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Abstract 31 

Alpine landscapes are typically characterized by inherited features of past glaciations and, for the 32 

more recent past, by the interplay of a multitude of types of geomorphic processes, including 33 

permafrost creep, rockfalls, debris flows, and landslides. These different processes usually exhibit 34 

large spatial and temporal variations in activity and velocity. The understanding of these processes in 35 

a wide alpine area is often hindered by difficulties in their surveying. In this study, we attempt to 36 

disentangle recent changes in an alpine landscape system using geomorphic mapping and L-band 37 

DInSAR analyses (ALOS-PALSAR) in the Zermatt Valley, Swiss Alps. Geomorphic mapping points 38 

to a preferential distribution of rock glaciers on north-facing slopes, whereas talus slopes are 39 

concentrated on south-facing slopes. Field-based interpretation of ground deformation in rock 40 

glaciers and movements in talus slopes correlates well with the ratio of InSAR images showing 41 

potential ground deformation. Moraines formed during the Little Ice Age, rock glaciers, and talus 42 

slopes on north-facing slopes are more active than landforms on south-facing slopes, implying that 43 

the presence of permafrost facilitates the deformation of these geomorphic units. Such deformations 44 

of geomorphic units prevail also at the elevation of glacier termini. For rock cliffs, the ratio of images 45 

indicating retreat is affected by slope orientation and elevation. Linkages between sediment supply 46 

from rock cliffs and sediment transport in torrents are different amongst tributaries, affected by 47 

relative locations between sediment supply areas and the channel network. We conclude that the 48 

combined use of field surveys and L-band DInSAR analyses can substantially improve process 49 

understanding in steep, high-mountain terrain. 50 

 51 

Key words: InSAR analyses; geomorphic mapping; alpine landscape; rock glacier 52 
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1. Introduction 54 

Alpine landscapes are constantly shaped by a multitude of geomorphic processes with largely 55 

differing spatial and temporal activity, such as rockfalls, floods, permafrost creep, debris flows, or 56 

landslides (e.g., Haeberli et al., 2006; Korup et al., 2010; Lugon and Stoffel, 2010; Schneuwly-57 

Bollschweiler and Stoffel, 2012; Barboux et al., 2014). Understanding their rates and patterns of 58 

activity is usually restricted to field surveys at individual sites, such that studies focusing on larger 59 

surface areas have remained relatively scarce. In the past, geomorphic mapping has been based widely 60 

on aerial photograph interpretations, analyses of airborne LiDAR (light detection and ranging) data, 61 

and field surveys to interpret types of processes occurring in alpine environments (e.g., Ikeda and 62 

Matsuoka, 2002; Lugon et al., 2004; Otto et al., 2009). However, and because present landscapes are 63 

a result of current and past geomorphic processes, detection of current process activity is often limited 64 

in cases where interpretation relies on geomorphic mapping alone. On the other hand, field 65 

monitoring and periodical LiDAR surveys provide quantitative data on current geomorphic activity 66 

but also require substantial labor and budgets. 67 

The Interferometric Synthetic Aperture Radar (InSAR), by contrast, can be used to detect small 68 

deformations of the ground surface (in the order of millimeter to centimeter) and has been used in 69 

recent years for the detection of activity of volcanic (Lu et al., 2010; Schaefer et al., 2015), rockfall 70 

(Arosio et al., 2009; Rouyet et al., 2017), landslide (Peyret et al., 2008; Jebur et al., 2014; Singleton 71 

et al., 2014; Nishiguchi et al., 2017), and rock glacier (Liu et al., 2013; Barboux et al., 2014) processes. 72 

Recent results are promising, and the approach is thought to greatly improve understanding of 73 

geomorphic systems in alpine environments. 74 

The choice of sensors and analysis methods in InSAR-based studies is typically based on land 75 

cover, characteristics of the geomorphic processes, and available data. For example, ground based 76 

InSAR (GB-InSAR) is frequently used for the detection of rockfall activity in fairly small areas 77 

(Arosio et al., 2009; Rouyet et al., 2017) because rockfall source areas are usually on subvertical 78 

slopes in which space-borne InSAR analyses repeatedly fail because of the problem of layover 79 

(Bamler and Hartl, 1998). In contrast, space-borne SAR images are usually used for the detection of 80 

ground surface deformation in those areas where topography is more gentle (Saroli et al., 2005; Liu 81 

et al., 2010). Permanent Scatter Interferometric Synthetic Aperture Radars (PSInSAR) are usually 82 

employed in areas with artificial structures (Strzelczyk et al., 2009), as the latter can be used as stable 83 
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radar targets (or as so-called PS points). Finally, differential InSAR (DInSAR) approaches using L-84 

band images are applicable in those areas covered by deep forests, lacking artificial structures that 85 

could be used as PS points (Roering et al., 2009; Barboux et al., 2014; Nishiguchi et al., 2017). 86 

Interestingly, a large array of published work focused on a very specific geomorphic process, such 87 

that only very few studies have attempted to understand entire geomorphic systems by single InSAR 88 

analysis so far (Barboux et al., 2014). As a consequence, a clear need exists for analytical procedures 89 

that are able to detect activity of various mass transfer processes and therefore can enhance our 90 

understanding of larger, and often complex, geomorphic systems. 91 

The data used in this study was generated by a phased array type L-band Synthetic Aperture Radar 92 

(PALSAR), which was mounted on the Advanced Land Observing Satellite (ALOS). The device is 93 

classified as an L-band SAR and was launched on 24 January 2006. The wavelength of PALSAR is 94 

longer than the X-band radar (typified by COSMO-SkyMed and TerraSAR-X) and the C-band radar 95 

(typified by Envisat and RADARSAT-2), which have been widely used in Europe and North America 96 

in the past. Although the resolution of the X- and C-band SARs are higher than that of the L-band 97 

SAR, PSInSAR, a widely used technique for the analysis of X- and C-band SAR images, requires PS 98 

points (Strzelczyk et al., 2009; Oliveira et al., 2015). Therefore, any DInSAR analyses using PALSAR 99 

images will have clear advantages in the detection of any ground surface deformation in areas lacking 100 

artificial structures (Strozzi et al., 2005; Roering et al., 2009). In addition, coherence of InSAR 101 

analysis using short wavelength images (i.e., C-band SAR) has been demonstrated to be generally 102 

low for long observation periods (>100 days) between images, mainly because of changes in ground 103 

surface conditions (Zebker and Villasenor, 1992). By contrast, past studies based on L-band SAR 104 

have shown clearly that image pairs with longer observation periods can be used without major 105 

problems (Wei and Sandwell, 2010; García-Davalillo et al., 2014) and that L-band SAR seems ideal 106 

for the detection of moderate ground surface deformations (Nishiguchi et al., 2017). 107 

