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Abstract

Understanding the cascading effects of glacier melting in terms of large slope deformation in
high mountainous areas could come from the use of Interferometric Synthetic Aperture Radar
(InSAR) techniques. In this work, we investigate a slow moving, extremely large landslide (~20
km?) in the Chitral region in Northern Pakistan, which threatens several villages. Our INSAR
analyses, using Sentinel-1 data which span a period of six years, allowed us to retrieve the
spatio-temporal pattern of downslope deformation for both ascending and descending orbits.
The results highlight a worrying situation where the crown of the landslide is moving relatively
fast (from 36 to 80 mm/yr). Several sackung-type of movements and other signs of instability
were observed in many locations over the crown. As for the toe of the large landslide, a
western sliding sector offers a different mechanism than its eastern counterpart where the
deformation appears to accumulate through time. This brief description has two implications.
One from the most practical perspective, as it calls for further studies and attention from local
administrations. And, it also scientifically highlights the strength of INSAR when it comes to
unveiling slow deformation regimes, which may be invisible through the eye of other
techniques, although they may still lead to catastrophic failures. Such considerations can be
even framed beyond the scale explored in this manuscript. In ither words, the same
mechanism and threat to local communities can be present across the whole Hindukush-

Himalayan-Karakoram range, where glaciers are widely receding due to climate change.
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1. Introduction

The genesis of landslides in mountainous terrains is strongly associated with climatic factors
(Stoffel and Huggel, 2012) such as variations in temperature, rainfall intensity and/or
snowmelt, which are expected to worsen in the future due to climate change (Beniston et al.,
2018; Gobiet et al., 2014). Since late 1900, reports of widespread and increasingly frequent
slope failures in high portions of the Alps (Huggel et al., 2012; Stoffel et al., 2014) have brought
attention to the effects of climate change on the dynamics of slope failures. Recent studies
have also pointed at the effects of climate change in the future (Gobiet and Kotlarski, 2020;
Ikeda et al., 2021; IPCC, 2021). Under many climate change scenarios, climatic extremes are
likely to increase the magnitude and frequency of landslide events in mountainous terrain
(Gruber and Haeberli, 2007; Seneviratne et al., 2012). Moreover, the threat they may pose to
mountainous communities may become even more severe in the years to come (Gariano and
Guzzetti, 2016; Stoffel et al., 2014).

The evidence collected by the geoscientific community in the last several decades indicates
an increasing warming rates specifically at higher elevations in some regions (Pepin et al.,
2022) and retrieving of glaciers almost everywhere around the globe (Ashish et al., 2006; Huss
and Hock, 2018; Zemp et al., 2019). Specifically, shrinking of glaciers have been reported
across all latitudes, from artic or peri-artic mountain belts including Alaska, western North
America and British Columbia (Hewitt et al., 2008), to Asian and the Hindukush-Himalayan-
Karakoram (HHK) mountain ranges (Bolch et al., 2019; Brauning, 2006). The retreat of most
glaciers across the HHK mountain ranges took place faster than any other glaciers. It was
related to the local increase in surface air temperature (IPCC, 2021). Prasad et al. (2009) add
more details to this description, pointing at the widespread receding behavior of glaciers and

snow cover over the Himalayan region.

Given the significant influences of global warming, the HHK mountain range offers a unique
opportunity to explore the link between climate change and landsliding. Among various
climatic factors, the slope equilibrium is particularly sensitive to variations in precipitation and
temperature regimes as they can alter pore pressure of hillslope materials (Loche et al., 2022).
Generally, rapid increase in water content leads to changes in pore water pressure and slope
stability (Al-Umar et al., 2020; Gariano and Guzzetti, 2016), which in high-mountain
environments can be worsened by the thawing of permafrost and snow cover (Osawa et al.,
2017). As a result, these processes may disturb hillslope stability (Marcer et al., 2021). This is
the case reported in a Swiss site in 1999 (Eberhardt et al., 2005) when the combined action
of snow melting and heavy rain contributed to the initiation of more than 350 landslides and

debris flows. The same phenomenon has been attributed to landslides that periodically occur
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in Hokkaido (Japan) at the start of the snow-melting season, from April to May (Ishikawa et
al., 2015).

Among various mountain ranges, the HHK belt (Fig. 1) constitutes a region of particular
geomorphological relevance in terms of landsliding. The rugged topography, combined with
extreme climatic events (Riaz et al., 2019), strong seismicity (Ray et al., 2009; Shafique et al.,
2016) and anthropogenic influence (Rahman et al., 2014) result in a unique landscape prone
to landslides. This is also confirmed in terms of raw numbers, as 30% of the world's landslides

occur in this region (Atta-ur-Rahman et al., 2011).

The Karakoram Himalayan region, including northern Pakistan host many rock avalanches
and debris slides, which repeatedly occurring over thousands of years or more, while
threatening local settlements (Hewitt et al., 2008). Some of the largest slope failures (i.e., with
planimetric area between 2 km? and 55 km?) occurred along the Kohistan Ladakh arc (Hewitt,
2001) as well as in the Hunza and Gilgit valleys of the Karakoram (Gao et al., 2021) region,
being associated with climatic stresses. For instance, the well-known Attabad rockslide (1200
m long, 350 m wide and 125 m high) occurred on January 4, 2010 during the rainy season
and blocked the Hunza river, forming the current Gojal lake (Kargel et al., 2010). It caused 19

victims and the displacement of 1650 people (Cook and Butz, 2013).

