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Abstract The elevation dependence of climate change is une-
quivocal. Landslides (slides and debris flows) are the key mark of
climate change acting on the land cryosphere, and they can pose a
severe threat to the downslope or downstream community. How-
ever, whether there is an elevation dependence of landslide activ-
ity caused by climate change is unknown. In this study, Taxkorgan
County in the eastern Pamirs was designated as the target area
for studying the elevation dependence of shallow landslide
activity. The volume and number of landslides have gradu-
ally increased over the last 20 years as the climate has become
warmer and wetter. Small-sized (<50 X 10*> m3) slides induced
by torrential rainfall are concentrated in areas below the o °C
isotherm curve, while larger volume (> 50 x 10> m?) debris flows
caused by the maximum temperature are distributed in areas
above the o °C isotherm curve. Moreover, the landslides induced
by climate change in the study area have a significant elevation
dependence. In particular, the number and volume of debris flow
affected by the maximum temperature in the areas above the o °C
isotherm curve gradually increase with elevation. In the future
(2020-2049), more small-sized slides will occur below the o °C
isotherm curve as the climate continues to become warmer and
wetter. The number and volume of the large-volume debris flow
in the regions above the o °C isotherm curve will continuously
increase with elevation. Our findings suggest that identifying
and predicting the volume, number, and triggering factors of
landslides within different elevation intervals should contribute
to the more accurate assessment and management of landslide
risks at the regional scale.

Keywords Landslides - Elevation dependence - Climate change -
Eastern Pamirs

Introduction

The fact that the Earth’s climate system is warming and that this
warming is amplified at high elevations is unequivocal (Pepin et al.
2015; Yao et al. 2016), and the fact that climate change affects the
stability of natural and engineered slopes and impacts landslides
is also undisputable (Shi and Xu 2008; Ohmura 2012; Haeberli and
Whiteman 2015). The variations in the size, number, and inducing
factors of landslides at high elevations are due to global warming
(Hock et al. 2019).

A landslide is a mass movement erosion process acting on
natural and engineered slopes. They occur worldwide and play
an important role in geomorphic evolution. Landslides can be
triggered by various mechanisms, including precipitation, snow-
melt, temperature changes, seismic shaking, volcanic activity, and
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various human activities (Allen et al. 2016; Zaginaev et al. 2016). In
the high mountains in Asia, which are characterized by low pre-
cipitation, sparse vegetation, and fragile ecosystems, landslides
have exhibited accelerated expansion with global warming and
pose a serious threat to downslope or downstream communities
and infrastructure (Petley 2012; Li et al. 2016a, b; Wirz et al. 2016;
Chai et al. 2018; Eriksen et al. 2018; Jiang et al. 2021; Zhou et al.
2022; Qiu et al. 2022). However, our understanding of the specific
impacts of climate change on the type, size, frequency, and activ-
ity of landslides within different elevation intervals remains poor
(Hewitt 2009; Fujita et al. 2013; Harrison et al. 2018; Hock et al. 2019;
Veh et al. 2020). Quantifying the relationships between landslides
and climate change within different elevation regions requires
long-time series landslide inventories and a set of meteorological
data (Guzzetti et al. 2012; Piacentini et al. 2018; Tanyas et al. 2017;
Rossi et al. 2010), which is often missing for (remote) high elevation
mountains (Key et al. 1997; Zhang et al. 2012; Miralles et al. 2014;
Jiang et al. 2016; Schulz et al. 2008). This has resulted in studies
of landslides in alpine regions typically focusing on methods of
assessing the impact of climate change on landslides and the effect
of climate (and its change) on slope stability (Cody et al. 2020), such
as the use of downscaled climate predictions to assess slope stabil-
ity conditions (Coe 2012), analysis of paleo-landslide events and
climate records (Coe and Godt 2012; Coe et al. 2018), and qualita-
tive analysis of individual slope/landslide stability (Schneider 2004;
Jiang et al. 2021).

To gain a better understanding of how the degradation of the cryo-
sphere with climate change affects the development of landslides in
alpine regions, we used a historical landslide inventory and a set of cli-
matic data that can reflect climate change in (remote) high mountain
regions to quantify the landslide-climate relationship within differ-
ent elevation intervals and to predict the hazards and risks posed by
future climate change-induced landslides in the corresponding zones.

