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Abstract 

This study investigates the Super-Sauze landslide using photogrammetry from 1956 to 2012. The 

purpose of this study is to provide the deformational activity of the Super-Sauze landslide in more detail. 

The lack of suitable historical data limits long-term photogrammetry, but IGN provide a wealth of 

historical aerial imagery in their geo-database. Here, 6 years (1956, 1974, 1982, 1993, 2000, 2012) were 

processed to create DEMs using ERDAS and MetaShape. This study found that the Super-Sauze landslide 

develops from a rock pile (130m long in 1956) to a 800m long landslide by 2012 with the main activity 

being an earthflow event occurring between 1974 and 1982. From this, more long-term landslide studies 

can be completed as this research has shown a valid method with significant findings.  
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1. Introduction 

1.1 Identified Problem 

Despite the large number of landslide studies, there are few that use photogrammetry and 

historical imagery to create a time series of surface deformation of a landslide over its lifetime (Fernández 

et al., 2017). Recently, using Unmanned Aerial Vehicles (UAVs) or drones has become more popular. This 

is because they provide relatively low-cost and high-resolution imagery for small areas, such as 

landslides (when compared to aerial images from planes or satellites) (Chang et al., 2020) and their ability 

to get to hard-to-reach areas (Yeh & Chuang, 2020). Although this will be very helpful in future long-

term landslide studies, it does not enable historical landslide studies now. This is because of a lack of 

data; many areas do not have sufficient historical imagery to be able to create reliable and useful DEMs. 

This can be because the flights were never scheduled, the resolution is too low to be useful, or the data 

has not been well stored (either causing the data to be lost or damaged).  

1.2 Relevance  

This project aims to identify surface deformations of the Super-Sauze landslide in the French 

Alps over the time period studied (1956-2012).  However, the Super-Sauze volumetric and morphological 

changes have never been studied throughout its lifetime. This study plans to achieve this by creating a 

time series of 3D models of the landslide. 

Landslides occur globally and cause billions of dollars of damages and thousands of deaths per 

year (USGS, 2021). With more inhabited areas expanding and the population growing, an increasing 

number of people live in areas at high risk for landslides (Nakileza & Nedala, 2020). With more intense 

weather systems and the negative influence of human development on slope stability, landslides become 

more common and are becoming a greater risk. 

Mountainous areas are key areas for landslides, with steep slopes, harsh weather and increasing 

human development (West, 2018). Landslides are viewed as the most damaging events in mountainous 

areas. Landslides can have multiple triggers: extreme rainfall (both prolonged or high-intensity rainfall), 

snow melt; human activities (such as construction and mining); and tectonics. Landslides also present 

multiple hazards: the direct flow of material, and secondary impacts, such as blocking rivers or breaking 

dams causing flooding. Thus, research into them is paramount to the safety of the people living in 

proximal locations (Nakileza & Nedala, 2020). Increasing human activity and common landslides in the 

French Alps (Roulleau et al., 2016), has generated calls for an increased geomorphic understanding of the 

areas, especially landslides, their hazards and risks. This is exacerbated by the fact the French Alps are 

among the most heavily developed mountainous regions in the world (Wood et al., 2015). 

Landslides are the downward and outward movement of material (Sidle & Ochiai, 2006). They 

vary in movement and intensity (Flageollet et al., 1999). The Super-Sauze landslide is mainly a rotational 

mudslide (Travelleti et al., 2008), but often has events that are classified as flows, usually following intense 

rainfall. Cumulative heavy rainfall is key for the reactivation of the Super-Sauze landslide. Human factors, 

such as road laying and installation of ski slopes, also influence slope stability. Events at Super-Sauze are 
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often caused by rainfall and snow melt (Flageollet et al., 1999). Barcelonnette, where the Super-Sauze 

landslide is located, has noticeably more landslides in wet years, such as 1956-1959 (when the Super-

Sauze was fully activated) and 1975-1981 (when the landslide was most active). However, the initial 

activation of Super-Sauze was due to the failure of the main scarp (Stumpf et al., 2015). Over time, people 

have had a greater impact on the Super-Sauze area. More constructions such as houses and roads are 

encroaching the slopes prone to mass wasting processes. This makes any slope failure or mass movement 

of greater interest than it has been before.  