For the HHK, the relation between landslide occurrence and variation in temperature patterns
due to climate change and the resulting permafrost/snow melt are yet to be explored in depth.
The reason behind this literature gap is mainly due to the lack of long-term hillslope monitoring
records. This is not surprising as logistics across the north Pakistan range can be prohibitive

if not impossible at specific locations.

The birth and spread of Interferometric Synthetic Aperture Radar (InSAR) has set the stage to
address such problems and retrieve detailed records of slow surface deformation in space
and time (Casagli et al., 2010; Cascini et al., 2010; Colesanti and Wasowski, 2006; Hilley et
al., 2004; Schlbgel et al., 2015). This technique has gained the spotlight over the years with
the launch Sentinel-1 mission because of its global coverage, applicability over wide areas
and detailed information provided both in space and time (e.g., Mondini et al., 2021; Wasowski
and Bovenga, 2014). Among the most renowned applications, land subsidence and landslide
monitoring have demonstrated the importance of the INnSAR technique in geomorphological
applications (e.g., Samsonov et al., 2020; Sato and Une, 2016). The latter case has mainly
focused on slow-moving landslides (Bayer et al., 2018; Lacroix et al., 2020; Schldgel et al.,
2015; Wasowski and Pisano, 2020) and in some cases, to identify them over large areas
(Bekaert et al., 2020; Liu et al., 2021; Xu et al., 2021). Among the available INSAR techniques,
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Persistent Scatterer Interferometry (PSl) and Small Baseline interferometry (SBAS) have been
further developed over the years and employed to measure ground motion for various
applications (e.g., Hungr et al., 2001; Tantianuparp et al., 2013). As a result, millimeter-
accuracy deformation measurements can be nowadays estimated globally and in many terrain
conditions (e.g., Perissin and Wang, 2011). Notably, PSI extends this framework by deriving
time series of deformation measurements. Specifically, this is achieved by using a stack of
SAR images of the same area, repeatedly collected to estimate the displacement and velocity

of the earth's surface using the differences in the SAR signal (e.g., Huang Lin et al., 2019).

However, few studies have incorporated InSAR-based analyses to examine landslide
evolution processes across the north of Pakistan/western Karakoram terrain. Hussain et al.,
(2021) apply InNSAR-based analyses to Chitral region but the research focuses on generating
a landslide susceptibility map for the area and lacks the information regarding slow-moving
landslides or the investigation of possible failures governed by permafrost or snow melt. In
fact, even the presence of permafrost in the HHK has hardly been investigated (Gruber et al.,
2017). Rehman et al. (2020) identify some slow-moving landslides in the western Karakoram

using INSAR and examine the possible role of precipitation and seismic events.

Notably, the limited literature implies that we still lack information regarding slow-moving
landslides, their causes and possibly threatened settlements in the northern Pakistan/western
Karakoram terrain. Our objective is to add to this literature and explore the use of INSAR
deformation data to monitor a large, slow-moving landslide in the region; under the assumption

that at least part of the deformation may be induced by climate change effects.

We specifically focus on a possible hazardous area highlighted by Stauffer (1975) half a
century ago but not subjected to further study. In a report of the U.S. Geological Survey,
Stauffer (1975) described several dangerous slow-moving landslides across the Chitral sector.
The report particularly mentions a large, slow-moving landslide body, most likely formed due
to "not a single rapid event" but a continuous deformation process lasting many years north of
the Reshun village (Fig. 1b). Stauffer (1975) also reports many small and large landslides
taking place on top of this slow-moving large body from time to time, are mobilized after heavy

rains.

Therefore, by targeting this area, our study addresses two needs. On the one hand and from
a more theoretical standpoint, we aim at exploring the mechanism of this slow-moving
landslide in western Karakoram to improve our understanding of the link between landslides

and mainly climatic factors. On the other hand, and more practically, we also aim to assess
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the threat posed by this large, slow-moving landslide over the nearby villages of Loan and

Reshun.

2. Study area

Our study area is located in the Hindukush-Karakoram mountain range proximal to the Loan

and Reshun Villages in Chitral, NW of Pakistan (Fig. 1). Chitral lies along the north west

boundary of Pakistan and comprises rugged terrains with high elevated peaks that can reach

altitudes up to 7000 m (Fig. 2). As a result, most of our study area is overlooked by mountains

that are covered in snow all over the year.
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Figure 1. Panels showing location map of Chitral (a) and the study area overlaid by
epicenters of historical earthquakes (b, USGS, 2021) as well as monthly average
precipitation amounts of the study area indicated by the white rectangle in panel (c). The
average precipitation values were calculated based on the 20-year time series of IMERG
Final Run product (Huffman et al., 2019).
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Overall, the Chitral region does not host strong earthquakes historically. Actually, no
earthquakes of magnitude greater than 6.0 have been recorded within the Chitral region in the
last century (USGS, 2021; Fig. 1b). Nevertheless, a number of large earthquakes were have
occurred in a zone between 50-100 km from the study area. The closest ones occurred on 4™
January 2019 (Mw=4.5 and depth= 113 km) and (Mw=4.1 and depth= 107 km) at 30 km and

45 km far from our study area, respectively.

