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A B S T R A C T   

An active-layer detachment slide (ALDS) occurred on September 21, 2018, in the Fenghuoshan mountains of the 
Qinghai-Tibet Plateau (QTP) (34◦39.1′N, 92◦53.5′E). With the Sentinel-1A image from Copernicus Open Access 
Hub, we use small baseline subset to achieve the time series deformation map to analyze the thermo-spatial creep 
feature, motion pattern, trigger mechanism, and correlation of environmental changes in the ALDS. The SBAS 
(the Small Baselines Subset) results show that the trailing part of ALDS has the largest downward deformation 
rate; however, the leading area was small, and the creep feature shows a clear seasonal change corresponding to 
the freeze-thaw cycle. We also divide the motion pattern into three stages: moderate creep, steady creep, and 
rapid collapse, based on the deformation rate. Meteorological observation and reanalysis data, as well as 
borehole data, show that heavy precipitation in the summer of 2017 and 2018 promote the formation of un-
derground ice, while high air temperatures allow the thaw plane to reach the ice-rich zone, and confined water 
generated by the two-way freezing process result in ALDS. Moreover, there exists a temporal delay of approxi-
mately one month in the association between deformation rate and both precipitation and temperature. 
Furthermore, there is a clear correlation between variations in thawing depth and deformation, which serves as 
the primary catalyst for ALDS in permafrost regions. Finally, we also identify that ALDS is a mixed-type landslide 
and that cumulative deformation and creep damage play the main roles in triggering ALDS.   

1. Introduction 

Large-scale traditional energy consumption and the greenhouse ef-
fect caused by human activities have contributed to global warming 
(Guo et al., 2023; Yu et al., 2023). The permafrost has been degrading 
rapidly under a warming climate (Nelson et al., 2001; Ma et al., 2006; 
Schaefer et al., 2011; Niu et al., 2016; Liljedahl et al., 2016; Chadburn 
et al., 2017; Peng et al., 2018). Numerous thermokarst features, 
including active layer detachment slides, retrogressive thaw slumps, and 
thermokarst lakes, have been discovered and extensively documented in 
permafrost regions worldwide (Lewkowicz, 2010; Zwieback et al., 2017; 
Niu et al., 2012, 2016; Luo et al., 2019; Li et al., 2019). QTP is one of the 
most climatic sensitive places in the global and the regional climate 
features with the amplification of global warming (Wu et al., 2013; Ran 
et al., 2018; Song et al., 2014; Sun et al., 2015). Recently, rising air 
temperatures and precipitation on the QTP have led to an increase in 

slope failures which may endanger buildings and engineering structures 
such as the Qinghai-Tibet railway, Qinghai-Tibet highway and other 
projects, significantly endangering the lives and property lives and 
property (Niu et al., 2016; Luo et al., 2019; Li et al., 2019; Guo et al., 
2021; Jiang et al., 2022). 

The phenomenon known as ALDS refers to a type of shallow landslide 
that occurs within permafrost environments (Lewkowicz and Harris, 
2005a, 2005b). This event is characterized by the downward movement 
of the active layer, which slides over the underlying permafrost layer. It 
is most prevalent in ice-rich environments (Niu et al., 2016; Jiang et al., 
2022). High temperatures and heavy precipitation in the summer are 
usually responsible for their development on slopes that are relatively 
gentle (Jorgenson and Osterkamp, 2005; Kokelj et al., 2013; Niu et al., 
2016; Jiang et al., 2022). The ALDS in permafrost is different from slope 
failure in general areas due to the exceptional structural geological 
features of freezing soil, which normally occurs following the 
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underground ice surface or freeze-thaw surface (McRoberts and Mor-
genstern, 1974; Lewkowicz and Way, 2019; Costard et al., 2021; Niu 
et al., 2016; Yin et al., 2021). The creep characteristics of the landslides 
in permafrost regions are remarkable because of the rheology of the 
frozen soil. The ice-rich frozen slope will creep downward, and long- 
term creep is inevitable to cause active-layer detachment slides (Niu 
et al., 2016; Kokelj et al., 2013; Sun et al., 2017; Jiang et al., 2022). 
Nevertheless, the recording of the long-term creep process of individual 
landslide sections is seldom applied due to the constraints of conven-
tional landslide monitoring applications. 