The purpose of this paper is to understand geomorphic process activity and changes over time in 108 

an alpine high-relief landscape system of the Swiss Alps by coupling field-based geomorphic 109 

mapping with L-band DInSAR analysis based on PALSAR images. The DInSAR analysis was used 110 

to interpret the spatial variability of geomorphic processes over a wide alpine area, which is too large 111 

to be covered by field surveys alone. Results of DInSAR analysis were cross-validated by field 112 

surveys in order to avoid misinterpretation affected by topography, atmosphere, and noise (Roering 113 
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et al., 2009; García-Davalillo et al., 2014). By doing so, we interpret recent activity of various types 114 

of geomorphic processes, including movements of rock glaciers, rockfalls, landslides, and 115 

deformation of talus slopes and moraines, in the Zermatt Valley (also referred to in the literature as 116 

Mattertal or Matter Valley). We selected ALOS/PALSAR material rather than images from the 117 

currently working sensors (e.g., ALOS-2/PALSAR-2). This choice was motivated by the fact that the 118 

number of image pairs observed by the new L-band sensors is not yet large enough for the analyses 119 

of geomorphic processes in the study area. Although ALOS has already retired, our findings using 120 

PALSAR images are considered to be beneficial for the analysis of other L-band sensors as well. 121 

 122 

2. Study area 123 

The study was conducted on the east-facing slopes of the Zermatt Valley, a very deep and narrow 124 

glaciated valley; the study area is located in the southern Swiss Alps and is 10 km wide and 3 km 125 

deep and has a surface of 99 km2 (Fig. 1). Geomorphology in the Zermatt Valley is characterized by 126 

a large array of mass transfer processes, including permafrost creep (Lugon and Stoffel, 2010; Wirz 127 

et al., 2016), rockfalls (Stoffel et al., 2005), landslides and rockslides (Willenberg et al., 2008b; Stoffel 128 

and Huggel, 2012), and debris flows (e.g., Bollschweiler and Stoffel, 2010; Schneuwly-Bollschweiler 129 

and Stoffel, 2012; Stoffel et al., 2014). The basement rock in this area, mainly Permian gneiss and 130 

quartzite, is hard when intact but becomes highly deformed and fractured by folding, gravitational 131 

creep, and periglacial processes (Willenberg et al., 2008b).  132 

The western tributaries of the Mattervispa River cut the steep slopes of the Zermatt Valley and are 133 

aligned in a north-south direction in the study area. Above treeline, locally at about 2200 m asl, alpine 134 

grasslands spread over previously glaciated, gentle terrains between 2400 to 2600 m asl and are 135 

surrounded by steep and high mountains, the summits of which range from 3100 to 4505 m asl (Fig. 136 

1B). Many of the slopes underneath these summits are underlain by permafrost (Gruber and Hoelzle, 137 

2001). Rock glaciers and talus slopes, composed of rock debris derived from outcrops of these 138 

mountains, are distributed near the boundaries between these high mountains and the gentle terrains 139 

(Fig. 1B). Vegetation cover is very limited on mountains and on most of the rock glaciers and talus 140 

slopes. Glaciers are widespread at the highest elevations of the large tributaries (>2800 m asl) but 141 

have retreated significantly since the end of the Little Ice Age (LIA) around 1850 CE (Joerin et al., 142 

2006). 143 
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Sub-vertical, glaciated rock cliffs (40°–80o) are exposed at elevations ranging from 1000 to 2400 144 

m asl along the Mattervispa River (Fig. 1C). In April and May 1991, a series of rockslides with a total 145 

volume of 30 million m3 severely altered the landscape around Randa (Willenberg et al., 2008a, 146 

2008b). A number of smaller slope failures (with areas <10,000 m2) have occurred on other rock cliffs. 147 

Between these rock cliffs, conifer trees grow in tiny flat spaces. Farther down, debris flow fans occur 148 

at the confluence of tributaries with the Mattervispa River, whereas talus slopes can be found mostly 149 

at the base of rock cliffs. 150 

On the sparsely wooded surfaces around 1800 m asl, annual average precipitation is estimated to 151 

be 660 mm (Stoffel et al., 2005). Precipitation is highest between August and November when 152 

persistent rain from low-pressure masses in the Mediterranean Sea may penetrate into this inner-153 

alpine valley. At elevations above 2400 m asl, snow usually covers the slope from autumn to spring. 154 

Snow covers some portion of the study area above 2900 m asl even in summer, especially on north-155 

facing slopes (where avalanche deposits may sometimes persist for several years). Snow 156 

accumulation is much more limited on the steep rock cliffs at elevations of 1000 to 2400 m asl, even 157 

in winter. Mean annual air temperature in Zermatt (1638 m asl), 18 km south of St. Niklaus, is 3.9°C 158 

(1900–2008) (Stoffel et al., 2013). Using a temperature lapse rate of 5°C km-1, mean annual air 159 

temperature at 2400 m asl is estimated to be -0.1°C.  160 

 161 

3. Material and methods 162 

3.1. Mapping of geomorphic units 163 

The spatial distribution of seven major geomorphic units was mapped in a geographical 164 

information system (GIS) using digital ortho photos from 2005 with a grid size of 0.5 m, stereo photo 165 

pairs from 2005 at a scale ranging from 1:20,000 to 1:30,000, and with information contained in the 166 

online topographic map (map.geo.admin.ch) at a scale of 1:25,000, updated in 2017 (Table 1). Slope 167 

gradients were calculated from the digital elevation model DHM25 (swisstopo) at 25-m resolution 168 

and used as another source of information for the classification of geomorphic units. Mapping was 169 

based primarily on surface topography of geomorphic units and their location relative to hillslopes 170 

and channels. This also means that debris-covered glaciers were not added to glaciers in this study 171 

because we mapped glaciers visually based on visible ice on aerial photographs and satellite imagery. 172 