Based on the 20 years (between 2000 and 2020) time series of FLDAS Noah Land Surface
Model (McNally, 2018) and the Integrated Multi-Satellite Retrievals (IMERG) Final Run product
(Huffman et al.,, 2019) large variations in both temperature and precipitaion have been
measured in the study area. The area experiences warm summers and cold winters, with
maximum and minimum average temperatures between -10"and 25  (Fig. 1c). The period
between January and April appears as the wettest season in the area, where monthly average

rainfall changes from 50 to 80 mm (Fig. 1c).

Three main geological structures run with a NE-SW direction across the Chitral sector namely,
the Reshun fault, the Tirich Mir fault (Fig. 2) and the Main Karakoram suture zone (Coward et
al., 1986; Zanchi and Gaetani, 2011). These three faults marked the collision of three micro
plates from the Jurassic to the Cretaceous (Gaetani et al., 1996; Zanchi et al., 1997). During
the last episode of the Himalayan orogeny, Karakoram and southern Hindukush underwent a
series of tectonic deformations including a marked uplifting (Heuberger et al., 2007). This
compressive regime has been recorded in the main lithological formations outcropping within
our study area. Specifically, four geological units can be found, consisting of carbonates and
quarzitic rocks (Shogram Formation, Devonian), overlain by carbonate rocks of high
metamorphosed grade (Reshun marble, Cretaceous) further underlaying shales (Loan unit,
Devonian-Carboniferous) and slates and phyllite (Wakhan unit Devonian). For further
information on the geological and tectonic context, we refer to Tahirkheli et al. (2012) and
Sarwar and Rahman (2016).

Several researchers in the HHK region pointed out the strong lithological control on the failure
mechanism. Gerrard (1994) refers to landslide kinematics related to specific structural
features, rock types and regolith. Gulla et al. (2004) add further comments on this, stressing
the role of deep weathering, responsible for the alteration of mineralogy along preferential
directions, which set the stage for the failure to take place. In particular, shale and schists are
susceptible to translational sliding whereas slopes that host phyllites mainly give rise to
rockfalls, in contrast to quartzite lithotypes that generally do not present slope instabilities
(Gerrard, 1994). Due to these considerations, we recognize the villages within our study area

to be potentially under threat as shales widely outcrop (Fig. 2).
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Figure 2. Geological map and cross section of the study area.

Morphotectonically, while examining the area indicated by Stauffer (1975) from satellite
images (Fig. 3), we recognized a number of features hosted in an old and extremely large
(15.7 km?) landslide mass (see black polygon in Fig. 3a). This landslide likely mobilized as a
result of the failure of a quartzite wedge acting as a barrier at the foothill of a large steeping
slope (Fig. 3c). To confirm or reject this hypothesis, we conducted a visit to the site. The field
observations confirmed the presence of a numerous evidences of slope deformation (see red
polygon in Fig. 3a), such as numerous tension cracks on slopes with a sackung-like

appearance (Figs. 3 and 4b-4d).

Sackung type of slope movements are common in high-relief and glaciated terrains
(Zischinsky, 1968) and are characterized by prominent features such as uphill-facing scarps,
trenches or depressions, tension cracks and toe bulging. They can involve large (i.e., >100 m)
downslope displacements of rock at rates of a few millimeters to several meters per year (e.g.,
Dehn et al., 2000; Mccoll and Davies, 2013).
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Figure 3. Various morphological features reflecting landscape deformations across the
examined watershed.
In our study area, in a number of sites overlooking the village of Loan, we noted widespread
signals of sackung features, these being the manifestation of a deep-seated and slow-moving
landslide, which host debris avalanches and gullies (Fig. 3b). Moreover, tensional cracks were
observed mostly at the foothills (Figs. 3 and 4). As another reflection of possible surface
deformations unrevealed by a number of morphological features, damaged houses are also
quite common in the Loan village (Fig. 4e). Local people we interviewed indicated that there

is almost no building without any damage in the village.
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March 5, 2017

Figure 4. Pictures showing (a) locations of various field observations reflecting (b-d)
sackung features and tension cracks, (e) cracks in a house within the Loan village and (f) a
rock avalanche occurred on 5th of March 2017.

Apart from slowly occurring surface deformations, flow type landslides and rock avalanches
are also common, especially towards the lower section of the study area. Local people
informed us that debris flows and rock avalanches frequently obstruct the road between the
villages of Reshun and the Loan during spring time. In fact, on 5th of March 2017, our local
contact from the Reshun village witnessed a rock avalanche (Fig. 4f), likely due to the

combined action of snow melt and riverbank erosion from below.
3. Methodology and data

In this study, we used an InSAR time series analysis approach and two sets of Sentinel-1 data
stacks collected in ascending and descending orbital geometries (Table 1) to quantify the
dynamic behavior of slow-moving landslides in the western part of the Karakoram region.
Among these orbits, the ascending one provides a side-view, whereas its descending



224 counterpart scans the hillslope under examination, which is facing towards south-east, with

225 almost a perpendicular angle to the slope face (Fig. 5).