InSAR, an effective approach, is employed for investigating land 
surface displacements with great precision (Massonnet and Feigl, 1998; 
Berardino et al., 2002). When comparing with conventional methods 
such as Global Navigation Satellite System (GNSS) and optical remote 
sensing, InSAR stands out as a highly accurate and widely encompassing 
method for monitoring and detecting landslides that move slowly. Its 
effectiveness is attributed to its extensive spatial coverage and ability to 
acquire data over long periods regardless of weather conditions (Cigna 
et al., 2014; Wasowski and Bovenga, 2014; Zhang et al., 2016; 
Calvelloet al., 2017). The capacity to identify instances of rapid land-
slide deformation and examine correlations with a variety of triggers is 
an additional advantage that may be gained from analyzing displace-
ment time series that are provided by InSAR (Li et al., 2020). The InSAR 
algorithms effectively mitigate and rectify the spatial-temporal decor-
relations and atmospheric delays (Ferretti et al., 2001; Berardino et al., 
2002; Hooper et al., 2004; Ferretti et al., 2011) and have been frequently 
employed in identifying potential landslide and measure landslide sur-
face deformation (Wasowski and Bovenga, 2014; Novellino et al., 2017; 
Zhang et al., 2018; Ambrosi et al., 2018; Li et al., 2020). In recent years, 
the application of InSAR technique for the detection of surface defor-
mation and thermokarst landslides has been increasingly utilized in 
permafrost environments (Chen et al., 2012; Zhao et al., 2016; Zhang 
et al., 2019; Hao et al., 2019). Nonetheless, previous studies primarily 
concentrated on the utilization of the InSAR technique for the detection 
and analysis of permafrost surface deformation (Zhang et al., 2019), and 

limited studies integrate time-series of InSAR to examine the peculiar-
ities of slope creep and its primary trigger in permafrost regions. 

In this study, we first described a representative ALDS that occurred 
in the Fenghuoshan Mountains on September 21, 2018. we used freely 
available SAR data (Sentinel-1A) between 2014 and 2018 to identify and 
monitor ALDS in the Fenghuoshan Mountains, Qinghai-Tibet Plateau. 
After that, the SBAS method was utilized to extract the creep process of 
the ALDS in the Fenghuoshan Mountains. This method is applicable in 
both rural and urban regions (Wasowski et al., 2014; Reyes-Carmona 
et al., 2020). We also analyzed the spatial-thermal feature of the slope 
creep, and investigated the relations between creep and precipitation, 
air and ground surface temperature, and the hydro-thermal dynamic 
process of the active layer. Finally, we revealed the major triggers and 
developing mechanisms of the ALDS. 

2. Study area and data 

2.1. Study area 

The study site is located in the Fenghuoshan Mountains (Fig. 1), 
characterized by an elevation range of 4612 m.a.s.l to 5300 m.a.s.l, and 
an average elevation of around 4700 m.a.s.l (Jiang et al., 2022). January 
is the coldest month, with monthly average temperature about − 15 ◦C, 
while July and August are the warmest, with monthly average temper-
ature reaching about 9 ◦C and mean annual air temperatures (MAAT) 
ranging from − 5.0 to − 6.0 ◦C (Luo et al., 2019). Annual precipitation in 
the region fluctuates between 300 and 400 mm, with the majority of 
precipitation falling between June and September. Observed data from 
the Fenghuoshan Mountain Permafrost Observational Station which is 
located 9 km north of the ALDS site, shows that summer precipitation in 
the region significantly increased from 2004 to 2018, significantly from 
2006 to 2018 (Jiang et al., 2022). The main type of plant found in the 
study region is alpine grassland. According to the findings of Jiang et al., 
2022, the investigated region exhibits a range of active layer thickness 
(ALT) values spanning from 0.7 to 3.6 m, along with a mean annual 

Fig. 1. Location of the study area and site of ALDS in the Fenghuoshan mountain. GCPs are the ground control points used in SBAS method to refine orbits and 
calculate phase offset. 
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ground temperature (MAGT) ranging between 0.4 and 3.6 ◦C. The re-
gion’s permafrost is characterized by an abundant volume ice content, 
with 70 % of it containing over 30 % ice and 20 % having more than 50 
%. The thickness of the permafrost in this region varies from 20 to 80 m 
(Niu et al., 2016; Luo et al., 2019). 