Study area

Overview of Taxkorgan County

We selected Taxkorgan County in the eastern Pamirs as the study
area to study the elevation dependence of landslide activity and
climate change (Fig. 1a). This region (Pamirs and Karakorum) is
one of the five bellwether sites for world landslides proposed by Coe
(2020), in which landslides respond the most sensitively to climate
change (Fig. 1b). We used archival records, remote sensing interpre-
tation, and field investigations to map a total of 258 landslides (142
slides and 116 debris flows) with individual areas of greater than o.5
km? in the region over the last 20 years (Figs. 2, 3, 4, and 5).
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Fig. 1 Overview of Taxkorgan County. a Location of Taxkorgan County. The meteorological stations are operated by the meteorological
department. b The five landslide bellwether sites with high sensitivity to climate change worldwide (Coe 2020)

Topography and landslides

The relief of this region is rugged (elevation of 1773-8538 m), with
an average elevation of 4000 m (Fig. 2). The area above 4000 m
in the study area accounts for 64.3% of the total area, and 83.5%
of the large-sized debris flows and 72% of the small-sized slides
occurred in the areas with elevations of greater than and less
than 4000 m, respectively. We extracted the o °C isotherms for the
warm season (April-October) in the study area in 2000, 2010, and
2019 based on downscaled air temperature data that consider the
influence of topographic factors (digital elevation model, DEM)
on the temperature field (Fig. 2). It was found that the elevation
of the o °C isotherm curve in the study area has increased by
186.38 m since 2000, and the average elevation of the o °C iso-
therm curve is 4061.196 m over past 20 years (2000-2019).

Geologic setting and landslides

In Taxkorgan County, the geological conditions are complex, and
the tectonics are active (Fig. 3). The lithology mainly includes

1116 | Landslides 20 - (2023)

Ordovician (siliceous rocks), Cretaceous (grayish-green mudstone),
Quaternary (gravel), Permian (andesite, carbonaceous siltstone,
siltstone, granite), Variscan Devonian (diorite), Variscan Carbon-
iferous (diorite, granite, moyite), Silurian (moyite, slate), Triassic
(conglomerate), Carboniferous (limestone), Proterozoic (carbonate
rocks, metamorphic sandstone), Yanshan (moyite, granodiorite),
Indosinian (granite, granodiorite), Mesoproterozoic (granodiorite,
diorite), and Jurassic (siltstone) strata. The fault system consists of
active faults, thrust faults, normal faults, strike-slip faults, and suture
zones. These faults provide favorable conditions for landslides.

Landform characteristics, groundwater, and landslides

The landform types in Taxkorgan County,located in the Pamirs and
Karakoram, include glacial erosion (eroded by glaciers) and denu-
dation (weathering in alpine areas) landforms in the alpine areas;
erosion-denudation (flow erosion and weathering) landforms in the
mid-alpine areas; and alluvial plains, accumulation plains (ice and
water), and moraine dams in the valleys (Fig. 4). The study area is
dominated by glacial erosion, denudation, and erosion-denudation
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Fig.2 Topography of Taxkorgan County, 0 °C isotherm curve, and
distribution of the slides and debris flows. The 0 °C isotherm curves
were extracted from downscaled temperature data that consider the

landforms, which account for 89.3% of the total area of the study
area. Moreover, 90.6% of the debris flows are distributed in the
glacial erosion and erosion-denudation landforms; while most of
the slides (92%) are distributed in the erosion-denuded landforms
and alluvial valley plains.

In Taxkorgan County, which is located in an alpine arid-semi-arid
climate zone, glaciers, and permafrost are widely distributed, and
groundwater is relatively scarce (Fig. 5). Overall, 89.3% of the study
area contains glaciers, permafrost, and/or clastic rock (fissure-pore
water =0.1-1L/S; 2-20m*/d.m) and stratified and metamorphic rock
(fissure water >1L/S; >20m3/d.m). Statistically, 79% of the debris flows
and 83% of the slides are located in these areas.

influence of topographic factors (DEM) on the temperature field. The
boundaries of the Pamirs and Karakoram are revised by Zhang et al.
(2022)

Materials and methods
Landslide inventory
Landslide data

With global warming, landslides induced by snow melt, glacier
retreat, and permafrost degradation are common in Taxkorgan
County. Figure 6 shows typical landslides within different eleva-
tion intervals in the study area. Landslides, unlike other natural
processes, are not typically monitored by devices (Rossi et al. 2010;
Liu et al. 2021, 2022; Ma et al. 2023; Wang et al. 2022). As a result,
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Fig.3 Geological overview. The lithology is derived from the Geographic
Data Sharing Infrastructure, College of Urban and Environmental Science,

compiling a consistent and comprehensive list of historical land-
slides is challenging (Guzzetti et al. 2000; Rossi et al. 2010; Zhang
et al. 2012; Jiang et al. 2016). By examining the Geological Disaster
Prevention Yearbook released by the Taxkorgan County administra-
tion, newspapers, literature (Coe 2020; Yuan et al. 2013), scientific
reports, and historical archives, we created a list of historical non-
earthquake, non-anthropogenic landslides, and a landslide time
series. The Yearbook lists the landslides’ geographic location, type,
date of occurrence, volume, and depth, as well as the financial losses
and fatalities they caused.