226  Table 1. SAR data used in the analyses

Satellite Sentinel-1 (SLC) Sentinel-1 (SLC)
Orbit Ascending Descending
Beam Iw W
Path 173 5
Frame 111,112 and 113 471 and 472
Polarization \AY% \YAY
Heading angle (degree) 352 192
Incidence angle
(meanzstd. dev., degree) 422124 33.0+14.5
Acquisition dates Nov 2015-Aug 2021 Nov 2015-Aug 2021
Number of scenes 154 151
227
4000
3500
E
< 3000
E 2500
2000
1500 -
2500 5000 7500 10000
228 Distance (m)
229 Figure 5. 3D elevation model of the study area showing ascending and descending
230 Sentinel-1 orbits as well as topographic profile passing through the examined watershed.

231 These images have been collected from November 2015 to August 2021 and accessed
232  through the Copernicus Open Access Hub of the European Space Agency. We obtained
233  Sentinel-1 data in Single Look Complex (SLC) with interferometric-wide (I.W.) mode and

10
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vertical-vertical (V.V.) polarization (Table 1) and processed them in two phases, one in SNAP
and one in Snap2Stamps, via the Stanford Method for Persistent Scatterer (StaMPS) (Hooper
et al., 2012; Hooper, 2008). The StaMPS approach was used to perform the time-series

analysis, whose overall summary is presented in the Supplementary Materials (see Fig. S1).

After generating Persistent Scatterer (PS) points providing line-of-sight (LOS) deformation
time series and mean velocities, we converted them into their downslope components
following the method described in the literature (Aslan et al., 2020; Notti et al., 2014). We
made this conversation for both ascending and descending data separately. To identify active
PS points, we examined summary statistics of average velocities and removed values smaller

than one standard deviation (e.g., Aslan et al., 2020).

We also calculate the radar visibility index for the ascending and the descending Sentinel-1
orbits over the study area. We assess visibility through R-index (Cigna et al., 2014; Notti et
al., 2014) to identify areas suffering from geometric distortions (i.e., foreshortening and

layover).

We examine the spatial distribution of PS points and corresponding displacement velocity over
aspect-wise homogenous landscape partitions called Slope Unit (SU) using the r.slopeunits
software module (Alvioli et al., 2016). The use of SUs in slope stability assessments (Carrara,
1988) and landslide susceptibility/hazard studies (Lombardo et al., 2021; Tanyas et al., 2019)
has recently gained attention in the geomorphological community. The way we used an SU
partition here is different from the data-driven context mentioned above. We aggregated the
deformation signal of all PS points contained within a given SU. In other words, we translated
the point-wise deformation velocity and deformation time series into mean deformation velocity
and mean deformation time series associated with the whole portion of the slope profile, i.e.,

the SUs themselves.

We also used the Shuttle Radar Topography Mission (SRTM) digital elevation model, with 1
arc-second spatial resolution (NASA JPL, 2013) for various operations, including geocoding
Sentinel-1 images, topographical phase removal, radar visibility analyses, conversion
between LOS and downslope deformations and for the generation of SUs. To analyze surface
deformation with respect to climatic variables, we generated time series for various climatic
variables. Specifically, we used FLDAS Noah Land Surface Model, with 0.01° spatial and 1
day temporal resolution for the surface temperature and fraction of snow cover and CHIRPS
data with 0.05° spatial (McNally, 2018) and 1 day temporal resolution for the precipitation
(Funk et al., 2015). To carry out similar analyses with respect to seismicity, we used the

earthquake catalog of the U.S. Geological Survey (USGS).

11
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4. Results

We examined Sentinel-1 scenes for both ascending and descending orbits. Overall, both orbits
provided a good visibility (i.e., R-index>0.5, Notti et al., 2014) for the hillslope under
examination (Figs. 6a and 6b). The area affected by geometric distortions are less than 5% in

both cases.

To further assess the spatial distribution of PS points, we used a SU partition of the whole
slope and calculated the density of PS points within each polygon. Results show that the PS
point density is high in some SUs, reaching up to 680 PS per km2. However, especially in SUs
located in the highest portions of the topographic profile, the PS density appears low (~10 km-
2). Given the vegetation-free landscape of our study area (see Fig. 3), seasonal snow cover

likely caused coherence loss and thus, low PS point density (e.g., Carla et al., 2019).

Because of the large difference in the visibility, we opted to keep analyzing PS points
generated from ascending and descending orbits separately. Our rationale is that some
deformation signals could be captured only through one of the two orbits and therefore,

separate analyses might enrich our overall understanding of the surface dynamics in the site.

The PS points located within the landslide zone showed larger LOS velocities compared to
the surrounding slopes (Figs. 6¢c and 6d). In the ascending orbit, we captured mostly
deformations away from the satellite (i.e., negative displacements), as one can expect based
on the relative orientation of the hillslope (mostly facing East and Southeast) with respect to
eastward looking geometry of Sentinel-1 ascending acquisitions. The maximum LOS velocity
was -57 mml/year, thus we saturated values higher than -50 mm/year for a clearer
visualization. As for the descending orbit, we identified mainly displacements towards the
satellite, which is also expected given the dominant hillslope orientation with respect to
westward looking geometry of the descending acquisition. In this case, the maximum LOS
velocity was 51 mm/year, which we again visually saturated at 50 mm/year for consistency
(Figs. 6¢ and 6d).