2.2. ALDS in Fenghuoshan Mountains 

On September 21, 2018, ALDS occurred in Fenghuoshan Mountain 
and posed a direct threat to the Qinghai Tibet Railway (Fig. 2). The 
results of the study survey reveal that the ALDS is 145 m in length and 
46 m in width, and the head scarp is 2.2–2.5 m high (Fig. 2d). The up-
slope of the non-sliding zone behind the head scarp is tension fractures 
flowing parallel to the scarp (Fig. 2c). The slope gradient varies between 
4.8 and 9.0◦, with an average gradient of 6.8◦ (Fig. 2e). In line with the 
finding of previous studies, landslides in permafrost tend to occur on 
moderate slopes (Ma et al., 2006, Niu et al., 2016; Luo et al., 2019). 
Based on the borehole information provided by Jiang et al., 2022, the 
active layer measures approximately 2.4 m in depth, with the freeze- 
thaw interface primarily consisting of clay and silty clay textures. 
Moreover, it is worth noting that underground harbors a considerable 
amount of solidified water, extending from the lower boundary of the 
active layer to at least depth of 5 m (Jiang et al., 2022). 

2.3. Data 

2.3.1. Satellite SAR and ancillary data 
Given the scarcity of available descending images, we have opted to 

utilize ascending C-band SAR data obtained from the Sentinel-1 A sat-
ellite during the period spanning from January 2014 to September 2018. 
Table 1 shows the primary parameters of the Sentinel 1A. Additionally, 

precision orbit determination (with an accuracy of less than 5 cm) was 
collected in the InSAR processing for orbit error correction (Zheng 
et al.,2022). The SAR data and precision orbit determination were 
downloaded in the EARTHDATA (https://search.asf.alaska.edu/). The 
Shuttle Radar Topography Mission (SRTM) digital elevation model, 
which was obtained in the Geospatial Data Cloud (https://www. 
gscloud.cn/) was utilized for the estimation and elimination of the 
topographic phase. Fig. 3 displays the combination of 325 final 

Fig. 2. Pictures of ALDS (Referenced from Jiang et al., 2022). (a) mud slurry. (b) compression ridges. (c) head scarp. (d) tension cracks. (e) ALDS.  

Table 1 
Detailed parameters of Sentinel-1A data.  

Parameter Value 

Orbit direction Ascending 
Microwave band C-band 
polarization VV 
Repeat cycle 12 d 
Incidence angle 39.8◦

Resolution (slant range, azimuth) 2.3 × 13.9 m 
Temporal coverage October 2014 to September 2018 
Number of frames 84  

Fig. 3. Spatiotemporal baselines of interferograms. We removed interfero-
grams with low coherence and heavy unwrapping error. The black plot is the 
super master image. 

Table 2 
Detailed parameters of meteorological data and reanalysis data.  

Data source Variables 

Meteorological 
data 

Air temperature (sensor model is HMP45C, accuracy ±0.1 ◦C, 
from 2015 to 2018) 
Precipitation (sensor model is t-200b, accuracy ±1 %, from 
2015 to 2018) 
Soil water content (accuracy ±0.03, from 2015 to 2018) 
Soil temperature of the borehole (from 2015 to 2018, at the 
depths of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 m) 

Reanalysis data Ground surface temperature (with a resolution of 1 km, from 
2015 to 2018) 
Precipitation (with a resolution of 1 km, from 2015 to 2018)  
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interferograms for SBAS analyses, generated by merging images of 
Sentinel-1A with temporal baselines (≤120 d) and max spatial baseline 
(≤160 m). Lastly, we acquired a Gaofen-2 optical remote sensing im-
agery (with a resolution of up to 0.8 m) for December 2019 (Fig. 5b) 
from the Natural Resources Satellite Services Platform (https://www. 
sasclouds.com/) to locate ALDS’s slide boundary. 

2.3.2. Meteorological data 
We acquired observed meteorological data (Table 2) from Beiluhe 

weather station (Chen, 2018) and reanalyzed data (Table 2) from the 
National Tibetan Plateau Data Center (Zhou et al., 2021; Peng, 2019) to 
conduct an investigation into the creep characteristics and mechanism 
of the ALDS. Additionally, the soil temperature obtained from a borehole 
located 2 km away from the Beiluhe weather station was utilized in the 
subsequent analysis. Python was utilized to manage the reanalysis data, 
while thaw depths were determined by employing linear interpolation 
to estimate daily soil temperatures within the range of 0 ◦C. 