The strength of the Yearbook is its authority and reliability.
Under the current disaster assistance system in China, govern-
ment department offices are mandated to notify their parent
department of each landslide event. The landslide information in
the Yearbook is collected and compiled by the Natural Resources
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Peking University (https://geodata.pku.edu.cn/index.php?c=content&a=
show&id=709). The faults are modified from Robinson et al. (2007)

Bureau of Taxkorgan County. It is finally submitted to the Taxkor-
gan County government in the form of a Detailed Geological
Hazard Report for publication in the Taxkorgan County Disaster
Prevention and Control Yearbook. Local administrators usually
assess the effect of landslides using the yearbook’s inventory and
implement the necessary prevention and control measures for
significant landslides. However, the Yearbook still has shortcom-
ings, such as data completeness. When a disaster occurs, the local
government authorities give priority to collecting information
about disasters that affect infrastructure, cause casualties, and are
located near roads, villages, or towns. As a result, a comprehensive
list of landslides over a lengthy period is unavailable because the
Yearbook does not cover every landslide that took place in the
relevant area during the relevant time period. However, a relatively
complete landslide inventory is meaningful and necessary for
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Fig.4 The landform types (modified from Ma et al. (2016))

disaster prevention and landslide research. A sufficiently complete
landslide inventory can reflect the relationship between landslides
and climate change well and reveal its impact on landscape evolu-
tion and human life (Kirschbaum et al. 2010; Petley 2012).

The common tools for reconstructing a relatively complete land-
slide inventory, especially for identifying historical landslides, are
remote sensing interpretation and field surveys. Carrara et al. (2003)
state that determining the date of historical landslides using remote
sensing images is difficult for geoscientists. In particular, vegetation
changes can obscure landslide boundary changes. However, the veg-
etation in Taxkorgan County, which is located in the alpine climate
zone, is scarce all year round, which greatly reduced the influence of
vegetation changes on the landslide boundaries during our interpre-
tation. In this study, we collected a total of 869 optical images (Land-
sat 8 and ASTER) of the study area with less than 20% cloud cover for
the last 20 years (2000-2019), and then, we conducted comparison

and visual interpretation to verify the occurrence date and location
of 172 landslides in the Yearbook and to interpret landslides that
occurred in other locations at the same or a different time as those in
the Yearbook. Finally, we reconstructed a landslide catalog consisting
of 258 landslide events with individual areas of greater than 0.5 km>.
Based on the landslide classification proposed by Cruden and Varnes
(1996) and the modifications to the landslide classification system
proposed by Hungr et al. (2014), the reconstructed landslide catalog
included 142 slides and 116 debris flows. However, we do not distin-
guish the initial materials (rock, soil, colluvium, or both) of slides
and debris flows. The volume of the slide was less than 82.9 X 10> m3,
and the volume of the debris flow ranged between 24.56 x 10® and
739.7 X 10> m>. The slide depths range between 0.3 and 5 m, and the
depth of only one slide is 8 m. The debris flow fan thicknesses range
between 0.03 and 1 m. Therefore, all the landslides in this paper are
shallow landslides.

Landslides 20 - (2023) | 1119
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Fig.5 Hydrological map. The groundwater distribution is modified by Ma et al. (2016). The glaciers were obtained from the Randolph Glacier

Inventory (RGI V6.0) (Zhang et al. 2015; Rgi and Nosenko 2017)

The attribute sheet of the catalog also includes the number,
type, geographic location, date of occurrence, volume, depth, and
threat objects (e.g., settlements, houses, roads, hydropower sta-
tions, and power facilities) of each landslide event. For the recon-
structed landslide catalog, we conducted field investigations to ver-
ify them in 2021. For the 86 new landslides (49 slides and 37 debris
flows), the boundaries were verified using aerial photographs and
orthophotos taken by an Unmanned Aerial Vehicle (UAV), and the
occurrence date of each landslide was confirmed using question-
naires and interviews. Notably, questionnaires were completed and
interviews were conducted with local geohazard practitioners who
had participated in disaster prevention and relief and with local
herders who had some knowledge of the landslides.
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Volume of the interpreted landslide

In this study, the deposition areas of most of the debris flows
were mainly fan-shaped (Fig. 7a). To accurately calculate the
volumes of debris flows, mathematical models were built based
on the geometric characteristics of their deposition areas, and
the total material volume was estimated using a DEM. Nota-
bly, we only calculated the volume of one event with the largest
change in the deposition fan boundary in the last 20 years. The
following formula can be used to determine the volumes of the
debris flows:

Vp = éLzh(a —sin a), (1)
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where V is the potential volume of the debris flows (m?), L is the
length of the fan (m), & is the thickness of the fan (m), and a is the
angle of the debris slide (°).

Figure 7b depicts the empirical relationship between the volume
and area of the slides based on data for 172 landslides documented
in the Yearbook.

Based on information for 172 landslides listed in the yearbook,
the empirical link between the volume and area of the slides is
illustrated in Fig. 7b. According to Fig. 7b, there is a clear linear
relationship between the volume and area of the slides with vari-
ous orders of magnitude in log-log coordinates. This results in the

following relationship:
log (V,) = 0.87log A, + 0.59 (R* = 0.94, p << 0.01), (2)

where Vy is the volume of slides and Ag is the area of slides.