Because the aerial photographs used in this study (taken in 2005) are three to four years older than 173 
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that of the satellite imagery of the same study zone and 11 years older than the field surveys in 2016, 174 

we also checked temporal changes in the spatial distribution of geomorphic units in Google Earth. A 175 

comparison between our geomorphic map and Google Earth shows that changes in the spatial 176 

distribution of geomorphic units in most cases are very minor or not evident over the last 11 years, 177 

except for the recession of glaciers. Topographic attributes for each geomorphic unit, including slope 178 

angle, slope direction, and average elevation, were calculated by the GIS software QGIS on the basis 179 

of the DHM25 DEM available from swisstopo. 180 

 181 

3.2. InSAR analysis 182 

In this study, we used PALSAR L-band SAR data laid over ALOS (Table 2) with an observation 183 

width, resolution, and off-nadir angle of 40–70 km, 14–88 m, and 34.3° respectively. Because most 184 

parts of the study area are facing either east or southeast, we used images with ascending orbit 185 

direction (right looking). Calculation of SAR interferometry images was performed with RINC (Ver. 186 

0.36), a software developed by the National Research Institute for Earth Science and Disaster 187 

Prevention (Ozawa et al., 2016). To remove the topographic phase, we used the 30-m-grid digital 188 

ellipsoidal height model (DEHM) created by the Shuttle Radar Topography Mission 1 (SRTM-1). 189 

The interferometry images with radar coordinate systems were divided into small sections and 190 

projected to geographic coordinate systems by offset and affine transformations of each section. All 191 

of the study area was covered by one interferometry image. For the unwrapping, the Statistical-cost, 192 

Network-flow Algorithm for Phase Unwrapping (SNAPHU) (Chen and Zebker, 2002) was applied 193 

by using the minimum spanning tree (MST) algorithm (Graham and Hell, 1985). Phase difference 194 

obtained by phase unwrapping was converted to displacement along the slant range direction by using 195 

the following equation:  / 4, where  is the wavelength of PALSAR (236 mm). Following this, the 196 

stable area was assigned a displacement of 0 mm, with the values extending from the center point to 197 

generate the scale used in the displacement maps. We used maps showing the displacement to detect 198 

potential deformation areas. Areas with multiple pixels (generally wider than six pixels) and with 199 

markedly different displacements from the surrounding areas on the displacement map were extracted 200 

as potential deformation areas. At the same stage, we excluded areas with obvious noise (e.g., 201 

foreshortening, radar shadow, and layover) from the potential deformation areas. The ratio of images 202 

indicating potential ground deformation n, which was obtained by the number of image pairs 203 
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indicating potential ground deformation in each geomorphic units divided by the total number of pairs 204 

(three in this study), was calculated for all geomorphic units i as an indicator of activity of geomorphic 205 

processes as interpreted by InSAR analysis. We also calculated coherence, defined here as the 206 

absolute value of normalized complex correlation coefficient between two images (Wegmuller and 207 

Werner, 1995), using RINC in order to discuss reliability of analyses. 208 

Three PALSAR image pairs with high coherence were then selected for the analyses (Table 2). The 209 

selection of images was restricted to summer and autumn in order to have the smallest possible extent 210 

of snow cover in the study area. The duration between two image pairs in periods 2 and 3 (46 days) 211 

are shorter than in period 1 (368 days). All periods include imagery taken in summer and/or autumn 212 

when activity of rock glaciers is usually highest in the study area (Delaloye et al., 2010; Fischer et al., 213 

2012). 214 

 215 

3.3. Field surveys 216 

Results of the InSAR analyses were validated by field surveys undertaken in the validation area, 217 

composed of the Embdbach and Jungbach catchments (in the northern part of the study area) in early 218 

August 2016 (Fig. 1). These catchments were selected for field surveys as all major geomorphic units 219 

in the Zermatt Valley (i.e., rock glacier, talus slope, rock cliff, glacier, moraine, landslide, debris flow 220 

cone) are present within a small area. Geomorphic activity at 16 rock glaciers and 11 talus slopes was 221 

classified into three groups (inactive, active, very active) based on the presence and state of vegetation, 222 

lichens, and regolith (Table 3), as their abundance and/or absence can be attributed to different degrees 223 

of process activity (Hamilton and Whalley, 1995; Ikeda and Matsuoka, 2002; Burga et al., 2004). 224 

Activity of rock glaciers was also interpreted by the steepness of the front and the presence of wrinkles 225 

and cracks on the rock glacier surface (Ikeda and Matsuoka, 2002; Berger et al., 2004; Roer et al., 226 

2008). Activity of talus slopes was assessed by the presence of fresh clasts on its surface. Because 227 

activity of rock cliffs could not be directly interpreted by their appearance in the present case, activity 228 

of rock glaciers and talus slopes underneath 24 rock cliffs was compared with the interpretation of 229 

InSAR analyses. This combined approach allowed estimation of sediment supply from rock cliffs as 230 

controlling factors of the development of talus slopes and rock glaciers (Burger et al., 1999; Humlum, 231 

2000) at the test sites. The activity of a rock cliff fringed by multiple rock glaciers and talus slopes 232 

with different activities was represented by the highest activity among them. Activity of each 233 
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geomorphic unit obtained by the field surveys were compared with ratio of InSAR images indicating 234 

potential ground deformation for the sake of validation of InSAR analysis. 235 

 236 

4. Results 237 

4.1. Spatial distribution of the geomorphic units 238 

Geomorphic mapping of gravitational features shows that the rock cliffs in the study area are 239 

mostly along the western end of the study area (Fig. 2). In its northern part, rock glaciers and talus 240 

slopes are distributed primarily below rock cliffs (Fig. 2A). In the southern part, by contrast, slopes 241 

fringing rock cliffs are widely covered by glaciers and are thus lacking rock glaciers and talus slopes 242 

(Fig. 2B). Moraines formed during the LIA occur on both sides and in the frontal parts of the glaciers, 243 

whereas moraines formed during the Late Glacial (LG) period are at much lower elevations. 244 

The geomorphic units also show a characteristic altitudinal distribution as illustrated in Fig. 3. That 245 

is, substantial ratios of the rock cliffs (96%) and glaciers (95%) are at higher elevations above 2750 246 

m asl (Figs. 3D, 3E). Similarly, more than 90% of the rock glaciers are in the range from 2500 to 247 

3000 m asl (Fig. 3B). Compared to the rock glaciers, talus slopes are mainly at similar or even slightly 248 

higher elevations (70% in the range from 2500 to 3250 m asl; Fig. 3C). The LIA moraines are, in 249 

most cases (88%), at elevations ranging from 2500 to 3000 m, whereas 90% of LG moraines are 250 

between 2250 and 2750 m asl (Fig. 3F). Landslide scars are restricted mostly to subvertical rock walls 251 

at elevations below 2250 m asl along the Mattervispa River (Fig. 3G). At elevations exceeding 2500 252 

m asl, recent landslide scars are virtually nonexistent. Debris flow cones are found at the junctions of 253 

tributaries with the Mattervispa River; they are all at elevations below 1500 m asl (Fig. 3H). 254 