3. Method 

3.1. SBAS time series analysis 

We processed the Sentinel-1A data with the multi-look factor of 1 in 
azimuth and 4 in range to reduce pixelated noise (Gong et al., 2019). The 

Goldstein filtering method was employed in our study, where we 
established a minimum signal-to-noise threshold (SNR) value. This 
approach effectively enhanced the visibility of fringes and mitigated the 
noise caused by temporal or baseline-related decorrelation (Goldstein 
and Werner, 1998; Baran et al., 2003). We chose the CTs (coherence 
points) with coherence larger than 0.4 to phase unwrapping, and the 
correlation of corresponding pixels of the two SAR images should be 
calculated by Eq. (1). The Minimum Cost Flow algorithm was employed 
for unwrapping interferograms to address the ambiguity associated with 
the 2π phase wrapping (Pepe and Lanari, 2006). Eq. (2) could be used to 
estimate the unwrapped differential interferometric phase: 

γ =
E
{

S1.S*
2

}

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E
{
|S1|

2 }
.E
{
|S2|

2 }
√ (1)  

where γ is correlation, which ranges from 0 to 1. E{} Indicates aver-
aging. S1 is the corresponding pixels of the two SAR images. * represents 
the conjugate multiplication. 

Δϕi(x, y) = ϕ(t2, x, y) − ϕ(t1, x, y) = Δϕdisp + Δϕtopo + Δϕatm + Δϕnoise

≈
4π
λ
[d(t2, x, y) − d(t1, x, y)] +

4πB⊥k

λRsinθ
Δz +

4π
λ
[datm(t2, x, y) − datm(t1, x, y)]

(2)  

where Δϕi(x, y) is interferometric phase.ϕ(t1, x, y) and ϕ(t2, x, y) are 

Fig. 4. The conversion index and downslope deformation rate map. (a) Conversion index. (b) Deformation rate of downslope direction in the study area. (1), (2), (3) 
and (4) are the images achieved in Google Earth, and the annual average downslope creep rates are − 80, − 70, − 65, and − 55 mm/year, respectively. 
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interferometric phases at moments t1 and t2. λ is wavelength. θ is radar 
incident angle. B⊥k is the perpendicular baseline of interferograms. R 
denotes the distance from the ground target to the satellite. Δϕdisp is the 
deformation phase in the satellite’s LOS (line of sight) direction. Δϕtopo is 
the phase contribution caused by the inaccuracy of the terrain data, 
which can be minimized using high-resolution digital elevation model 
(DEM) (Tong and David, 2016). In addition, we reduced the topography 
error by estimating the residual topography height. Δϕatm denotes the 
atmospheric delay, comprising of ionospheric and tropospheric 
competent (Gray et al., 2000). The ionospheric component is frequently 
observed in L-band SAR systems, whereas it is infrequently observed in 
C-band SAR systems (Fattah and Amelung, 2015). Hence, we do not 
consider an ionospheric delay. Eq. (3) can be used to estimate and 
separate the tropospheric component using a quadratic model (Xu et al., 
2013). Δϕnoise consists of thermal noise, decorrelation noise, and other 
noises. 

β(x, y) = a0 + a1x+ a2y+ a3xy+ a4x2 + a5y2 + a6η(x, y) (3)  

where β is the tropospheric delay, η is the elevation, ai denotes unknown 
coefficients. 

3.2. Transforming LOS measurements into the downward direction 

The InSAR method normally detects the deformation of the LOS di-
rection. We transformed LOS into downslope by considering the geom-
etries of the satellites and the terrain parameters (slope, aspect) using 
Eq. (4) (Schlgel et al., 2015). 

Vslope =
Vlos

εindex
(4) 

εindex can be formulated as below (Eq. (5) (Notti et al., 2014). 
⎧
⎪⎪⎨

⎪⎪⎩

εindex = nlos × nslope
nlos = (− sinθcosα, sinθsinα, cosθ)

nslope = (− sinβcosφ, − cosβcosφ, sinφ)
if , 0 < |εindex|⩽0.2, εindex = 0.2, otherwise, εindex = realvalue

⎫
⎪⎪⎬

⎪⎪⎭

(5)  

where nlos is the unit vector in LOS direction, nslope is the unit vector in 
downslope direction, θ and α are the incidence angle and the track angle 
respectively, β and φ represent the slope aspect and slope angle. The 
deformation rate conversion is dependent on converting index, as 
demonstrated by Eq. (5). Aspect and radar look vectors can be angled 
acutely or obtusely, so the conversion index factor can have a positive or 
negative value. However, when the conversion index approaches 0, the 
deformation rate down the slope approaches infinity (Schlgel et al., 
2015). To avoid this situation, we replaced the value of the index greater 
than or equal to zero and less than 0.2 by 0.2 and the value of the index 
less than zero and greater than − 0.2 by − 0.2. Fig. 4 shows the conver-
sion index and downslope deformation rate map. 