Secondary source

76°40'E T1°0Ef (

(Freezing and Thawing)

4

H:4978m
Debris flow (Glatier

J
Debris flow (Glacier)

show the types and triggering factors of the landslides within the dif-
ferent elevation intervals

Finally, we selected two empirical links to establish the bounds
of the slide volume and to quantify the uncertainty of this empirical
formula. The upper and lower 95% prediction ranges are displayed
in Fig. 7b.

Meteorological data

In alpine regions where there is no meteorological observation
equipment, it has become common practice to use reanalysis data
and satellite-reproduced data to study regional climate change
(Khadka et al. 2014; Nie et al. 2017; Kirschbaum et al. 2020; Ni et al.
2020). In this study, to obtain climate data that reflect the climate
change in the study area, we downscaled the Global Land Data
Assimilation System Dataset (GLDAS) based on observations from
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Fig.7 Volume of the inter-
preted landslides. aThe
volume of the interpreted
debris flows (Zou et al. 2020).
b The empirical relationship
between the slide volume and
area. The linear least-squares
method yielded the best fit,
which is denoted by the thick
red line. The dashed red lines
represent the 95% confidence
intervals. The contours depict
the bivariate kernel density
estimation point density. The
box plot displays the descrip-
tive statistics about the volume
of the slides in the Yearbook

ten meteorological stations (elevations of <2000 m) (Fig. 1a). The
downscaled meteorological data were calibrated to the elevation
using the vertical decline rates of the temperature (0.57°C/100 m)
(Kang et al. 2022), and the precipitation (daily max, mean, and min)
and temperature (daily max, mean, and min) data had a resolution
of 1 km. Notably, the precipitation distribution in the region was not
uniform, and the annual precipitation and the days with >24 mm of
precipitation did not represent the mean precipitation in the entire
region, but rather the precipitation in the alpine regions. Torrential
rainfall was defined as more than 24 mm of precipitation in 24 h in
Xinjiang, China (Yao et al. 2022). The number of torrential rainfall
days and the maximum temperature are abbreviated in this paper
asR,, and T,,,,,, respectively. GLDAS data with temporal and spatial
resolutions of 3 h and 0.25° X 0.25° have been widely used globally
and have high reliability (Liu et al. 2019; Deng et al. 2020; Qi et al.
2020). We validated the downscaled data using observations from
two meteorological stations (Fig. 1a) located in the higher eleva-
tion region (3000-4000 m) and WorldClim V2.1 data (Panagos
et al. 2017). For the observations, we created a 1 km buffer for the
meteorological stations in the horizontal and vertical directions,
respectively, and extracted the downscaled data inside the buffer
for comparison with the observations. For the WorldClim V2.1 data,
we verified the accuracy of the downscaled data according to the
trend of climate change. Although there was some error (0.2 °C)
between our downscaled meteorological data and the station obser-
vations, our data were generally consistent with the WorldClim V2.1
data. The accuracy of our data in the vertical direction was higher
than that of the WorldClim V2.1 data, and thus, our data can more
accurately reflect climate change in high-elevation regions.

The delta downscaling method is the primary generation tech-
nique for future climatic scenarios recommended by the US National
Assessment and is simple and commonly used (Diaz-Nieto and Wilby
2005; Hay et al. 2010). However, it ignores the elevation dependence of
temperature and precipitation (Rolland 2003; Firozjaei et al. 2020). In
this study, we developed a downscaling method (i.e., the revised delta
downscaling method) for low-resolution meteorological data, which
takes into account the temporal and spatial (elevation) trends of the
climate data. We used the vertical decline rates of the temperature
to appraise the error in the meteorological data generated by the
downscaling method. The vertical decline rates of the temperature
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remained at 0.6 + 0.2 °C, which is consistent with the results of most
studies (Liu et al. 2019; Deng et al. 2020; Fatolazadeh et al. 2020; Qi
et al. 2020). The equations of the revised delta downscaling method
are as follows:

P = PQf(Spatial trend, Verticalvariation) + 4, (3)

T = |T,f (Spatialtrend, Verticalvariation) + 5| + AHy, (4)

where P (mm) and T (°C) are the precipitation and temperature
after downscaling, respectively; and P, (mm) and T, (°C) are the
precipitation and temperature of the GLDAS data, respectively. The
spatial trend is the horizontal trend, i.e., the interpolated result of
the observations at the meteorological stations; and the vertical
variation is the vertical trend, i.e., the interpolated result of the
observations at different elevations. & is the deviation correction;
7 is the temperature lapse rate (0.57 °C/100 m),and AH is the verti-
cal deviation correction of the temperature (m). The downscaling
process was carried out using Python software.

