, there was no
significant increase in rainfall during that year. In the northern
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and central regions where landslides were predominantly located,
the rainfall in 2016 was even lower than the average annual
precipitation. Between 2008 and 2018, no earthquakes exceeding
magnitude 4 were recorded in the study area (https://www.
usgs.gov/programs/earthquake-hazards). Moreover, remote sensing
analysis indicated that 99.8% of identified landslides were located at
least 1 km away from areas of human activity and rivers. Notably,
the thickness of the active layer in 2016 increased significantly
compared to 2015, resulting in the formation of a thicker thawed
interlayer. Among the 1,298 landslides in the synthesis dataset,
nearly half occurred in 2016, reinforcing the hypothesis that the
development of a thawed interlayer at the active layer permafrost
interface, driven by rising temperatures, is the primary cause of
landslides. Extreme temperatures serve as the direct triggering
factors for landslides in permafrost region. Nevertheless, this study
does not explore the potential trends of landslides in permafrost
area under future climate change scenarios. To address this
limitation, future research should incorporate numerical analysis or
physical modeling techniques to validate the findings of this study
and evaluate how projected climate changes may affect landslide
occurrences in permafrost region. (Fang et al., 2023).

Rising temperatures and the consequent deepening of the
active layer increase the likelihood of slope destabilization, posing
potential risks to the structural integrity of infrastructure along the
QTEC. As the active layer thickens and the thawing index escalates,
substantial ground deformation may occur, diminishing the soil’s
load-bearing capacity and potentially compromising foundational
stability. Given these risks, future infrastructure planning along
the QTEC should integrate designs that are resilient to permafrost
degradation. Key measures include reinforcing foundations,
implementing monitoring systems for early detection of ground
instability, and considering alternative construction materials and
techniques that account for dynamic freeze-thaw cycles. Long-term,
continuous monitoring, alongside proactive mitigation strategies,
will be essential for adapting to the evolving permafrost landscape
in this region.

5 Conclusion

This study systematically investigates the temporal relationship
between rising air temperatures and landslide occurrences in
permafrost regions.

1) Highest recorded value of air temperature in 2016: Over
the past several decades, the permafrost areas along the
QTEC have experienced a steady rise in air temperature,
with the mean annual air temperature (MAAT) in 2016
approaching its highest recorded value. In contrast, annual
precipitation has remained relatively stable, and in 2016,
rainfall was even below the mean annual levels in the northern
and central regions where landslides are predominantly
concentrated. Air temperature emerges as the most critical
factor influencing the thermal state of the surface ground.
Both ground temperature and active layer thickness (ALT)
have shown significant upward trends, with the ALT at each

frontiersin.org


https://doi.org/10.3389/feart.2024.1503980
https://www.usgs.gov/programs/earthquake-hazards
https://www.usgs.gov/programs/earthquake-hazards
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Wei et al.

monitoring station increasing by an average of 18.5 cm in 2016

compared to 2015.
2) Concentration of landslides in 2016: Analysis of the landslide
dataset along the Qinghai-Tibet Engineering Corridor
(QTEC) reveals that nearly 50% of the landslides occurred
in 2016 and the landslide frequency in 2016 significantly
increased, reaching approximately 1.3 times the historical total.
3) Climate warming as the primary inducing factor: The significant
increases in temperature and the concentrated occurrence of
landslides in 2016 indicate that climate warming is the principal

factor inducing landslides in permafrost regions.

The findings of this study provide robust empirical evidence
linking climate warming to increased landslide activity in
permafrost regions. They offer valuable insights into the
mechanisms and processes by which rising temperatures and
permafrost thaw contribute to slope instability. However, this
research does not extensively explore the physical mechanisms
underlying temperature-induced slope instability. Future studies
should focus on investigating these physical processes and assessing
the impact of landslide events on permafrost degradation. Such
research would provide a scientific foundation for the prediction
and prevention of landslides in permafrost regions.
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