12
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Figure 6. Panels showing (a-b) radar visibility (i.e., R-index) and (c-d) LOS mean velocity
maps overlaid by PS densities for ascending and descending orbits, respectively. In all
panels histograms are generated for the PS points located within the study area indicated by
the black polygon.

To better assess possible hillslope deformations, we reprojected LOS mean velocities and
corresponding deformation time series along the downslope direction (Fig. 7). The result of
this conversion also revealed a similar spatial pattern highlighting areas with relatively large
deformations (Fig. 7). Notably, downslope velocities are larger than their LOS counterparts.
The downslope velocities vary between -170 mm/year to 164 mm/year for ascending and
descending orbits, respectively. Even in this case we applied a saturation when converting
this information into maps, not only to improve visibility but also because values outside the

interval of -100 and 100 mm/year can be mostly considered outliers (Fig. 7).
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Figure 7. Downslope velocities (a-b) and their frequency distribution with median and

standard deviation values (c-d) for ascending and descending orbits, respectively.
To identify actively deformed subsets of the hillslope, extreme values and their spatial
distribution are more insightful than small values that could be considered as background level
of deformation (e.g., Aslan et al., 2020). Therefore, to differentiate actively deformed areas,
we filtered out those values between the median velocity and one standard deviation (£10).
For the remaining PS points, we calculated average downslope velocities at the SU level in
both ascending and descending orbits (Fig. 8). For the visualization of varying downslope
velocities across the study area, we coupled the average velocities with the dominant slope
direction of each SU. As a result, we clearly show that almost the entire area under
consideration (~20 km?) slowly moves downslope, except for a few SUs mainly located at the
edges of the watershed (Fig. 8). The average downslope velocities aggregated at the finer SU
scale (Figs. 8a and 8b) exhibit a substantial range of variation, from 10 to 130 mm/year. This
implies that over the six-year time-window that our stack of SAR images covers, the maximum
total deformations could locally reach up to 80 cm.
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Figure 8. Downslope velocities overlaid by PS point densities calculated for SUs separately
for ascending (a and c) and descending (b and d) orbits, respectively. The numbers
indicated within circles represent sub-catchment IDs. The results were generated for PS
points after filtering out values between the median velocity and one standard deviation.
Up to this point, we assessed the deformation at PS points and over SUs. To complete our
study, we further upscaled our analyses, this time examining six sub-catchments. These were
obtained as the expert combination of the previous SUs into larger geographical entities (Figs.
8c-8d, 9a and 10a). We did so to offer a different perspective of the deformation patterns and
their temporal evolution, based on three simple sectors along the topographic profile: upper,

middle and lower hillslopes. Specifically, we used the six sub-catchments to cluster PS points
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selecting downslope velocities within the inter-quartile range of the whole distribution. We then

compared high deformation zones in both ascending and descending orbits.

Figures 8c and 8d summarize downslope velocities aggregated for the sub-catchments. At the
lower part of the examined hillslope (i.e., Sub-catchments 4 and 5), mean downslope velocities
are quite similar in both orbits and ranging between 23 and 35 mm/year. In the middle part
(i.e., Sub-catchments 2 and 3) the difference is higher and reach up to 10-15 mm/year. At the
upper part (Sub-catchment 1), the difference in mean velocity is around 25 mm/year. We
observed the highest difference in Sub-catchment 6 where PS density is quite low in both

cases (Fig. 8).

Figures 9a and 10a provided another clear indication that the area is slowly moving. Similar
to Figure 8, we filtered out all the velocities outside the interquartile range. The vast majority
of the remaining PS points all fell within the examined watershed, in the case of both orbits. In

particular, they concentrated within Sub-catchments 1, 2, 3 and 5 (Figs. 9a and 10a).

The downslope deformation time-series presented a continuous deformation, but each time-
series is interrupted by some noticeable short-term fluctuations (Figs. 9 and 10), in both orbits.
To explore the causes behind these fluctuations, we accessed and overlaid temperature and
fraction of snow cover for each sub-catchment onto the velocity data. Results showed a clear
link between these and specifically with respect to the snow cover time-series. Specifically,
the snow cover is generally present from mid-November to mid-March, which is likely
responsible for the fluctuation in the SAR signals. Nevertheless, even when excluding the

noisy signal due to snow, the overall trend still indicates a clear and continuous deformation.