A large proportion of the rock cliffs and glaciers face northeast, east, and southeast, which 255 

corresponds to the predominant slope directions over the entire study area (Figs. 4A, 4D, 4E). 256 

Southeast is also the dominant orientation for moraines (in LIA and LG) and debris flow cones, which 257 

again corresponds to the flow direction of tributaries (Figs. 4F, 4H). Slope directions of rock glaciers 258 

and talus slopes are nearly opposite (Figs. 4B and 4C). Many rock glaciers in the area are on the 259 

north-facing slopes, whereas talus slopes tend to occur on south-facing slopes. Most of the remaining 260 

talus slopes developed on north-facing slopes are in fact below or next to rock glaciers (distance <200 261 

m). 262 

 263 
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4.2. InSAR analyses 264 

InSAR analyses show that the number of image pairs displaying ground deformations varies 265 

between geomorphic units (Figs. 5, 6, 7). For example, deformations were detected in the case of rock 266 

glacier RG1 and talus slope TS1 in all three periods, whereas deformation was detected only in period 267 

1 at rock glacier RG2 (Figs. 5, 6). Displacement and coherence in the case of glaciers (e.g., G1 and 268 

G2 in Fig. 5) is high and low respectively when compared with the surrounding areas; this is because 269 

of the active movement of the glacier. Displacement in LIA moraine is partly high in those areas 270 

nearby glaciers and active rock glaciers (e.g., at the southern end of M1 in Fig. 5). This finding is in 271 

line with the results of the field survey where the very limited recovery of lichens on only small 272 

patches testified high displacement at M1.  273 

Ground deformation was detected in the scar of the Randa rockslide (LS2 in Fig. 7) and in the 274 

upper parts of those talus slopes formed by sediment from the rockslide (TS2 in Fig. 7A). During the 275 

field survey, recovery of vegetation was identified in the lower part of the talus slope, whereas almost 276 

no recovery was found in its upper part. This agrees with the result of the InSAR analysis detecting 277 

deformations in the upper part of the slope. Although exposure of fresh rock (i.e., light-colored 278 

surface without recovery of vegetation) can also be seen in the aerial photographs at landslide scars 279 

LS1 and LS3 (Fig. 7), deformation in these landslide scars was not detected by InSAR analyses. No 280 

clear changes were found in any of the debris flow cones in the three periods (e.g., DC1 and DC2 in 281 

Fig. 7). Interpretation using aerial photographs and Google Earth did not show any debris flow 282 

spilling out from channels during the study period. Displacement calculated by the InSAR analyses 283 

on the steep slopes around RC2 (slope gradient >60o) are spatially constant. Coherence on this slope 284 

is 0, indicating that the analyses failed because of the radar shadow. 285 

Coherence in the geomorphic units depends above all on topographic factors (i.e., elevation, slope 286 

gradient) and the type of geomorphic units (Fig. 8). The glaciers show clearly lower coherence when 287 

compared to the other geomorphic units (Fig. 8A). As a result, coherence of the geomorphic units, 288 

with the exception of the rock cliffs and glaciers, ranges from 0.2 to 0.8 regardless of slope gradient 289 

(Fig. 8A). Coherence of the rock cliffs, by contrast, has a clear negative relationship with slope 290 

gradient (R2 = 0.35, p < 0.001). The coherence of the geomorphic units in southeastern to southern 291 

directions, in which foreshortening hardly occurs in analyses if images from the ascending orbit are 292 

used, was higher than those in the northern to eastern directions (average 0.46, 0.33 respectively; Fig. 293 
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8B). We also realize that coherence is low at elevations from 1500 to 2000 m and above 3500 m asl, 294 

in which steep rock cliffs are dominant (Fig. 8C). Regardless of the type of geomorphic unit, 295 

coherence is also low at elevations ranging between 3000 and 3500 m asl, where snow partly covers 296 

the ground surface.  297 

 298 

4.3. Validation of InSAR analyses 299 

Activity of rock glaciers and talus cones was interpreted as being low at lower elevations (i.e., 300 

<2500 m asl) in the validation site (Fig. 6) based on visual assessment during field surveys. Rock 301 

glacier activity was classified as very active (activity 3) for all sites on north-facing slopes (Fig. 6). 302 

For the sake of comparison, the ratio of InSAR images indicating potential ground deformation n for 303 

rock glaciers and talus slopes in each field-based activity group (activities 1 to 3) was then interpreted 304 

using an average value to assess relationship between the ratio of images and the in situ activity (Table 305 

4). For rock glaciers and talus slopes, the ratios of images showing potential deformation was clearly 306 

highest for those units that were rated as very active (3) during field surveys. By contrast, the ratio of 307 

images showing potential deformation in rock cliff areas had a weak relationship with the in situ 308 

activity of rock glacier and talus slopes located at the lower part of the rock cliffs. To exclude the 309 

unreliable results, the average ratio of images showing potential deformation was recalculated by 310 

using only the results of units with higher coherence (Table 5). We realize that differences in the ratio 311 

of images showing potential deformation between activity 1 (inactive) and activity 3 (very active) for 312 

rock cliffs were most significant when the threshold value of the coherence was set at 0.2. In addition, 313 

the ratio of images showing deformation on inactive talus slopes (activity 1) was zero at threshold 314 

coherence 0.2, implying that misdetection was prevented by removing low-coherence results. In this 315 

study, we thus consider a coherence of 0.2 as being a common threshold for a reliable assessment of 316 

geomorphic units. 317 

 318 

4.4. Activity of geomorphic processes in the entire study area 319 

In order to investigate the spatial extent of activity for each geomorphic unit in the entire study 320 

area, the average ratio of images showing ground deformation was calculated for each elevational 321 

class by using the following equation: 322 
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𝑁𝑗 =
∑ 𝑛𝑖𝑎𝑖,𝑗
𝑘
𝑖=1