Landslides are a common topic of study in many disciplines: geology, geomorphology, risk 

management, insurance etc. (Wood et al., 2015). Some of these studies create DEMs through 

photogrammetry to deliver 3D insights into the landslide and surrounding landscape. The best method 

of creating DEMs is using LiDAR as it is the most accurate and can penetrate through vegetation 

(Kraetzig, 2021). However, this method is relatively new and still very expensive so it is only able to be 

used infrequently, and many projects and countries do not have access to it at all (Kulp & Strauss, 2019). 

Thus, the most appropriate method of creating DEMs is through photogrammetry, using the principle of 

stereoscopic viewing, whereby 2 or more images are viewed together to create a 3D image. Although this 

method has been used for 150 years (Aber et al., 2010), it can now be done on computers digitally, creating 

more accurate digital results more quickly. Photogrammetry has often been used to study landslides 

(Walstra et al., 2007), and even study the Super-Sauze landslide (J. C. Flageollet et al., 2000; Niethammer 

et al., 2012), but it has not before been used to study the lifetime of the Super-Sauze landslide using 

historical images, as this study will do. 

1.3 Objectives  

This study aims to identify the surface deformation of the Super-Sauze landslide; its 

morphological and volumetric changes. Surface deformations are changes in the surface of the landslide 

pre- and post-failure. This includes the slow movement of the landslide before the failure event (1956 

and 1974), the large displacement event that occurred between 1974 and 1982, and post-failure changes 

to the slope (Zhu et al., 2021). This can be identified by the x, y, z components of surface locations (Booth 

et al., 2020). 

Long term studies of landslide activity from aerial images are rare. This project evaluates the 

possibilities of giving a full description of surface deformations of the Super-Sauze landslide by using 3D 

models and orthorectified images to identify these mass movement processes from features seen on the 

surface of the landslide and give the height and volumetric changes from 1956 to 2012.  

1.3.1 Main Research Question 

How have the surface deformations of the Super-Sauze landslide changed since its activation in 

1956 to 2012 from the 6 years chosen (1956, 1974, 1982, 1993, 2000, and 2012)?  

1.3.2 Sub-Research Questions  

1. How does the landslide change over the time period studied (morphologically and volumetrically)? 
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2. How reliably can black & white, colour infrared and full colour historic aerial photos be processed 

into DEMs for studying landslides?  

3. To what extent can these DEMs explain events, such as acceleration and deceleration periods, in the 

Super-Sauze landslide?  

 

This research will first detail the study area, then explore the concepts surrounding the study: 

landslides and photogrammetry. After this, the methodology will be outlined, describing the 2 software 

programmes (ERDAS and Agisoft MetaShape) and the data used. Next, the results will be presented: the 

orthophotos, the DEM maps, the DoDs, cross-sectional profile line graphs, volumetric changes, and the 

uncertainties associated with these results. Following this, is the discussion of these results in the 

context of previous literature, including its limitations. Finally, the conclusions and recommendations of 

this study can be expressed.   
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2. Study Area 

The Super-Sauze landslide (Figure 1) is North-facing and located in the Barcelonnette Basin, 

Southern French Alps. There are 3 earthflows located in the Ubaye valley: Poche, Super-Sauze and La 

Valette (Malet et al., 2005). In 2012, the landslide extended 850m with an average 25° slope from the 

crown at 2105m to the toe at 1740m elevation (Niethammer et al., 2012). The landslide dynamics of Super-

Sauze have been extensively studied, such as to detect the speed of the landslide between 1983-1999 

(Casson et al., 2003), the activation of the landslide, and annual patterns in activity (Tonnellier et al., 

2013). The Super-Sauze is also very interesting as it is naturally evolved (Maquaire et al., 2003). 