16



355
356

357
358
359
360
361
362

363
364
365
366
367
368
369
370
371
372

e o O
72°40"E Eg— (b) hi: S
£ | loc |
I~ [T ‘N
‘B 5 e
B leg [T o
E (=L 3
S o ¢ row
% < 3 ]
o 34 SS9 |og
S 2 [76
% ' LN = =
g | ow r
59
5 jC & ‘ T w T y b -g _$
o ]
=] 2016 2017 2018 2019 2020 2021
& =] —
N T8 =8
é 4 loe= |
= o .8 N
5 84 o8 e
s £~ S & g
s = R 2
2\ 5 el <3 ok
al@A - f=sk oy, [
=\ m o o Q o
©l5 L S+ =) £
ol 4 O z s
=S 0 o [
Q ‘3 3 » 1 LN & =
3 1 vy g 4 I
-100 -80 -45 -16 median 31 45 80 100 (mmly) 8 2] lo |l o
]10' 10" | - oL T T T T (=] ‘T’
> - 2016 2017 2018 2019 2020 202
away from satellite toward satellite
—_ ] —_— O QO =)
Exs =) = ©
E £ -
= 1 s _g g =
c 5 S 5
= S o o o=
T oA T S &
$= £ lof T o
S S S 2
=k s S L FrO®
[ [} > e
© o o, h= o <t 8 2
o
g 3 8 21 = 2F
o o= [s] 1o
2 2 Hs L
4 i o L
&g gty &g s -
c‘?- * O?_ T T o _‘?

T T T I T T T T
2016 2017 2018 2019 2020 2021 2016 2017 2018 2019 2020 2021

Figure 9. Average downslope velocities in ascending orbit overlaid by aggregated SUs
representing sub-catchments of the study area (a) and average downslope time series
generated for each sub-catchment overlaid by both fraction of snow cover and temperature
(b-d). Yellow stars indicate date of earthquakes (Mw=4.0) occurred in the vicinity (i.e.,
distance to source<60km). The numbers indicated within circles represent sub-catchment
IDs.

Aside from the fluctuations, a signal that cannot be justified just through noise stands out in
the deformation captured through the ascending orbit. In Figure 9e, a systematic offset is
shown to occur every spring, this time being completely uncorrelated to the snow cover
signals. Conversely, this systematic offset matches the start of the warm season. This signal
is only present in the ascending orbit at Sub-catchment 5, which corresponds to the toe of the
old landslide. In the descending orbit same signal does not appear when we examine the
average downslope time series for the entire Sub-catchment 5. However, we can still capture
similar offset associated with individual PS points (Figs. 10f and 10g). Bringing all these pieces
together, these offsets might be interpreted as the presence of relatively rapid

deformations/failures occurring every spring.
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Figure 10. Average downslope velocities in descending orbit overlaid by aggregated SUs
representing sub-catchments of the study area (a), average downslope time series
generated for each sub-catchment (b-d) and two PS points from the lower part of the
hillslope (f-g) overlaid by both fraction of snow cover and temperature (b-d). Yellow stars
indicate the date of earthquakes (Mw=4.0) occurred in the vicinity (i.e., distance to
source<60km). The numbers indicated within circles represent sub-catchment IDs.

Other than climatic variables, we finally also checked the possible role of earthquakes on
deformation time series. We did so by identifying earthquakes of magnitude greater than 4.0
that occurred in a zone 60 km distances from the study area. Figures 9 and 10 show the
surface deformation time series overlaid by those earthquakes. However, no clear surface
response was captured associated with given earthquakes.
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5. Discussion

Monitoring hillslope deformations through satellite-based radar data can provide insightful
observations of landscape responses to external stress sources. Freely available Sentinel-1
data allows InSAR time series analyses, especially in remote areas of low or medium-income

countries. This can offer a unique opportunity to assess landslide susceptibility and hazard.

Landslide susceptibility is usually expressed via maps that indicate where landslides are
probabilistically likely to occur. Hazard maps extend the definition accounting for when or how
often (Guzzetti et al., 1999), as well as how many (Lombardo et al., 2018) or how large those
landslides might be (Lombardo et al., 2021) or how fast they may travel (Corominas et al.,
2014). Traditionally, landslide susceptibility and hazard maps are generated on the basis of
either historical inventories or on the basis of event-based inventories. The latter encompass
landslides that occur in response to a specific trigger such as rainfall, earthquake or snow
melt. However, in an area dominated by large, slow-moving landslides, traditional methods
may not be effective. For instance, the slow-moving landslide we examined in this study
hosts/generates a number of relatively small, shallow, flow-type nested landslides. Mapping
those small landslides via geomorphological mapping could be used to generate a
susceptibility map. And yet, if the entire hillslope is moving downslope as we observed in our
case, assessing the susceptibility of small landslides could underestimate a much larger threat
posed by the slow-moving landslide body as a whole. Similarly, a landslide hazard map could
be produced by identifying those small landslides with a proxy to their intensity level (e.g.,
landslide velocity or area). However, estimating the timing of those small landslides and their
intensities would not reflect the overall hazard, for instance, the Loan and Reshun villages
would be exposed to. Aside from these recent and shallow landslides, if we would focus on
the main threat represented by the underlying large landslide body, even in this case a
traditional susceptibility or hazard assessment will not provide much value. In fact, the
susceptibility is obvious per se because the body slowly moves and the temporal definition of
the hazard (i.e., how often/when) will be impossible to address because nobody, not even
local inhabitants of the villages have memory of when the large failure occurred. Thus, a
modern hazard assessment framework is required in such situations. This is of particular
importance across the HHK mountain range, where snow cover is rapidly thawing. This effect
may lubricate the sliding surfaces of former dormant landslides and lead to catastrophic
consequences. Therefore, the possible link between climate change and landsliding requires

special attention to holistically assess landslide susceptibility, hazard and risk.