3.3. Slope stability calculation 

In the slope of the permafrost area, underground ice is generally used 
as an impermeable layer to make the seepage direction of groundwater 
above the upper limit approximately perpendicular to the ice surface 
(Niu et al., 2016). The slope safety factor of permafrost areas could be 
determined using the infinite slope model and the principle of effective 
stress, as shown in Eq. (6) (Niu et al., 2016): 

FS =
c, + [(1 − m)γ + m(γsat − γw)]zcos2αtanψ′

[(1 − m)γ + mγsat]zsinαcosα (6)  

where m is the ratio of height of the water table above the slip surface to 
the slip surface’s depth, ψ , is the effective frictional angle (◦), γ is the 
weight of the soil located above the groundwater level (kN/m3), γsat is 
the weight of saturated soil (kN/m3), z is vertical depth of the slip sur-
face (m), γw is the weight of water (kN/m3), α is the angle of slope (◦), c,

is effective cohesion (kPa). 

4. Results 

4.1. Spatial deformation patterns of ALDS 

Using advanced SBAS method helps to better illuminate the 

Fig. 5. Deformation rate of ALDS. (a) The average deformation rate in the downslope direction for ALDS. The dashed black line of AB denotes profile locations. The 
solid black lines divide the ALDS into three sections: the trailing part, the middle part, and the leading part. The blue triangle represents the time series point. (b) 
High-resolution satellite imagery of the region from Gaofen-2. The white line compasses the sliding area. 
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deformation patterns of the ALDS. To uncover the spatial–temporal 
characteristics of the ALDS, we have generated a deformation rate map 
of ALDS in the downslope direction, as illustrated in Fig. 5. Our analyses 
show that deformation rate in the trailing part is the largest, whereas the 
leading part’s area of the ALDS is relatively small (Fig. 5). The above 
deformation feature differs from traditional pull-type landslides (Zhou 
et al., 2020). In addition, we detect distinct deformation signals near the 
landslide boundary, but these regions are not slides, which are created 

by frozen soil thawing and settlement. InSAR could simultaneously ac-
quire these two signals. 

To further study spatial deformation patterns of the ALDS, we extract 
the deformation rate by the downslope deformation map along profile A- 
B, as shown by the dotted lines in Fig. 5. Fig. 5 shows that profile A-B is 
approximately 260 m long, stretching from the head scarp to the toe of 
the ALDS. The ALDS can be separated into three parts in space based on 
the change in velocity of the A-B profile: the trailing part has the 

Fig. 6. Annual average deformation rate along the downslope direction of profile AB marked in Fig. 1. The red dashed line divides the deformation rate into three 
parts: the trailing part, the middle part, and the leading part. The error bars depict the annual deformation rate standard deviations. 

Fig. 7. Development of accumulative downslope deformation on the ALDS from January 19, 2015, to August 31, 2018. The white line represents the sliding 
boundary. The SAR image of reference is captured on October 27, 2014. 
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maximum sliding velocity, the middle part follows in the second, and the 
leading part has the lowest sliding velocity (Fig. 6). The trailing, middle, 
and leading parts have a typical deformation rate of − 83, − 69, and − 46 
mm/year, respectively. In addition, the upslope section’s deformation 
rate is relatively slower than that of the internal ALDS (Fig. 6). 

4.2. Temporal deformation patterns of the ALDS 

The temporal deformation pattern of ALDS shows significant inter-
annual difference (Fig. 7). The deformation rate of the ALDS is slow from 
January 2015 to January 2016, but accelerates from January 2016 to 
January 2018, and intensifies substantially after January 2018. Tension 
fractures form after the sliding body moves, and the development of 
tension cracks will promote water infiltration which grows as precipi-
tation increases. The variations in water infiltration led to changes in 
both the shear strength and pore water pressure near the sliding surface 
(pore water pressure rises and shear strength falls as infiltration in-
creases), which will eventually result in interannual differences in the 
deformation patterns (Fig. 7). 

There are pronounced seasonal deformation characteristics in the 
ALDS compared with landslides occurring in the non-permafrost region 
(Fig. 8). The ALDS is most active during the thawing season, with no 
noticeable deformations during the freezing season (Fig. 8). The above 
deformation characteristic represents a departure from ordinary land-
slides. Soil freeze–thaw cycle and periodic atmospheric (precipitation 
and air temperature) alternation (Fig. 9) are the primary reasons for 
seasonal deformation. During the thawing period, soil moisture 

increases due to high-temperature (Fig. 9a) melting and concentrated 
precipitation (Fig. 9b), leading to a decrease in shear strength and in-
crease in deformation rate. Conversely, the soil freezes gradually under 
the action of negative temperature (Fig. 9a). The decrease in slope 
deformation rate is associated with an increase in soil shear strength in 
the freezing period. 