 

Figure 1: Site Map of Super-Sauze, flows downslope South to North (Google Earth, 2018) 

The site of the landslide consists of a silty clay matrix surrounding rigid blocks of marls and 

limestone. The landslide consists of 3 layers (Tonnellier et al., 2013):  

1. Superficial/ Active layer: 5-9m thick, bounded at the bottom by shear/slip surface. 

2. Middle layer: 5-10m thick, compact, with slow/low displacements. 

3. Bedrock layer: Stable, Callovo–Oxfordian black marl. 

This clay-silty rock is particularly vulnerable to atmospheric triggers, such as wetting–drying 

cycles and freeze-thaw cycles, which can cause them to swell or disintegrate (Maquaire et al., 2003). 
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Figure 2: Longitudinal Cross-section of the Super-Sauze landslide from (Benoit et al., 2015). 

Since activation, landslides in the Super-Sauze area are common due to the unstable clay-shale 

material. This material is prone to slope failures as the slope face it is exposed to harsh weather and the 

moraine/marl boundary becomes a failure plane. Thus, the dynamics of Super-Sauze should be studied 

as it is very active. This area has many acceleration and deceleration periods that are visible in aerial 

images taken from 1944 to the present. By extracting a Digital Surface Models (DSMs) from these aerial 

images, a time series of the development of the landslide may help to predict future reactivation phases. 

This can be done using photogrammetry to convert historical and recent aerial images into actionable 

information on the volumetric and morphological changes over time. 

The Super-Sauze landslide has 3 populated areas downslope: Barcelonnette (4km North, town), 

Enchastrayes (2km NE, village), and Super-Sauze (1km NE, small village) (Google Earth, 2018). Over time, 

people have had a greater impact on the Super-Sauze area. This can be seen by looking at the images 

used (Appendix 4); the Super-Sauze village North-East of the landslide, Enchastrayes, and Barcelonnette 

have grown significantly since the 1950s. There are now more elements at risk as more houses and more 

substantial roads have been built. This makes any slope failure or mass movement of greater interest 

than it has been before. If the Super-Sauze scarp retreats further; the material could create a 

catastrophic debris flow; this is the main risk associated with this landslide (OMIV, 2018). However, the 

vegetation cover seems to have remained largely unchanged.  

The Super-Sauze landslide does not pose a significant risk; it is upslope of very small 

communities in a rural area that is unlikely to be greatly impacted by this landslide. However, its rural 

location and limited vegetation and human interference make it a good example for trialling long-term 

study of landslides using photogrammetry as the surrounding area has changed very little.  

The Super-Sauze landslide has been monitored since 2007. It has been part of the French 

Observatory on Landslides (omiv.osug.fr), which monitors the landslide through “geomorphologic, 

geologic, hydrologic, geophysical and seismological long-term monitoring” (Tonnellier et al., 2013). 

Individual studies have detected seismic signals through semi-automatic detection. These seismic events 

can be internal (quakes, rockfalls/debris flows) and external (earthquakes) (Helmstetter & Garambois, 

2010). The landslide dynamics of Super-Sauze have been extensively studied, for example, the landslide 

displacements by GPS (Benoit et al., 2015; Malet et al., 2002) and UAV imaging (Henry et al., 2002; 

Niethammer et al., 2012).  
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Due to the previous research on the Super-Sauze landslide, a rough timeline of activity can be 

created, seen in Figure 3. 

Figure 3: Timetable of Landslide Events. 

Year Event Reference 
1957 First rockfall can be seen at the site. (Hellema, 2021) 

1960s  Landslide triggered “when several rockslides occurred on a rocky slope 
composed of Callovo–Oxfordian black marls.” 

(Tonnellier et al., 
2013) 

1973 Fully formed landslide. 

(Hellema, 2021) 

1978 Landslide has developed an upper and lower section bisected by a ridge. 
1982 Landslide has broadened. Scarp has retreated. 
1987 Toe is nearly at the present location. Main gully has deepened. 
1995 Little activity, a few new spots of debris. 
2000 Toe location retreats. 

1999 
Secondary landslide events in the upper part of the main earthflow (see 

Figure 4a). 
(Maquaire et al., 

2003) 
2000 Toe location retreats. (Hellema, 2021) 

2005 Total volume is 750,000m3 (Malet et al., 
2005) 

2009 
Vegetation develops due to lack of activity. (Hellema, 2021) 

Crown is at 2105m and toe is at 1704m, see Figure 4b. The total 
approximate volume of the landslide is 750,000m3. 