The modern hazard assessment we mentioned above can come through the application of

INSAR analyses, and this is also the approach we chose in this work. Specifically, our results
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provide insight into the dynamics of the slow-moving landslide threatening both the Loan and
Reshun villages. The InSAR-based deformation time series we generated confirmed the
continuous downslope motion in the last six years. This observation both applies to the
ascending and descending orbits. Another relevant observation consists in the overall trend
the time series present. In both orbits, Sub-catchment 1 highlights a worrisome linear pattern
associated with the largest deformation of the whole hillslope (See Figs. 9b and 10b). This
could be due to its relatively steep topography (see Fig. 5). Conversely, the deformation trend
is more gentle in Sub-catchments 2 and 4. Figs. 9d and Fig. 10c-d actually reflect a sort of
stabilizing trend in the last two years. The same figures show that the lowest temperatures
and fractions of snow covers indicate that, from 2020 to 2021, the study area experienced
relatively colder winter and spring seasons. Therefore, the stabilizing trend observed in the
last two years may be consistent with the recent thick presence of snow cover in the study

area. In other words, more snow may indicate, more albedo and thus less thawing.

The presence of radar visibility and sensitivity-related issues can hinder the clarity in the
overall deformation mapped from both orbits. For instance, the deformation time series
generated for the ascending orbit provides some signals which is not visible in the descending
case. Figure 9 highlights that at toe of landslide zone, the radar data collected in the ascending
direction captured some repeated deformation offsets occurring every spring. We interpreted
them as a sign of relatively rapid deformations/failures. Such a signal can be only justified
through the disturbance introduced by seasonally water discharges, mostly in the form of water
influx from thawed snow cover. The resulting water can then infiltrate and act from the top as
well as transform into runoff and increase the discharge of the Mastuj River and its capacity
to incise the base of the slope. We thought that rainfall be responsible either for the entire or
part of the deformation, rather than the water coming from the snow-covered ridges above the
study area. We explore this assumption in Figure 11, using daily CHIRPS precipitation data
(Funk et al., 2015). However, between the two possible sources of water in the system, the
contribution of the rainfall seems minor. In fact, the maximum 12-day accumulated
precipitation is around 60 mm at most for the whole examined period. As a result, we
interpreted the snowmelt due to increasing temperatures to be the root cause of the “rapid”

deformation we observed in spring.
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Figure 11. Figure showing the average downslope time series generated from ascending
orbit for Sub-catchment 5 overlaid by both 12-day accumulated precipitation and
temperature. For the precipitation, CHIRPS data (McNally, 2018) with 0.05° spatial
resolution was used.

We maintain this interpretation for the deformation we observed at the foothill, as we excludes
other geomorphologically-reasonable causes in the form of anthropogenic factors,
earthquakes and/or tectonic uplifting. Anthropogenic influences are negligible, as the area is
quite remote and has limited signs of significant man-made changes (e.g., road projects,
terraces, dams, etc.). The local villages do not make use of irrigation, and depend on rainfed
agriculture. Also, earthquakes would not be able to justify the overall deformation trend as no
major earthquake occurred in the vicinity of the study area. At best, the seismic disturbance
could represent a secondary factor in the form of legacy effect (Tanyas et al., 2021). Similarly,
tectonic uplifting of the entire area might only partially explain the evidence in surface

deformation rates.

Under the assumption that the main phenomenon responsible for the deformation observed
at the foothill of the study site is the snow melt, then it only makes sense to extend this
interpretation to the whole catchment. If this interpretation is valid, then the contribution of
snow melt to the instability of the study area needs to be further explored. We briefly introduced

that we consider both infiltration and river incision to be the main drivers of the deformation.

The river incision is hydrologically plausible and the deformation record could confirm it to
some extent. In fact, such incision leads to the development of relatively fast deformations or
landslides and even up to the rock avalanches and debris slides we already showed in Figure
4f. Being the watershed approximately ~8 km long, then the relatively slower deformation rate
we observe going uphill makes sense because the faster rates occur in the proximity to the
channel and their effects slowly retrograde upward. However, this deformation model does
not explain the extremely large deformation estimated at the top of the catchment. There,

another process is required even beyond the intuitive role of the steep topography. Such a
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role can only be filled by the incoming water from further above. This water should be released
from snow and thus could infiltrate and generate diffused instabilities. In light of this
interpretation, we sought for signs of standing water or any other manifestation such as natural
springs. During the interviews, villagers pointed out at a series of locations where they reported
such springs to be quite diffused, specifically mentioning their seasonal appearance right after
spring. Figure 12 shows the locations they indicated. Panel a highlights the presence of snow
cover as well as the artificial water channels the local ancestors excavated to make use of the
natural springtime runoff. As for panel b, there we show the water seepage we found along
the upper part of the hillslope. Notably, this picture was captured during autumn. Thus, the
discharge of these springs could only be much worse during the warmer seasons.
Interestingly, both scenes offer a unique perspective to at least date the large landslide in
recent times. In fact, the previous channel dug by villagers is suddenly interrupted by the line
delimiting the landslide crown. We can safely assume that the failure occurred after the trench
was made. Local villagers do not use these channels anymore to collect water. Thus, they
could not provide any additional information that could be used to shed light on the role of
those wet areas with respect to the continuous slope deformations we observed.