4.3. Dynamics of ALDS 

To investigate the dynamics of the ALDS, we select three points 
(which are located at the middle of each section) (labeled in Fig. 1) of 
the ALDS to generate time series (Fig. 10) showing that the landslide 
consists of three distinct stages: moderate creep stage, steady creep 
stage, and rapid collapse stage. 

Moderate creep stage: During the disturbance of external condi-
tions such as climate change and slope toe digging, the active layer lowly 
creeps under the influence of gravity from January 2015 to May 2016 at 
an average deformation rate of 2.6 mm/month. High-resolution optical 
remote sensing images cannot identify this stage due to the tiny tension 
cracks, but InSAR technology can detect this slow creep (Fig. 10). 

Steady creep stage: In this stage, average deformation rate is 10.1 
mm/month and the slope is equalized under the impact of friction in this 
stage. This stage lasted from May 2016 till April 2018. As tensile cracks 
develop, precipitation infiltration, and heat conduction rise, as does the 
thawing and deformation rate of the slope. Since this stage occurs before 
slope failure, it is a crucial monitoring phase for early warning of 
landslides and has great significance for warning of ALDS. 

Fig. 8. Time series deformation maps of accumulative downslope deformation on the ALDS from January 14, 2016 to September 12, 2018. The white line represents 
the sliding boundary. The SAR image of reference was captured on January 19, 2015. 
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Rapid collapse stage: This stage lasted from April to August 31, 
2018, with an average deformation rate of 33.5 mm/month. The 
deformation rate in this stage increases dramatically. When the shear 
strength reaches the critical value, the failure of slope occurs. Moreover, 
we can also use this dramatic acceleration stage as an important indi-
cator for ALDS warning. 

5. Discussion 

5.1. Causal analysis of ALDS 

In general, extreme precipitation events (McConchie, 2004; Hawke 
and Mcconchie, 2011) are the primary cause of the landslide, whereas, 
in permafrost areas, Temperature also plays an essential role in the 
formation of landslides. Based on meteorological and borehole data, the 
positive accumulated air temperature and ground surface temperature 
make 2018 the second warmest thaw season in the four-year period, 

Fig. 9. Meteorological information during 2010–2018. (a) Daily air temperature variations during 2010–2018. (b) Daily precipitation variation. The black dashed 
lines represent the time when the ALDS occurred. The gray bars represent the timespan of the study. 

Fig. 10. Incremental displacement of three time series points labeled in Fig. 1. The red dashed line divides the accumulative displacement curve into three stages: 
moderate creep stage, steady creep stage, and rapid collapse stage. 
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Fig. 11. (a) Accumulated positive temperature at Beiluhe weather station and National Tibetan Plateau Data Center (2015–2018). (b) The monthly average tem-
perature at Beiluhe weather station. (c) Daily temperature and accumulative temperature at Beiluhe weather station from June to September 2018. The ALDS 
occurred at the time indicated by the red dashed line. (d) The monthly average temperature at National Tibetan Plateau Data Center. 

Fig. 12. (a) Annual accumulation precipitation at Beiluhe weather station and National Tibetan Plateau Data Center (2015–2018). (b) Monthly precipitation at 
Beiluhe weather station. (c) Daily and accumulative precipitation at Beiluhe weather station from June to September 2018. The ALDS occurred at the time indicated 
by the red dashed line. (d) Monthly precipitation at National Tibetan Plateau Data Center. 
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nearly identical to 2016 (Fig. 11). The annual accumulative precipita-
tion from 2015 to 2018 increased with the maximum cumulative pre-
cipitation of 478 mm measured in 2018, followed by 461 mm in 2017. In 
addition, the average monthly precipitation from July to September 
2018 is higher than in other years (Fig. 12bd). Therefore, 2018 is 
marked by both heavy precipitation and warm temperatures in the 4- 
year period, which lead to ALDS in the region (Jiang et al., 2022). 
Large-scale precipitation and high air temperatures are mainly focused 
on the two-month preceding the slope failure (Fig. 11c, Fig. 12c), indi-
cating that precipitation and high temperatures did not directly cause 
the landslide. In addition, the thawing depth and soil water content 
(volumetric content) at 2.4 m from July to September 2018 are greater 
than those in other years (Fig. 13bc). 