∑ 𝑎𝑖,𝑗
𝑘
𝑖=1

 323 

where Nj is the average ratio of images showing deformation for the analyzed geomorphic type in 324 

elevation class jth, k is the number of geomorphic units classified as the analyzing geomorphic type, 325 

ni is the ratio of images showing potential deformation in the area of geomorphic units ith, ai,j is the 326 

area of the geomorphic units ith covering the elevation class jth (Fig. 3). Geomorphic units with an 327 

average coherence of <0.20 were excluded from the analysis. For rock glaciers, the average ratio of 328 

images showing potential deformation shows a moderate peak of occurrence at elevations ranging 329 

from 2500 to 2750 m asl (Fig. 3B). Differences in the average ratio of images among elevation classes 330 

is insignificant for rock cliffs (Fig. 3D). By contrast, talus slopes show clearly that the ratio of images 331 

is higher at higher elevations (Fig. 3C). In the case of moraines formed during the LIA, the ratio of 332 

images showing deformation is clearly higher at elevations above 2500 m compared to lower 333 

elevations (Fig. 3F). Not surprisingly, no deformation could be found in LG moraines. For landslide 334 

scars, the average ratio of images showing ground deformation is high around the upper part of the 335 

subvertical slopes along the Mattervispa Valley at elevations ranging from 2000 to 2500 m asl (Fig. 336 

3G). By contrast, no potential deformation was identified on the debris flow cones on InSAR images 337 

in all three pairs. In addition, decorrelation in InSAR analysis, which occurs when topography 338 

changes significantly during the observation period, was also not identified on debris flow cones. 339 

This agrees with the interpretations using aerial photographs and Google Earth. 340 

Similarly, the average ratio of images showing potential deformation in the entire study area was 341 

calculated for each slope direction using the following equation:  342 

𝑀𝑙 =
∑ 𝑛𝑖𝑎𝑖,𝑙
𝑘
𝑖=1

∑ 𝑎𝑖,𝑙
𝑘
𝑖=1

 343 

where Ml is the average ratio of images showing deformation for the analyzed geomorphic type at 344 

slope direction lth, ai,l is the area of geomorphic units ith covering slope direction lth (Fig. 4). Rock 345 

glaciers, talus slopes, and LIA moraines, which are all composed of rock debris, show clear trends for 346 

higher ratios for northern exposures when compared to southern exposures (Figs. 4B, 4C, 4F). 347 

Although the ratio of images showing deformation in rock cliffs does not have a clear relationship 348 

with elevation and/or slope direction (Figs. 3D, 4D), some trends can be seen if both factors are 349 

analyzed together (Table 6). The ratio of images is high at lower elevations (i.e., <3000 m asl) in the 350 

(1) 

(2) 
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case of north-facing rock cliff and also high at higher elevations (>3250 m asl) on south-facing cliffs. 351 

 352 

5. Discussion 353 

5.1. Availability of InSAR analyses for the interpretation of geomorphic processes 354 

Displacement along the slant range direction was used here to successfully detect potential ground 355 

deformations in the Zermatt Valley (Figs. 5, 7) and thus opens new doors for satellite-based 356 

deformation detection in mountain environments. However, some limitations also exist as slant range 357 

direction does not always correspond to the dominating direction of ground deformation (Hu et al., 358 

2014), as is the case for the slope direction of rock glaciers and slope normal direction for the 359 

accumulation of sediments on talus slopes (Kääb et al., 1997; Obanawa and Matsukura, 2008). 360 

Therefore, analysis along slant range direction may not necessarily be the most appropriate tool for 361 

the quantitative comparison of activity for these processes. However, ground deformation is not 362 

limited to the dominant direction; it can also be observed along other directions (Kääb et al., 1997; 363 

Lambiel and Delaloye, 2004; Lugon et al., 2004; Obanawa and Matsukura, 2008). This means that 364 

any analysis along the slant range direction can still be useful for a qualitative detection of ground 365 

deformation. In fact, the ratio of InSAR image pairs showing potential ground deformation has a clear 366 

and positive relationship with activity of rock glaciers and talus slopes in our case and based on a 367 

comparison with field surveys (Table 5), therefore implying that InSAR analyses are applicable to the 368 

estimation of activity in these geomorphic units.  369 

As such, activity of rock glaciers and talus slopes is not only affected by sediment supply from 370 

rock cliffs, but also by the thermal and hydrological conditions of their permafrost bodies (Lambiel 371 

and Delaloye, 2004; Haeberli et al., 2006; Ikeda et al., 2008). Therefore, their activity does not solely 372 

reflect retreat rates of the rock cliffs located above them. Despite such a complexity, the positive 373 

relationship between the ratio of InSAR images showing deformation of rock cliffs and in-situ activity 374 

of rock glaciers and talus slopes just below the rock cliffs (Table 5) implies that InSAR analyses are 375 

a useful tool for a primary assessment of rock cliff activity and retreat. 376 

Coherence of image pairs, which affects reliability of the InSAR analyses (Wegmuller and Werner, 377 

1995; Jebur et al., 2014; Singleton et al., 2014), is low at rock cliffs steeper than 40o (Fig. 8A). In 378 

such areas, slopes facing northwest are sometimes affected by foreshortening and layover (as can be 379 

seen, e.g., on the left side of Fig. 5A), whereas slopes facing southeast are affected by radar shadow 380 



15 

 

(e.g., around RC2 in Fig. 7B). Thus, ground-based InSAR will be better than space-borne InSAR 381 

when focusing on the deformation of rock cliffs. Low coherence of rock cliffs in high elevation areas 382 

(>3000 m asl) are also possibly affected by snow cover, which causes decorrelation in alpine 383 

environments (Kumar and Venkataraman, 2011). Coherence of other geomorphic units, including 384 

rock glaciers, talus slopes, moraines (in LIA and LG), landslide scars, and debris flow cones, mostly 385 

exceed 0.2 because of the gentler terrain (generally <40o) (Fig. 8A). Coherence of glaciers is clearly 386 

lower than at its surroundings (Fig. 5) because of the change in the geometrical configuration of the 387 

scatter (Frey et al., 2012). Low coherence areas outside the lower end of glaciers (e.g., north of G1 388 

and G2 in Fig. 5) are likely related to the presence of debris-covered glaciers, in which decorrelation 389 

occurs because of the active motion of ice flow and surface-geometry changes by ice melt (Frey et 390 

al., 2012). Therefore, reliability of InSAR analyses differs between types of geomorphic units and is 391 

affected by their steepness, surface conditions, and altitude. 392 

In the Alps, images for InSAR analysis are available only for the snow-free summer months. 393 

Therefore, analyses of image pairs in summers with an observation period of one year is effective 394 

when we assess activity of geomorphic processes including snow-cover seasons. This point is an 395 

advantage of analysis using L-band images because InSAR analyses with shorter wave length (i.e. C-396 

band and X-band) cannot be completed for such long observation periods (Wei and Sandwell, 2010; 397 