(Krzeminska et 
al., 2009) 

2012 
Moving mass is currently around 550,000m3 with an average thickness of 
15m. The landslide’s crown elevation is 2105m and drops 800m to the toe 

elevation of 1705m. It has an average width of 130m. 

(Travelletti and 
Malet, 2012) 

2013 

The Super-Sauze landslide is most active in Spring in the upper area 
where it can flow at 0.40m/day but decreases to just 0.01m/day at the 

toe. It has 2 stable crests which create areas of acceleration and 
deceleration.  

(Tonnellier et al., 
2013) 

 

This information is sourced from various literature. They have gathered their data from aerial 

images and field observations.  
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(a) (b)  
 

Figure 4: Morphological map of the Super-Sauze landslide from (a) (Malet et al., 2005) and (b) 
(Krzeminska et al., 2009). 
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3. Theoretical Background 

3.1 Landslides  

A hazard is a potential event that could cause harm or damage to people or their property. This 

includes natural disasters such as droughts, floods, earthquakes, and landslides. A hazard is characterised 

by its location, intensity/magnitude, frequency, and probability (United Nations, 2022). Hazards cause 

loss of life, and damage to infrastructure, housing, and other tangible human assets in vulnerable areas. 

When such a hazard event occurs, it highlights the vulnerability of the exposed people, places, assets, 

and infrastructure (United Nations, 2022). The risk of a hazard event poses is the product of the 

probability of an event and the impact it could feasibly have (Davies, 2015). In response to hazard events, 

disaster risk management and reduction plans are implemented. These must be tailored to the specific 

exposed area. The UN suggests the Sendai Framework which details 4 priority areas: understanding, 

strengthening plans to manage risk, investing in resilience, and enhancing preparedness (United Nations, 

2022).  

A landslide is a “variety of processes that result in the downward and outward movement of 

slope-forming materials” driven primarily by gravity, but also water (Sidle & Ochiai, 2006). Landslides are 

natural events and a key component of the Earth’s geological cycle (Davies, 2015). Landslides occur all 

over the world but are especially common in mountainous regions (Nakileza & Nedala, 2020). Landslides, 

as complex systems, occur following a common distribution: events with large magnitudes occur less 

frequently than small magnitude events (Korup & Clague, 2009). Despite the importance of landslides 

and their global occurrence, they tend to only be studied when they impact people or their property as 

they are the most hazardous. 

Landslides cause economic loss and deaths globally every year (USGS, 2021) and with populated 

areas expanding this will only get worse. Landslides are the most damaging events in mountainous 

regions as they are so common (Nakileza & Nedala, 2020); the steep slopes, harsh weather, and increasing 

human activity only exacerbate this (West, 2018).  

Landslides pose a risk to areas both within and downstream of the event. The impact of these 

events is a product of the exposure and vulnerability of the risk area (Davies, 2015). They have direct 

impacts such as debris flow causing damage and loss of life. Indirect impacts of landslides include the 

(sometimes long-term) cessation of ‘normality’, such as transport, power supply, commerce, and 

community life. Landslides can also trigger secondary hazardous events, such as tsunamis and flooding 

(Davies, 2015).  

Despite landslides causing catastrophic damage globally, they are also key in reshaping the 

landscape, especially in mountainous regions like Super-Sauze (Sidle & Ochiai, 2006). Landslides also 

provide the majority of global fluvial sediment, especially the larger magnitude events (Davies, 2015). Here 

the sediment is provided to the Torrent du Sauze that drains the landslide. 

To mitigate and manage the impacts of landslides, the location and magnitude of the event must 

be known (Davies, 2015). All methods of mitigation involve slope stabilisation.  
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There are 3 types of landslide mitigation methods: geometric, hydrogeological, and 

chemical/mechanical methods. Geometric methods change the slope or hillside. Hydrogeological 

methods lower or reduced the water content of the hillslope material. Chemical and mechanical methods 

aim to increase the strength of the slope, e.g. through anchors, piles, and planting vegetation (Ray & 

Lazzari, 2020; Walker & Shiels, 2013).  

In the future, the biggest factor to increase the risk of landslides is not climate change, but 

population growth. Landslides happen all the time, globally, but it is with the spread of humans into areas 

exposed to landslides that will increase their impact; more fatalities and greater cost of damage (Davies, 

2015). 