Although high air temperature and precipitation do not directly 
cause the landslide, they alter the convective heat transfer in the active 
layer (Jiang et al., 2022), further leading to an increase in thawing depth 
and soil moisture content at the base of the active layer. Meanwhile, a 
significant amount of underground ice forms at the base of the active 
layer during the freezing season due to elevated levels of precipitation in 
2017 (Lewkowicz and Harris, 2005a, 2005b), which thaw in the warmer 
months of 2018. Furthermore, the alteration of the 0 ◦C isotherm (as 
depicted in Fig. 13a) illustrates that once the maximum thawing depth is 
reached, freezing commences both from the bottom of the active layer 
upwards and from the top downwards. This two-way freezing process, 
which can, on the one hand, encourage underground ice form and, on 
the other hand, alter the water from weight water to confined water 
when the ground surface freezes downwards, producing excessive pore 
water pressure, also contributes to slope instability in permafrost envi-
ronments (Yang et al., 2017; Hao et al., 2023). 

5.2. Correlation of triggers and ALDS movement 

To explore the relationship between ALDS movement and triggers, 
we compare air temperature, precipitation, and thawing process with 
the deformation acquired by InSAR for the observation point TP01 
(Fig. 1). We use daily air temperature and precipitation measurements to 
calculate the values during the same periods as the InSAR observations. 
After that, we compare extracted values with the cumulative displace-
ment and deformation rate for each epoch obtained from InSAR 
(Fig. 14). 

We find significant correlations between the thawing process, pre-
cipitation, accumulative air temperature, and deformation rate. During 
the thawing season, the deformation rate increases in corresponding the 
rise of air temperature (Fig. 14b), precipitation (Fig. 14a) and thawing 
depth (Fig. 14c), ultimately diminishing the shear strength at the sliding 
surface and raising the sliding force (weight of the landslide bodies) 
(Iverson, 2000; Jiang et al., 2022), result in the increase of deformation 
rate (Fig. 14). However, in the freezing season, the soil gradually freezes 
under the action of negative air temperature (Fig. 14b). The decrease of 
deformation rate reflects in a corresponding rise in shear strength rises 
due to soil freezing process (Jiang et al.,2022). We also find the defor-
mation rate of the ALDS is extremely congruent with precipitation and 
temperature with a delay of approximately one month due to the lag of 
heat transfer and precipitation infiltration, while the thawing depth is 
compatible with the change in deformation rate. Quantitatively, we put 
forward the relationship among precipitation, air temperature and 
deformation rate to investigate the causal relationship further. There are 
0.32 and 0.43 correlations between deformation rate and precipitation 
and temperature (Fig. 15a, Fig. 15b), and the correlation of deformation 
rate and thawing depth is 0.58 (Fig. 15c), which indicates thawing depth 

Fig. 13. (a) Isotherm acquired by borehole soil ground temperature at different depths. The red line represents 0 ◦C isotherm. (b) Thawing depth acquired by 0 ◦C 
isotherm. (c) The monthly soil water content (volumetric content) at Beiluhe weather station. 
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change is more likely to be the primary trigger of ALDS movement in our 
study case. Moreover, we discovery two evident acceleration periods in 
which the first instance of accelerated moving on the ALDS in 2016 links 
with elevated air temperatures during the thawing season (Fig. 11a). 
The second acceleration episode correlates with high temperature and 
precipitation (Fig. 11a, Fig. 12a) in the thawing season of 2018. 

5.3. Analysis of landslide mechanism 

5.3.1. Migration process and classification 
Based on the temporal deformation map of the ALDS obtained by 

InSAR (Fig. 7), we capture the development process of the ALDS. The 
deformation first occurs at the leading part of the slope, while neither 
the trailing nor middle part of the slope exhibit significant sliding 
(Fig. 7a) at this stage. This deformation difference will generate tensile 
cracks at the junction, accelerating precipitation infiltration, heat 
transfer and underground ice melting in the trailing and middle part, 
further promoting the trailing and middle interests of the slope to start 
sliding (Fig. 7b). The upper portion of the landslide trailing edge is 
relatively stable at this stage. The deformation difference leads to tensile 
cracks at the junction of the landslide trailing edge, which accelerates 
the sliding of the trailing part of the slope (Fig. 7c, Fig. 7d). Additionally, 