Short et al., 2011). The L-band InSAR also has the advantage that slow geomorphic processes, which 398 

do not significantly change topography during short observation periods, can be detected by analysis 399 

of image pairs with a longer observation period.  400 

 401 

5.2. Activity at geomorphic units 402 

5.2.1 Rock glaciers 403 

At our study site, many rock glaciers are on north-facing slopes, as in many other areas of Eastern 404 

Europe or North America (Johnson et al., 2007; Vespremeanu-Stroe et al., 2010). On south-facing 405 

slopes, direct solar radiation prevents the formation of permafrost, resulting in a predominance of 406 

talus slopes (Fig. 4). 407 

Some 90% of the rock glaciers are in potential permafrost areas according to maps from Gruber 408 

and Hoelzle (2001) and based on elevation and potential solar radiation. Activity of rock glaciers 409 

peaks at elevations ranging between 2500 and 2750 m asl, corresponding to the lower boundary of 410 
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permafrost occurrence in the areas (Gruber and Hoelzle, 2001). Previous studies reported that rock 411 

glaciers with temperatures close to the thawing point of permafrost tend to move much faster than 412 

colder rock glaciers (Ikeda et al., 2008; Lambiel and Delaloye, 2004; Stoffel and Huggel, 2012; 413 

Stoffel et al., 2014), which is in line with the findings of our InSAR analyses. Rock glaciers below 414 

this elevation (2750 m asl) are considered to be inactive or relict because of the degradation or 415 

absence of permafrost. The elevation of steep rock cliffs (>2750 m asl in the study area) also 416 

constrains the occurrence of rock glaciers because sediment supply affects the activity of rock glaciers 417 

(Burger et al., 1999; Humlum, 2000; Johnson et al., 2007). 418 

Rock glacier activity changes with seasonal or interannual variability of internal temperatures 419 

(Hoelzle et al., 1998; Lambiel and Delaloye, 2004; Ikeda et al., 2008; Scapozza et al., 2014). Peak 420 

velocity of rock glaciers sometimes lags behind the warmest season by several months to half years, 421 

depending on the depth of the shear zone (Arenson et al., 2002). Thus, there is a possibility that we 422 

missed the most active season in periods 2 and 3 because data were taken during or just after the 423 

warmest time of the year (July and August). By contrast, period 1, for which the duration between 424 

two images was about 1 year, certainly includes the period(s) with peak velocity. In fact, the number 425 

of rock glaciers with potential deformation areas in period 1 exceeded that in the other two periods 426 

(21, 11, and 13 rock glaciers in periods 1, 2, and 3 respectively). At the same time, performing analysis 427 

of pairs with long observation periods bears the risk of decorrelation by heavy rain, strong wind, and 428 

changes to the ground surface caused by fallen leaves (Rosen et al., 1996; Chen et al., 2000; Ahmed 429 

et al., 2011). However, average coherence throughout the study area in period 1 (0.33), which has the 430 

longest observation period of 368 days, was not clearly lower than average coherence in the other 2 431 

periods (0.37 in both), although they both had much shorter observation periods with 46 days.  432 

  433 

5.2.2 Talus slopes 434 

For talus slopes, the average ratio of images showing potential deformation at higher elevations 435 

(i.e., >2750 m asl) exceeds that observed at lower elevations (i.e., <2750 m asl; Fig. 3). In addition, 436 

the north-facing slopes show a larger ratio of images indicating deformation than those on south-437 

facing slopes (Fig. 4), which is consistent with the higher possibility of the presence of permafrost 438 

(Lambiel and Pieracci, 2008; Scapozza et al., 2011). This indicates that deformation detected by the 439 

InSAR analyses is attributed to the creep of frozen sediments, together with the accumulation of new 440 
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rockfall debris derived from rock cliffs. Such active deformation of talus slopes in permafrost areas 441 

was also observed in other regions in the Alps (Phillips et al., 2009; Scapozza et al., 2011; Müller et 442 

al., 2014). InSAR analyses also detected some deformation on talus slopes at lower elevations, such 443 

as the talus slope below Randa rockslide (TS2 in Fig. 7A), which is not underlain by permafrost. This 444 

suggests that InSAR analyses can also detect development of talus slopes because of sediment supply 445 

from rock cliffs and landslide scars in nonpermafrost environment. 446 

 447 

5.2.3 Rock cliffs 448 

On-site monitoring of rock cliff dynamics in the Swiss Alps suggests that seasonal freezing-449 

thawing is the primary trigger of rockfalls (Stoffel et al., 2005; Perret et al., 2006) as it contributes to 450 

meter-scale deterioration of rock particularly under the presence of permafrost (e.g., Wegmann and 451 

Gudmundsson, 1999; Krautblatter and Hauck, 2007; Matsuoka, 2008; Girard et al., 2013). The freeze-452 

thaw depth in the rock cliff, which controls the magnitude of rockfall, and consequently the retreat of 453 

rock cliff, is spatially variable with the slope direction and elevation (Gruber et al., 2004a, 2004b; 454 

Krautblatter and Hauck, 2007; Curtaz et al., 2014). In the study area, the ratio of images showing 455 

deformation was high on north-facing slopes, in particular at lower elevations (<3000 m asl), whereas 456 

the ratio was high on south-facing slopes but only for higher elevations (>3250 m; Table 6). This 457 

suggests that the elevation of slopes with active rock cliff retreat is variable with the slope direction. 458 

 459 

5.2.4 Moraines 460 

InSAR images indicate potential ground deformation in LIA moraines at elevations from 2500 to 461 

3000 m asl (Fig. 3F). The ratio of images indicating deformation is higher on north-facing than on 462 

south-facing slopes. These characteristics agree with those for rock glaciers and talus slopes, 463 

indicating that permafrost creep also contributes to the deformation of ice-cored or ice-filled moraines, 464 

as supported by geophysical and geodetic observations of LIA moraines (Lugon et al., 2004; Kääb 465 

and Kneisel, 2006). By contrast, deformation of LG moraines, which are considered to be ice-free, 466 

cannot be found by InSAR analyses. 467 

 468 

5.3. Geomorphic system in the Zermatt Valley 469 

InSAR analyses in the entire study area show that the displacement of geomorphic units composed 470 
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of rock debris (i.e., rock glaciers, talus slopes, LIA moraines) and the retreat of rock cliffs are currently 471 

most active at elevations above 2500 m asl, particularly on north-facing slopes (Fig. 3) where 472 

permafrost is widespread (Gruber and Hoelzle, 2001). These results agree with previous studies 473 

emphasizing the importance of permafrost on the development of Alpine landscapes (e.g., Lambiel 474 

and Delaloye, 2004; Harris et al., 2009; Kenner et al., 2014). Rock glaciers, talus slopes, and LIA 475 

moraines predominate at elevations between 2500 and 3000 m asl, where many glaciers terminate 476 

today (Fig. 3). There is a possibility that retreat of glacier, which is evident in the Swiss Alps (Paul 477 

and Haeberli, 2008; Pelliciotti et al., 2014), has generated unstable terrains and the exposure of 478 

unstable glacigenic material, facilitating deformation of geomorphic units (Johnson, 1984; Ballantyne, 479 