 

3.1.1 Categorisation of Landslides 

As landslides are a common event, there are lots of ways to classify them. Classification systems 

help to group landslide events with common characteristics, such as material, movement, and cause. 

One such classification system is (Varnes, 1978), which is based on the type of material and movement. 

This is detailed below: 
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Figure 5: Summary of the Modified Landslide Classification Scheme by (Varnes, 1978) annotated with 
definitions from (Mahoney, 2017; Sajwan, 2020). 

Type of Movement  
Type of Material 

Bedrock 
Engineering soils 
Coarse Fine 

Falls: Abrupt freefall from steep slopes along 
fractures and joints. 

Rock fall 
Debris 
fall Earth fall 

Topples: Rotation around a pivot point caused by 
external forces, such as gravity and water 
pressure. 

Rock 
topples  

Debris 
topple 

Earth topples 

Slides: Unstable 
material separates at 
the zone of weakness 
where it meets stable 
material. 

Rotational: Movement 
along a curved surface 
caused by over steepening. 

Rock 
slump 

Debris 
slump 

Earth slump 

Translational: This 
material moved along a 
plane. 

Rock 
(block) 
slide 

Debris 
(block) 
slide 

Earth (block) slide 

Lateral spreads: Occurs on gentle slopes where 
lateral extension causes cracks in the ground 
caused by liquefaction. 

Rock 
spread 

Debris 
spread Earth spread 

Flows: Short-lived and quick where material 
moves as a viscous fluid. 

Rock flow 
 

Debris 
flow 
 

Earth flow: Form on 
hillsides in humid 
regions with clay and silt 
rich materials. Occur as 
slow oozes during/after 
heavy rain. 

Deep 
creep Soil creep 

Creep: very slow and gradual movement. 

Complex slope movements: Combinations of 2 or more types. 
 

Most landslides will be a type of complex slope movement. The Super-Sauze landslide has 

bedrock and soil material and moves in a flow and slide. Thus the Super-Sauze will be classed here as a 

rotational mudslide but also has events to be classified as earthflows (Travelleti et al., 2008). 

 
Figure 6: Diagram of a Rotational Landslide and main components (Gleason, 2011) 

Rotational landslides have surface features such as those in Figure 6, including scarps, toes, and 

shears (Baum et al., 1998). 
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Another classification system is by contributing factors to slope failure and timing of the event, 

as found in (Sidle & Ochiai, 2006). 

Figure 7: Summary of the Contributing Factors Landslide Classification Scheme by (Sidle & Ochiai, 2006) 

Types of soil mass movement  Contributing Factors Timing of the event 

Shallow, rapid landslides 
High-intensity rainfall, 

antecedent conditions, or 
prolonged snowmelt. 

During or peak of 
storm/snowmelt event. 

Deep, rapid slides and flows 

Extended wet period (rainfall or 
snowmelt) preceding a large 

storm, or isolated high-
intensity event with the 

provision of expedient flow 
paths to the failure plane. 

Towards the end of the 
subsequent storm. 

Deep, slow landslides 
Extended wet period (rainfall or 

snowmelt). 

Several days to weeks after the 
start of the prolonged event 

until the rain/snowmelt 
subsides. 

Slow flows and deformations 

Surficial mass wasting Freeze-thaw/frost heave, 
wetting-drying, and wind. 

Most active when these 
processes dominate. 

 

The Super-Sauze landslide is caused by snowmelt and rainfall and tends to react quickly, about 

2 hours after the start of a rainfall/snowmelt event (J.-C. Flageollet et al., 1999). 

Landslides can also be categorised on the speed and material type, by (Coates, 1977): 

Figure 8: Summary of Landslide Classification Scheme by (Coates, 1977) 

Type of 
Material 

→ Type of Movement (increasing speed) → 

→
 I

nc
re

as
in

g 
Pa

rt
ic

le
 S

iz
e 

 →
 

Slide 
Flow Fall 

Rotational Translational 
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Here, the Super-Sauze has a relatively small particle size, classing as sediments and relatively 

quick events, called earthflows. However, it also has slower movements as a rotational mudslide, using 

the same material. This is called a sediment slump according to (Coates, 1977).  