For the future conditions, we simulated the monthly tempera-
ture and precipitation (rainfall and snowfall) data with of resolu-
tion of 1 km from 2020 to 2100 for the study area under three shared
socioeconomic pathways (SSP2.6, SSP4.5, and SSP8.5) using 27 cli-
mate models from the Intergovernmental Panel on Climate Change
(IPCC) Sixth Assessment Report (Grose et al. 2020; Kirschbaum
et al. 2020), based on the WorldClim version V2.1 dataset and the
revised delta downscaling method, to discuss the elevation depend-
ence of landslide activity induced by future climate change. Phase
6 of the Coupled Model Intercomparison Project (CMIP6) uses a
matrix framework of shared socioeconomic pathways (SSPs) and
representative concentration pathways (RCPs), which has a better
resolution compared to CMIP5 (Ma et al. 2020; Grose et al. 2020;
Hu et al. 2021).

Results

Landslides and climate trend characteristics

Based on past climate changes and the availability of landslide data,
we analyzed the changes in the climate and landslides in this region
over the past 20 years (2000-2019) (Fig. 8). It was found that the
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Fig.8 Climate change and landslide distribution in Taxkorgan County over the past 20 years. The black dashed line is the landslide volume

fitted with a LOESS function (Jakob and Owen 2021)

climate in the study area has exhibited a more pronounced warm-
ing and wetting trend since 2000. This is supported by a significant
increase in the T, ,, (1.4 °C/10a) and an increase in the number
of days of torrential rainfall (3.3 days/10a) (Fig. 8a). The volume
and number of landslides are also gradually increasing (Fig. 8b).
According to the locally estimated scatter smoothing (LOESS) func-
tion curve (Jakob and Owen 2021), the landslide volume is increas-
ing by 24,606 m? per decade, indicating a significant increasing
trend at the 99% significance level.

Evidence of elevation-dependent warming and wetting

We divided the study area into nine elevation intervals using the
natural section point method in ArcGIS. We discovered that 74%
of the area of Taxkorgan County has an elevation of 2500-5000 m,
while the areas of the county with an elevation of fewer than
2500 m and an elevation greater than 5000 m are relatively small,
accounting for only 26% and 8.1% of the study area’s total area,
respectively. To investigate the elevation dependence of landslides
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Fig.9 Climate change within the different elevation intervals. a Dis-
tributions of the maximum temperature, precipitation, and torrential
rainfall. b Temperature trends within the different elevation intervals.
¢ Precipitation trends within the different elevation intervals. Nota-
bly, the number of days of torrential rainfall refers to the number of
days with a 24-h rainfall of greater than 24 mm within the different
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elevation intervals over the past 20 years. The red circles represent
the warming rate (temperature trend) of the maximum temperature
over the past 20 years (2000-2019) at different elevations. The blue
circles represent the rate of increase (precipitation trend) of precipi-
tation over the past 20 years (2000-2019) at different elevations



caused by climate change in this area, we separated the region
where the elevation is between 2500 and 5000 m into five 500-m
intervals, as well as two intervals with elevations of less than
2500 m and more than 5000 m.

The distributions of the T, ,,, precipitation (rainfall and snow-
fall), and the number of days of torrential rainfall in Taxkorgan
County within the different elevation intervals are depicted in
Fig. 9a. During the past 20 years (2000-2019), the cumulative
precipitation was positively correlated with elevation, T,,, was
inversely correlated with elevation, and the torrential rainfall was
greatest between elevations of 2000 and 4000 m. Notably, 84%
of the torrential rainfall occurred in the regions below the o °C
isotherm curve; and although there was a great deal of precipita-
tion in the areas above the o °C isotherm curve, the number of
days of torrential rainfall was very small. The lower temperatures
above the o °C isotherm curve caused the majority of the pre-
cipitation to all fall as snow in the areas above the isotherm. We
only counted the number of days of torrential rainfall because
snowfall does not induce landslides or debris flows. The tem-
perature and precipitation trends within the different elevation
intervals in the study area over the past 20 years are shown in
Fig. 9b, c. Both the temperature trend and the precipitation trend
in the study area exhibited a large elevation dependence, which
means that both the temperature trend and the precipitation
trend increased with elevation, and the elevation dependence
was stronger in the region above the o °C isotherm curve. These
results are consistent with the results of previous studies (Pepin
et al. 2015; Yao et al. 2016, 2022; Pei et al. 2023).

Distribution of landslides with elevation

Figure 10 shows the distributions of the number and volume of the
landslides within the different elevation intervals. As can be seen
from Fig. 10, the number of slides and debris flows both initially
increased and then decreased with elevation. The maximum num-
ber of slides occurred in the 3000-3500 m intervals, while the maxi-
mum number of debris flows occurred in the 4500-5000 m interval.
The majority of the slides (88%) occurred in the area below the o °C
isotherm curve, and the volume was relatively small. Only 12% of
the large-volume slides occur in the intervals above the o °C iso-
therm curve, and their volume gradually increased with elevation.
In contrast, a significant portion (75%) of the large-volume debris
flows occurred in the intervals above the o °C isotherm curve, and
the volume of these debris flows gradually increased with elevation.