2002; Delaloye et al., 2007, 2012; Stoffel and Huggel, 2012; Fey et al., 2017). 480 

At lower elevations (<2250 m asl), the retreat of rock cliffs and landslide scars as well as the 481 

displacement of talus slopes (Fig. 3) indicates that sediment supply and transport, not related to 482 

permafrost, are also active. Although the occurrence of new landslides was not identified in the 483 

observation period, the occurrence of landslides, such as the Randa rockslide in 1991 (30 million m3) 484 

(Willenberg et al., 2008a, 2008b), also supplies a large volume of sediment to the system. 485 

In the northern part of the study area (around the validation area), almost no ground deformation 486 

was detected in the flat and gentle valley bottom of tributaries located at elevations 2400-2600 m asl 487 

formed by glaciers during the LG. No field evidence of recent floods was found in these valley 488 

bottoms. Debris flow cones are also limited (Fig. 2), indicating that sediment transport in these 489 

tributaries was not active during the study period; this was also confirmed by in situ observations 490 

(Schneuwly-Bollschweiler and Stoffel, 2012). Therefore, sediment with larger grain sizes supplied 491 

from rock cliffs is unlikely to reach the Mattervispa River via these gentle channel sections. In such 492 

areas, rock glaciers are considered to be an important sediment sink in the catchment (Müller et al., 493 

2014). In the southern part of the study area (south of the Randa rockslide), glaciers that restrict fluvial 494 

sediment transport widely cover the valley bottom of the subcatchments (Fig. 2). Limited formation 495 

of debris flow cones in this area also indicates inactive sediment transport (e.g., debris flow) recently 496 

in these tributaries. By contrast, in the central part of the study area, many moraines, talus slopes, and 497 

rock glaciers, activities of which were identified by InSAR analyses, exist at the headwaters of the 498 

tributaries at 2500-2800 m a.s.l. (Figs. 2, 3). These tributaries lack gentle channel sections formed by 499 

the LG glaciers. Therefore, sediment supplied from rock cliffs can reach the Mattervispa River via 500 
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moraines, talus slopes, and rock glaciers, and ultimately the tributaries. Although our DInSAR 501 

analysis could not detect any debris flows in the short observation period from 18 July 2008 to 21 502 

October 2008, such a linkage between sediment supply and transport results in frequent debris flows 503 

(Lugon and Stoffel, 2010; Stoffel, 2010; Stoffel et al., 2014; Imaizumi et al., 2016, 2017). Formation 504 

of many debris flow cones in this area indicates frequent occurrence of debris flows (Fig. 2). 505 

 506 

6. Conclusions 507 

In this study, we interpreted activity of alpine geomorphic processes by geomorphic mapping and 508 

L-band DInSAR analyses in the Zermatt Valley, Swiss Alps. The ratio of image pairs detecting 509 

potential ground deformations in rock glaciers and talus slopes shows a positive relationship with 510 

their activity as interpreted by field surveys. Thus, L-band DInSAR analyses can be used to 511 

understand the activity of geomorphic processes in Alpine environments. The ratio of image pairs 512 

detecting potential deformation is high in the case of rock glaciers, talus slopes, and moraines near 513 

the lower limit of permafrost distribution on north-facing slopes. Thus, permafrost is an important 514 

factor controlling development of landscapes in this part of the Swiss Alps. The ratio of image pairs 515 

detecting potential deformation on rock cliffs has a positive relationship with in situ activity of rock 516 

glaciers and talus slopes below rock cliffs, implying that L-band DInSAR is also useful for the 517 

estimation of rock cliff activity and retreat. Our analyses therefore provide valuable insights into 518 

spatial differences in the sediment transport system from rock cliffs to the main river (Mattervispa 519 

River in this study), affected by catchment topography and the dominating gravitational processes. 520 

In this study, we qualitatively interpreted the activity of various geomorphic processes over a large 521 

area by using a single method composed of geomorphic mapping and L-band DInSAR analyses. 522 

Because L-band DInSAR can analyze image pairs with observation periods longer than one year, 523 

geomorphic activity can be interpreted throughout all seasons. This method is effective as a primary 524 

interpretation to understand geomorphic processes, prior to a more detailed assessment such as laser 525 

scanning, GNSS monitoring, and/or any other type of field survey. As demonstrated in this study, the 526 

activity of alpine geomorphic processes is largely controlled by permafrost and glaciers, which are 527 

susceptible to being affected by climate change. Therefore, L-band SAR analyses and geomorphic 528 

mapping, which do not require a large budget and work, should also be an appropriate monitoring 529 

method to prevent geohazards over wide alpine areas. 530 
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Table 1 753 

List of geomorphic units interpreted in this study 754 

Unit name Features of the geomorphic units  
Number of 

identified units 

Rock glacier Gentler terrain in its upper part and steeper slope angles at the tongue.  31 

38 

 

90 

 

14 

 

 

 

21 

(LG 11,  

LIA 10) 

 

 

15 

 9 

Talus slope Convex or linear cross-sectional topography with smooth surface. 

Diffuse tongue at the lower end of the deposits. 

Rock cliff 

 

Landslide scar 

 

 

 

Moraine 

 

 

 

 

Glacier 

Debris flow cone 

Exposure of bedrock on steep slopes and lack of vegetation. Limited 

deposition of weathered material. 

Landslides that occurred before 2005 but for which a clear landslide 

topography persists over the time window analyzed (i.e., head scarp, 

conceived topography). Rockslides (e.g., Randa rockslide) and slope 

failures were included. 

Accumulation of unconsolidated debris in lateral and/or frontal parts of 

contemporary and past glaciers. Moraines are separated into those 

formed during the late glacial (LG), which are largely covered by 

vegetation, as well as those formed during glacier advances of the Little 

Ice Age (LIA), which are vegetation-free.  