These three categorisation methods show how varied landslides can be, but also how subjective 

and broad landslide categorisation is. 

3.1.2 Triggering Factors of Landslides 

It is important to study landslides to understand their causes and impacts (loss of human life, 
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economic costs, and impact on the environment). This can not only help predict future landslides but 

also educate prevention techniques (Sidle and Ochiai, 2006). The people of the French Alps have been 

calling for a greater understanding of landslides in the area (Wood et al., 2015). Thus, the causes of 

landslides are key to their understanding. There are 3 types of causes of landslides: human, 

morphological, and geological.  

Human causes of landslides include excavation and loading, deforestation, the drawdown of 

water through reservoirs, irrigation, mining, artificial vibration (Highland & Johnson, 2004). Increasing 

human activity and common landslides in the French Alps (Roulleau et al., 2016). As the French Alps are 

the most heavily developed mountains in the world, human activity is a common cause of landslides in 

the area. Just by looking at the images use in this study (Appendix 4), it is obvious that this trend is true 

for the Super-Sauze area.  

There are 4 types of geological factors influencing landslides: rock characteristics and 

weathering, bedrock characteristics, unstable bedding characteristics, and tectonics. Rock 

characteristics and weathering are useful to determine general susceptibility for land sliding. Weathering 

is defined as “in situ physical and chemical alteration of rock” (Sidle & Ochiai, 2006).  

Morphological causes include tectonic uplift, glacial rebound, erosion, deposition, vegetation 

removal, and thawing (Sidle & Ochiai, 2006).  

Weathering impacts regolith strength and water pathways and so determines slope stability. 

There are 3 types of weathering mechanical/physical, chemical, and biological. Mechanical/physical 

weathering includes frost action, salt weathering, hydration in pore spaces of certain clays, thermal 

stress, and mechanical unloading causing rock burst, sheeting, and exfoliation. Types of chemical 

weathering include dissolution (which is considered the most effective), mineral oxidation-reduction, 

and crystalline hydration. Biological processes impact weathering by modifying chemical weathering 

through the input of organic material which creates CO2 and organic acids in decomposition, and 

dynamic plant root systems and animal burrows can facilitate (Sidle & Ochiai, 2006)athering (Sidle & 

Ochiai, 2006). 

Bedrock characteristics can facilitate landslide initiation if there are weak surfaces prone to 

sliding, exfiltration of groundwater into the overlying soil mantle, or an opportunity for weathering (Sidle 

& Ochiai, 2006). Some bedrock features that make facilitate landslide initiation include:  

Figure 9: Summary of bedrock structural features (Sidle & Ochiai, 2006) 

Feature  

Faults 

Faults are the results of shifts in broken rock (Panchuk, 2021). Faults are 
major zones of stress relief and intrusion of igneous rocks; thus, fault zones 
typically include rock that is fractured, crushed, or partly metamorphosed 

(Burroughs et al., 1976). 

If parallel 
to 

hillslope 
facilitates 

land 
sliding. 

Folds These are formed when stress causes rocks to bend. 

Bedding 
planes 

Slip surfaces can develop along pre-
existing bedding faults in folded bedrock 

(Wang et al., 2003). 

Especially where the 
underlying material is more 

competent, serve as the 
lower boundary for root Fractures Fractures and joints are types of breaks in 
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and Joints rock resulting from stress (Panchuk, 2021). 
Provides preferential pathways for deep 
percolation in otherwise low-permeable 

bedrock. If deep, can cause massive 
landslides. If shallow, they weaken surface 
regolith, rapid percolation to slip surface 

debris flows. 

penetration and subsurface 
flow—thus, these are likely 

failure planes for landslides in 
steep terrain (de Graff, 1978; 

Giraud et al., 1990; Swanston, 
1978). 

 

Shear 
zones 

Provide preferential pathways for infiltration, resulting in weathering of bedrock to 
clay-rich regoliths and initiating soil creep and slump-earthflows (Swanston, 1978). 

Exfoliation This is where the rock flakes off in sheets (Panchuk, 2021). 
 