Fig. 14. The correlation among sub-sampled incremental precipitation, sub-sampled incremental precipitation, thawing depth, and deformation rate acquired by 
InSAR for the observation site TP01 (labeled in Fig. 1), The time period of the sliding acceleration is represented by the gray bars, and the gaps from the peak of 
precipitation to the point of sliding acceleration is represented by the blue arrows. 
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the development of fractures will be accelerated by the increase in 
deformation differences between the trailing and middle part of the 
ALDS and the upper area of the trailing edge, significantly accelerating 
the deformation of the trailing and middle parts of the sliding mass 
(Fig. 7e). The ALDS is not a traditional pull-type or push-type landslide 
based on the analyses of migration process. In the slow creep stage, it 
manifests itself as a pull-type landslide (Fig. 7a); in the accelerated creep 
and ring-breaking stages, it manifests as a push-type landslide (Fig. 7c, 
Fig. 7d, Fig. 7e). It is a mixed-type landslide caused by deformation 
differences in the different migration process. 

5.3.2. Analysis of slope stability 
Water table in the active layer is dependent on precipitation. We 

presume that September’s water table remains constant due to the 
relatively low precipitation in September from 2015 to 2018 (Fig. 12b, 
Fig. 12d). Using Eq. (6), we calculate the safety factor corresponding to 
the maximal depth of melting in September from 2015 to 2018. Table 3 
displays the safety factor and deformation rate (TP01). The table shows 
that in September 2018, the deformation rate dramatically accelerated, 
with an increase of 154 %, while the safety factor decreased slightly in 
September 2018, with a decrease of 6.2 %. This indicates that the 

cumulative effect of deformation and creep damage may be the leading 
reason for slope instability in the study region. Cumulative deformation 
will encourage the formation of fissures, accelerate the melting of un-
derground ice, further raise the penetration of precipitation, and weaken 
the shear strength of sliding surfaces (Tong and David, 2016). Moreover, 
once the displacement of frozen soil surpasses a specific threshold and 
exceeds the limit of strain damage, the frozen soil transitions into a stage 
characterized by accelerated creep, leading to internal structural dete-
rioration. Once the damage level surpasses a certain threshold, the 
frozen soil movement rate increases abruptly, which leads to the failure 
of the slope (Shi et al.,2020; Li et al., 2018). 

6. Conclusion 

This study utilizes SBAS to determine the creep characteristics of 
ALDS in the Fenghuoshan Mountains. From 2014 to 2018. The thermal- 
spatial deformation and motion patterns are examined using the 
Sentinel-1A data. In addition, the mechanism of ALDS and the rela-
tionship between the rate of deformation and triggers are investigated. 
We conclude that: 

(1) The deformation rate of ALDS presents a distinct seasonal vari-
ation pattern in the thermal dimension; the deformation varies 
substantially among different parts of ALDS.  

(2) Movement of ALDS in regions of permafrost can be separated into 
three stages.: moderate creep stage, steady creep stage, and rapid 
collapse stage based on the deformation rate. The accurate 
identification of the steady creep stage is essential for early 
warning of the ALDS. 

Fig. 15. The correlations between deformation rate and (a) precipitation, (b) incremental temperature, (c) thawing depth for each InSAR epoch (P < 0.05).  

Table 3 
Deformation rate (mm/month) and Safety factor for September from 2015 to 
2018.  

Year 2015 2016 2017 2018 

Deformation rate  − 15.2  − 24.2  –23.6  − 60.3 
Safety factor  1.1356  1.0977  1.0961  1.0273  
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(3) Heavy summer precipitation in 2017 and 2018 contributed to the 
development of underground ice while high air temperature 
causes the thaw plane to reach the ice-rich zone, and confined 
water induced by the two-way freezing process resulted in ALDS.  

(4) Thawing depth is generally consistent with the variation in 
deformation rate, and the relationship between deformation rate 
and precipitation and air temperature has a one-month time 
lapse, indicating that thawing depth variations is the direct 
trigger of ALDS.  

(5) The ALDS is a mixed-type landslide (combined with pull-type and 
push-type landslides) caused by deformation differences in 
various migration parts, with the cumulative effect of deforma-
tion and creep damage playing important roles in triggering 
ALDS. 

In summary, this study provides a methodical procedure that em-
ploys the InSAR technique for deformation monitoring, creep model 
analysis, trigger factor confirmation, and mechanism examination of 
ALDS occurred in the permafrost regions. This procedure is well relevant 
for the creation a system of early warning for landslides that occur in 
permafrost regions under extreme weather conditions. 
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