Landslides with climate change-elevation relationship

The relationships between the number and volume of the landslides
and the temperature trend in the area below the o °C isotherm
curve are depicted in Fig. 11a, c. As can be seen from Fig. 113, ¢, in
the area below the o °C isotherm curve, the number and volume of
slides both exhibited negative correlations with temperature, while
the number of debris flows exhibited a positive correlation with
temperature and the volume of the debris flows exhibited a positive
exponential correlation with temperature (Fig. 11c).

Figure 11b, d depicts the relationships between the number and
volume of the landslides and temperature above the o °C isotherm

curve. It can be seen that the number of debris flows exhibited a
significant positive correlation (p < 0.5) with temperature, and the
volume of the debris flow exhibited a significant positive exponen-
tial relationship (p < 0.5) with temperature. The number of slides
gradually decreased with temperature, while the volume of the
slides exhibited a non-significant exponential correlation with the
temperature. This indicates that the large-sized debris flows in the
region above the o °C isotherm curve were mainly driven by the
T nax and exhibited a strong elevation dependence, i.e., the number
and volume of the debris flows increased with elevation during the
20-year period of record.

Figure 12a, c depicts the relationships between the number
and volume of the landslides and the number of days of torren-
tial rainfall in the areas below the o °C isotherm curve. The num-
ber and volume of the slides showed significant positive corre-
lations (p < o0.5) and the volume of the slides showed a positive
exponential relationship with the number of days of torrential
rainfall; whereas, the number and volume of the debris flow had
a negative correlation and a negative exponential relationship
with the number of days of torrential rainfall, indicating that
the torrential rainfall had a greater influence on the slides in the
region below the o °C isotherm curve. Figure 12b, d shows the
relationships between the number and volume of the landslides
and the number of days of torrential rainfall in the region above
the o °C isotherm curve. The number of days of torrential rain-
fall showed a negative correlation and a negative exponential
relationship with the number and volume of the debris flows,
while the volume of only a few slides showed a positive expo-
nential link with the number of days of torrential rainfall. This
indicates that in the areas above the o °C isotherm curve, the
effect of the torrential rainfalls on the slides and debris flows
was rather minimal.

Anticipation of futureclimate change

Figure 13 shows how the temperature, precipitation, and snowfall,
which can cause landslides, will change in the future within the
different elevation intervals under the SSP2.6, SSP4.5,and SSP8.5
scenarios. Regardless of the scenario, the maps in Fig. 13a-c show
that the climate of the region will continue to warm in the future,
resulting in a positive temperature trend. In contrast, only sce-
nario SSP2.6 predicts a steady temperature increase between 2020
and 2100, with an increase in temperature with elevation. The
temperature trend under scenario SSP4.5 decreases from 2050 to
2079, but it progressively increases with elevation. By 2080, the
temperature trend will be higher, but it will be lower than that in
2050. The temperature trend will gradually increase from 2020
to 2079 under scenario SSP8.5, will peak during 2050-2079, and
then will begin to decrease. However, the temperature trend will
decrease with elevation.

Figure 13d-i shows the predicted future precipitation (rain-
fall and snowfall) in the study area. According to Fig. 13d-f, the
rainfall trend will be positive from 2020 to 2049, and the area
below the o °C isotherm curve will only become wetter under
scenario SSP2.6. This suggests that at this time, the number of
days of torrential rainfall in this area will increase. After this,
it demonstrates that in the area below the o °C isotherm curve,

Landslides 20 - (2023) | 1125



| Original Paper

Below the 0°C isothermal curve

Above the 0°C isothermal curve

Fig. 10 Distribution of slides
and debris flows within the 1400
different elevation intervals. 70 4
DN, represents the maxi-
mum number of debris flows, 1200
and SN, ., represents the 60 4
maximum number of slides
1000 -
504%
2 < 800
240 2
é 2 [ Debris flow
g w3 600 | | pommm it
E E\ —(O— Number
Z g . Volume
204 © 40091 % Max/Min
>
10 4 200 -
0 - 0

- 60

Volume of slides (10 \m\
Number of landslides

- 120
I 240

rainfall-induced landslides are likely to occur frequently under
scenario SSP2.6 during 2020-2049. Between 2050 and 2100, the
climate of the region is projected to be dry. This is attributed to
the decreasing rainfall trend under all of the scenarios (except for
the rainfall trend under scenario SSP 8.5 between 2050 and 2079).

The trend of snowfall differs between the scenarios (Fig. 13g-i).
The snowfall trend will only be positive during 2050-2100 under
scenario SSP2.6 and during 2020-2049 under scenario SSP4.5.
Additionally, the snowfall trend will be greater in the region above
the o °C isotherm curve than in the region below the o °C iso-
therms. This indicates that under this scenario and during this time
period, there will be more large-sized debris flows in the region
above the o0 °C isotherm curve.