Nevertheless, these incisions still exist and drain the incoming water along preferential

directions.

0800 ke e S P e

Figure 12. Google Earth scenes acquired on 12" of January 2018 (a) and 30" of October
2020 (b) showing snow cover and water seepage associated with thawing of snow cover as
well as old water channels to provide the water requirements of nearby villages.

Before concluding, we would like to share another element of particular relevance, especially
because we consider it a realistic risk for both villages, Loan standing on top of the large

landslide itself and Reshun sitting at the bottom.
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As briefly introduced in Section 2, we initially hypothesized that the old landslide was triggered
by the failure of a part of the quartzite “wall” located at the toe of the hillslope (Fig. 3c). This
crystalline barrier contributed by limiting any movement pushing from above; as it collapsed,
so did the whole slope. Coming back to the present day, a portion of the original “wall” adjacent
to the failed quartzite segment is still standing and may still provide the same stabilizing effect.
However, if the “past is the key to the future” principle applies even under current conditions,
the remaining quartzite barrier may also fail. In this case, the lives of the inhabitants of the two
neighboring villages may be lost in such a catastrophic scenario. Unfortunately, radar visibility
of this particular section of the slope was not particularly suitable (Fig. 6b). As a result, it was
illuminated within a narrow radar swath, which in turn may not provide a conclusive description
of the deformation in Sub-catchment 5 (see Figs. 10a and 10f). Nevertheless, even with the
limited number of PS points available, we tried to generate the same type of summary plot as
in the previous figures. The resulting patterns are shown in Figure 13a, where the near vertical
transition from one village to another appears to be characterized by a number of shallow
failures. As for the boundary of Sub-catchment 4, the PS points there do not provide enough
information in the ascending orbit (Fig. 13b). However, this is not the case in descending orbit
(Fig. 13c), where three trends in the time series can be roughly discerned. These indicate
some worrying signals of potential instability. In fact, recent periods (i.e., 2020 onwards) have
shown a slight increase in the downslope deformation rate. Such observation also needs to
be put into context. The large mass moving behind this quartzite block returned slightly lower
downslope deformation values right at the boundary with Sub-catchment 4 over the six years
under examination. Below, the quartzite block overlooking Reshun is characterized by slightly
faster deformation rates. This could indicate the accumulation of stress and a resulting strain
release of the quartzite block itself. This in time could further destabilize into a paroxysmal
release. Signs of such potential destabilizations should consist in deformation rates that exhibit

some degree of acceleration in time, which at least in part is what we see in Figure 13c.
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Figure 13. (a) View of the quartzite “wall” which separates the moving body where the
village of Loan is located and the floodplain where the village of Reshun has been built. (b)
and (c) are the time series of downslope deformation plotted together with snow cover and

temperature data, in their respective ascending and descending orbits.

6. Conclusions

INSAR time series analysis techniques have been successfully employed for monitoring slow-
moving landslides over the last decade. We chose their use in the context of this study area
because of the slope's complexity, and the risk to the two villages. Our interpretation is that
the melting process of snow cover from the higher portions of the relief contributes to a large
rock slide and a number of smaller failures along this huge body. The thawing could be
potentially linked to climate change because the temperature in Hindukush-Himalayan range
has rapidly increased in recent years. The radar scenes we examined only go back six years
ago. However, this data is already sufficient to at least depict a scenario that calls for further
studies, if not more drastic actions. The moving body can be visualized in sections along the
topographic profile, the highest being also the most dynamic one. Then, the central portion is
characterized by slower movements. And, the lowest sector is divided into two sub-areas. A
western one, where the former quartzite barrier might have already collapsed. There, the
deformation is faster and the material slowly moves with sudden episodes of acceleration
during spring. These are likely due to the contextual action of the basal stream erosion as well
as the lubrication coming from infilirated water of the melting snow cover. This already
represents a worrying situation, but to some extent the material is sliding downhill, allowing
the whole body to release the accumulated friction. However, this is not the case in the eastern

area of the lowest sector. There, the quartzite barrier constantly shows signs of instability,

24



554
555
556
557
558
559
560
561

562
563
564
565
566

567

releasing shallow avalanches and debris slides over the “cliff’ face. And, most importantly, it
shows accelerated trends of deformation along the crown (or what we called the boundary of
Sub-catchment 4). This may end up in a paroxysmal failure in the same way it occurred right
next to it in the past. If so, then the two villages of Loan and Reshun may be involved in a
catastrophe. We are already in contact with Pakistani colleagues and have shared this
observation beyond the scope of this research, with the intent of at least raising awareness
and putting into place additional monitoring systems and potentially adequate plans to address

the situation.

Going back to the more scientific aspect of this research, such a detailed description would
not have been possible with other traditional means of geomorphological investigation. This is
why we stress once more that use of INSAR is an important tool for hazard assessment and
why we consider its implementation a valuable source of information to unveil the potential

link between climate change and landscape evolution processes.
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