Gentler areas continuously covered with ice.  

Cone-shaped topography along mountain rivers and torrents, usually 

formed at the outlet of steep terrains.  

 

 755 

Table 2 756 

PALSAR images analyzed in this study 757 

Period 

Observation date 
Observation 

periods (days) 

Baseline 

perpendicular 

(m) 
Master Slave 

1 July 18, 2008 July 21, 2009 368 -355.2 

2 July 21, 2009 September 5, 2009  46  606.0 
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3 September 5, 2009 October 21, 2009  46  395.1 

 758 

Table 3  759 

Classification of geomorphic process activity based on field surveys 760 

Activity Features of the geomorphic units 

(a) Rock glaciers  

1 (inactive) Recovery of vegetation or regolith, gentle topography at the base of the front 

2 (active) Recovery of lichens, relatively gentle topography at the lowermost part of the tongue 

3 (very active) Limited recovery of lichens, steep topography (> 40°) in the lowermost parts of the tongue, 

existence of wrinkles and cracks on its surface 

(b) Talus slopes  

1 (inactive) Recovery of vegetation or regolith over the entire slope 

2 (active) Recovery of vegetation or regolith with some new deposition (fresh clasts) 

3 (very active) Cover of fresh sediment over the entire slope without recovery of vegetation and regolith 

 761 

 762 

 763 

Table 4 764 

Average ratio of InSAR images showing ground deformation in the validation area 765 

Geomorphic 

Units 

Number of units classified by field 

surveys 

 

Average ratio of images showing deformation 

Activity 1 

(inactive) 

Activity 2 

(active) 

Activity 3 

(very active) 

Activity 1 

(inactive) 

Activity 2 

(active) 

Activity 3 

(very active) 

Rock glacier 5  6 6  0.20 0.50 0.67 

Talus slope 3  5 4  0.11 0.13 0.42 

Rock cliff 8 11 6  0.17 0.30 0.33 

 766 

 767 

  768 
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Table 5 769 

Average ratio of InSAR images showing ground deformation, excluding low coherence geomorphic 770 

units 771 

Geomorphic 

Units 

Average coherence  

 0.15  

Average coherence  

 0.20 

 Average coherence 

  0.25 

Act. 1 Act. 2 Act. 3 Act. 1 Act. 2 Act. 3  Act. 1 Act. 2 Act. 3 

Rock glacier 0.20 0.50 0.67  0.20  0.50  0.65   0.20  0.50  0.63  

Talus slope 0.11 0.13 0.42  0.00  0.14  0.30   0.00  0.08  0.25  

Rock cliff 0.17 0.30 0.33  0.09  0.28  0.29   0.10  0.22  0.27  

 772 

 773 

Table 6 774 

Ratio of images showing ground deformations in rock cliffs (numbers in brackets indicate the number 775 

of rock cliffs)a 776 

 777 

Elevation 

(m asl) 

Average ratio of images detecting deformation 

North-facing slopes 

(W-N-E) 

South-facing slopes 

(E-S-W) 

<3000 0.37 ( 7) 0.27 (20) 

3000-3250 0.27 (11) 0.29 (12) 

>3250 0.21 (12) 0.56 (3) 

a Average elevation and slope direction of the geomorphic units were used for the classification in the statistics. 778 

Geomorphic units with average coherence <0.20 were excluded from analysis. 779 

  780 
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Figure captions 781 

Fig. 1. Topographic map and view of typical geomorphic units in the study area. (A) Topographic 782 

map of the study area located on the east-facing slopes of the Zermatt Valley, west of the Mattervispa 783 

River. (B) Detailed view of one of the higher-elevation areas (2500–3500 m asl.), where glacial and 784 

periglacial landscapes are predominant. (C) View of one of the lower-elevation areas (1000–2000 m 785 

asl), where landslides and rockfalls prevail on the steep slopes. 786 

 787 

Fig. 2. Geomorphic map of the study area. (A) Northern part of the study area including the validation 788 

area. (B) Southern part of the study area. Location of the two figures is shown in Fig. 1. LIA = Little 789 

Ice Age; LG = Late Glacial. 790 

 791 

Fig. 3. Area ratio of geomorphic units for each elevational class with respect to the entire area of 792 

geomorphic units. Ratio of images showing potential ground deformations for each elevation class is 793 

shown as well. (A) Area ratio in the entire study area. (B) Rock glacier. (C) Talus slope. (D) Rock 794 

cliff. (E) Glacier. (F) Little Ice Age (LIA) and Late Glacial (LG) moraines. (G) Landslide scar. (H) 795 

Debris flow cone. Ratios of images showing ground deformations in the elevation classes with <3 796 

units classified into the analyzing geomorphic type are not shown in the figure because representation 797 

of the analytical results is uncertain. Ratio of images showing deformation in glaciers is not shown 798 

because average coherence in all glaciers was below 0.2. 799 

 800 

Fig. 4. Area ratio of geomorphic units in each direction to the entire area of the geomorphic units. 801 

Ratio of images showing ground deformations in each direction is also shown in the figure. Ratio of 802 

images showing ground deformations in the direction in which number of the units classified into the 803 

analyzing geomorphic type was <3 are not shown in the figures because representation of the analysis 804 

results is uncertain. 805 

 806 

Fig. 5. Results of the InSAR analyses around the validation area. The upper maps illustrate 807 

displacement along the slant range direction obtained by InSAR analyses in period 1 (A), period 2 808 

(B), and period 3 (C). The lower maps show coherence of the InSAR analyses for the corresponding 809 

areas in period 1 (D), period 2 (E), and period 3 (F). 810 
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 811 

Fig. 6. Number of InSAR images showing deformation in each geomorphic unit around the validation 812 

area. Activities of the rock glacier and the talus slopes interpreted by field surveys are also shown in 813 

the figure. 814 

 815 

Fig. 7. Results of the InSAR analyses around the Randa rockslide (named as LS2 in the figure). 816 

Displacement along the slant range direction obtained by InSAR analyses in period 1 (A), period 2 817 

(B), and period 3 (C). Coherence of the InSAR analyses in period 1 (D), period 2 (E), and period 3 818 

(F) are also shown. 819 

 820 

Fig. 8. Comparison between topographic factors and average coherence for each geomorphic unit 821 

with (A) slope gradient; (B) slope direction; and (C) elevation. Geomorphic units with erroneous 822 

values (e.g., layover, foreshortening, and radar shadow) are also plotted in the figure to explain the 823 

topographic conditions that gave the erroneous results. 824 
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