We inferred the anticipated changes in the landslides in this
region (Fig. 14) based on the above results (the “Distribution of
landslides with elevation” and “Landslides with climate change-
elevation relationship” sections) for the triggering factors and
distribution trends (including the volume and number) of the
landslides within the different elevation intervals, as well as the
predicted climate change in the different scenarios, periods, and
elevation intervals (Fig. 13). Between 2020 and 2049, we expect more
and larger debris flows to occur in the area above the o °C isotherm
curve. This is because the increase in temperature trend with eleva-
tion will intensify the snowmelt, glacier retreat, and permafrost
degradation in this region, thus increasing the occurrence of debris
flows in the area above the o °C isotherm curve. Especially under
scenario SSP4.5, the positive snowfall trend will supplement the
hydrodynamic source for the occurrence of debris flows. Moreover,
the areas below the o °C isotherms will see an increase in small-
volume slides. This is due to the possibility that a positive rainfall
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trend could exacerbate the occurrence of torrential rainfall, which
would induce slides in the area below the o °C isotherm curve.
Between 2050 and 2079, some large-volume debris flows could
develop in the region above the o °C isotherm curve. This is due to
the fact that the increase in temperature trend with elevation will
accelerate the snowmelt, glacier retreat, and permafrost degrada-
tion, which will increase the occurrence of debris flows in the area
above the o °C isotherm curve. In particular, favorable snowfall
and rainfall trends would enhance the hydrodynamic sources for
the occurrence of debris flows in the area above the o °C isotherms
under scenarios SSP 2.6 and SSP 8.5. During this period, slides are
only likely to occur in the areas below the o °C isotherm curve
under scenario SSP8.5. From 2080 to 2100, some debris flows are
expected to occur in the region above the o °C isotherms, and in
this region only, under scenario SSP2.6.

Discussion

Response of landslide activity to climate change

In Taxkorgan County, there is a lack of a long time series (> 20 years)
of landslide inventories and a set of meteorological data that can
reflect climate change at high elevations, which has caused the
numerous studies on landslides in this region that have focused
on analyzing the spatial susceptibility and conducting a qualitative
analysis of the stability of individual slopes and landslides
(Schneider 2004; Jiang et al. 2021). In this study, we reconstructed
the landslide inventory over the past 20 years, quantified the
relationship between landslides and climate change within the
different elevation intervals, revealed the key factors of landslide-
inducing, and predicted the future development of landslides within
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the different elevation intervals. The results regarding the elevation
dependence of landslide activity are consistent with those of
previous studies (Huggel et al. 2012; Chiarle et al. 2015; Ravanel and
Deline 2011; Paranunzio et al. 2016; Patton et al. 2019). The torrential
rainfall-induced small-sized slides and debris flows are concentrated
in areas below the o °C isotherm curve, which is attributed to an
increase in the westerly index (WI) leading to enhanced warming
and humid airflow from the North Atlantic and the Caspian Sea
(Schir et al. 1996; Dai and Wang 2010; Yao et al. 2015). This in turn
increases the water vapor transport and intensifies the frequency
of rainfall-induced slides in low mountain areas. In the areas above
the o °C isotherm curve, large-sized debris flows induced by glacial
retreat, snowmelt, and permafrost degradation are dominant.
In particular, large-sized landslides increase exponentially with

Temperature trend (°C/decade)

increasing temperature trends in alpine regions covered by glacial
erosion and ice denudation landforms. This is because in the areas
above the o °C isotherm curve, elevation-dependent warming
and wetting (Yan and Liu 2014) result in accelerated local water
circulation, exacerbated summer glacier/snow cover melting, and
permafrost degradation, resulting in slope instability, which further
contributes to the formation of large-sized landslides in high
mountain areas (Seneviratne 2012).

Furthermore, our findings show that a large number of land-
slides does not necessarily indicate a higher landslide hazard in
the region because these are the smallest landslides (Fig. 10). In
Taxkorgan County, 46.1% of the small-sized rock landslides (17
debris flows and 102 slides) are distributed in low-elevation areas
(elevations of < 4000 m); that is, in areas below the o °C isothermal
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curves (Fig. 2). In areas below the o °C isothermal curve (<3500 m),
slides and debris flows appear to be becoming more frequent, and
the number of slides and debris flows peaks within an interval of
3000-3500 m. However, the volume within the 3000-3500 m inter-
val is the smallest (Fig. 10). Thus, we believe that a large number of
landslides does not necessarily indicate a higher landslide hazard
in this region. We should place more emphasis on the large volume
of landslides caused by snow melt, glacier retreat, and glacier frac-
turing that occur above the o °C isotherms, where the hazard may
be more severe. Typical examples are the glacial debris flows that
occurred in Bulunkou Township (Jiang et al. 2012), the slide induced
by snowmelt in Taheman Township (Seong et al. 2009; Yuan et al.
2013) in the Pamirs, and the catastrophic landslide that occurred in
Chamoli, India, in the southern hills of the Himalayas on February
72021 (Jiang et al. 2021), all of which caused significant damage to
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human lives and property. Due to the lack of a climate and landslide
observation network at high elevations, the occurrence of large
landslides caused by climate change cannot be accurately moni-
tored in a timely fashion allowing for sufficient warning, resulting
in losses (Yao et al. 2019, 2022; Zou et al. 2020). Based on the eleva-
tion dependence of landslide activity, we propose the integration
of an observational network composed of surface in-situ climate
observations in the high-elevation intervals, satellite data, and high-
resolution climatic modeling to increase our understanding of the
elevation dependence of landslide activity in other alpine regions.

Behavior of 0 °C isotherm curve

The elevation of the o °C isotherm curve in Taxkorgan County has
increased significantly over the past 20 years (i.e., it has moved up
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Fig. 13 Predicted climate trends within the different elevation inter-
vals under different climate scenarios. a-c Future warming rates. d-f
Future rainfall trends. g-i Future snowfall trends. Note: The two black

186.38 m), and the average elevation of the o °C isotherm curve
in the warm season (May-September over the past 20 years) was
4061.196 m. The significant upward shift of the o °C isotherms in
the northern part (in the Pamirs) of the study area indicates that
the o °C isotherm moves upward as the temperature increase under
global warming, which in turn indicates that Taxkorgan County is
an area sensitive to climate change. However, in the southeastern
part (in the Karakoram) of the study area, the o °C isotherms exhib-
ited a trend or a small downward shift (Fig. 2). Previous works have
shown that the masses of the glaciers nourished by winter-westerly
precipitation in the Karakorum region have remained stable or have

dashed lines on the graph denote the 0 values of the rainfall and
snowfall trends

small gains (Hewitt 2005; Gardelle et al. 2013; Rankl and Braun 2016;
Berthier and Brun 2019), causing the o °C isotherms of the region
to tend to be stable or to shift downward. Moreover, the climate
change (temperature, annual precipitation) observed via ground-
based weather stations may not necessarily be representative of
the high-elevation areas (Hassan et al. 2017; Hewitt 2007). In order
to produce meteorological data that can reflect climate change at
high elevations, in this study, we downscaled the GLDAS dataset
based on ground-based weather station observations and a DEM.
We found that there was an increase in the precipitation trend of the
area above the o °C isotherms (Fig. 9c), which helped to increase the
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Fig. 14 Schematic diagram of the changes in the landslides in the
areas below and above the 0 °C isotherm curve in the future (revised
by Hock et al. (2019)). The red thermometer and the blue raindrops
are used to express future changes in temperature and precipitation
(rainfall and snowfall) in this region. Numbers 1, 2, 3, and 4 are the sce-
narios we selected to show the present and future landslides within
the different elevation intervals (landform types). Number 1 is a sce-
nario of landslides in the alpine areas (elevation >4500 m), 2 and 3 are

precipitation (snowfall) in this area and thus to increase the glacier
mass and snow cover area. This caused the o °C isotherms in the
southeastern part of Taxkorgan County to remain stable or shift
upward. This result is consistent with previous studies (Minora et al.
2013; Bashir et al. 2017).
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scenarios of landslides in the mid-alpine areas (3500-4500 m), and 4 is
a scenario of landslides in the valleys (elevation <3500 m). “No” indi-
cates that no slides or debris flows will occur in the area at some point
in the future. An increasing or decreasing symbol denotes an increase
or decrease in the number/volume of landslides, while two symbols
indicate a greater increase or decrease. “Maybe” indicates the possibil-
ity of an increase, decrease, or absence of the landslides

Conclusions

In this study, we took Taxkorgan County in the eastern Pamirs as
the study area to investigate the elevation dependence of landslide
activity induced by climate change based on a historical land-
slide inventory and downscaling of climatic data. Over the past



20 years, the number and volume of inventoried shallow landslides
in the area have increased due to climate change. The temperature
and precipitation trends in the area have exhibited strong eleva-
tion dependence, and the number of days of torrential rainfall
has gradually increased in the region below the o °C isotherm
curve. The small-sized (<50 x 10°* m?) slides caused by torren-
tial rainfall have been concentrated in the region below the o °C
isotherm curve. In contrast, large-volume (> 50 x 10°> m?) debris
flows induced by maximum temperature have mainly occurred
in the areas above the o °C isotherm curve and have exhibited
a strong elevation dependence. In the future (2020-2049), more
small-sized landslides will occur below the o °C isotherm curve as
the climate continues to become warmer and wetter. The number
and volume of the large-sized debris flow in the regions above
the o °C isotherm curve will continuously increase. Based on the
elevation-dependence of landslide activity, we propose the inte-
gration of the observational network of surface in-situ climate
observations in high-elevation intervals, satellite data, and high-
resolution climatic modeling to increase our understanding of the
elevation-dependence of landslide activity in other alpine regions.
Such information would provide a basis for better disaster risk
assessment and management.
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