Unstable bedding sequences create more susceptible planes for land sliding. Examples include 

alternating bedding of hard and soft rocks, highly altered and permeable regoliths overlying relatively 

low permeability substrate, thin soils overlying competent bedrock or till, and hard caprock with fissures 

and fractures overlying deeply weathered rocks. These types are exacerbated by weathering, faulting, 

tectonic uplift, fracturing, folding (Sidle & Ochiai, 2006). 

 

3.1.3 Processes of Landslides  

There are many processes involved in landslide action, such as material availability, topography, 

vegetation, and hydrology. 

The material of a landslide is an important factor, as seen by it being key in categorising landslides 

using (Coates, 1977; Varnes, 1978). The material type and availability dictate the type of landslide that will 

occur (Highland & Johnson, 2004). The material availability is the unconsolidated material or material 

that can be used in a landslide (Walker & Shiels, 2013). The material availability directly correlates to how 

hazardous a landslide event could be (Sparkes et al., 2018).  

Topography is the most important factor in modelling landslides, where small variations can have 

large differences in output, such that small boulders can reroute the flow. Topography is key in 

determining the speed and direction of flow of a landslide event (Sparkes et al., 2018). The speed of a 

landslide can also vary within the landslide itself. The initial displacement at the crown can be quick, as 

can the chute (upper section of the landslide, but the spreading of material at the toe usually occurs 

more slowly. The velocity of the landslide directly impacts the damage, as higher velocities cause more 

damage and give less warning to people in vulnerable areas (Walker & Shiels, 2013). 

The level of vegetation influences the susceptibility of that area to landslides: more vegetation 

reduces risk; less vegetation raises sediment yields of landslide events. This is because vegetation 

increases the water of soils (Korup & Clague, 2009) and increases slope stability (Borgatti & Soldati, 2010). 

Thus, removal of vegetation by e.g. drought, fire, or human action, can be a cause of landslide initiation 

(Highland & Johnson, 2004). 

Vegetation also influences the ability to monitor landslides, as seasonal variation can make 

comparisons difficult and vegetation can also obscure landslide features from view (Sparkes et al., 2018). 

This is not a great hindrance for this study of the Super-Sauze as there is limited vegetation in the AOI, 
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which is some conifers (which change little throughout the year). 

Hydrology has a key role in landslide activity in impacting the failure plane and preferential flow 

through rainfall, snowmelt and permafrost degradation.  

Landslides occur along a failure plane, which can be between the bedrock and the unconsolidated 

material on top (Walker & Shiels, 2013). The failure plane is defined by the shear strength of the slope 

which is dependent on cohesion and friction. Factors affecting this are the continuity, orientation, 

roughness, and aperture of the failure surface. Surface water will flow into the failure plane, further 

weakening the slope by reducing the shear strength and acting as lubrication (Raghuvanshi, 2019). 

Preferential flow is the infiltration of water into the landslide material through the tension crack 

and material (Cornell University, 2022). Areas with defined preferential flow paths have quicker 

infiltration of the ground. These paths are based on topology, material type, and friction and can impact 

slope stability and landslide initiation as it acts as a landslide triggering mechanism (Cornell University, 

2022; Walker & Shiels, 2013).  

Snowmelt and permafrost degradation both impact landslide processes as they reduce slope 

stability. Snowmelt impacts the stability of slopes differently based on the type of material (Kawagoe et 

al., 2009). Snowmelt can often be overlooked as most landslide risk models are based on rainfall (RTRI, 

2015). Permafrost degradation is when permafrost (ground frozen for 2 or more consecutive years 

(Holden, 2005)) starts to melt, mainly due to climate change. This release of water into the ground causes 

the slope to weaken (Petley, 2019). The permafrost does not even need to melt completely for it to reduce 

slope stability (Patton et al., 2021). This is most common in high mountain areas since the 20th Century 

(Korup & Clague, 2009). 

 

3.2 Using Photogrammetry for Landslides 

Mass movement, including landslides, is investigated in many different ways and has adapted to 

modern technology through time. These methods include using fixed points on the land surface (Maj, 

2017) or using destructive boreholes (J. C. Flageollet et al., 2000). More recently projects have used UAVs 

(Niethammer et al., 2012), optical fibres (Arslan Kelam et al., 2020), terrestrial laser scanners (Bauer et al., 

2005), and geophysical methods (Schmutz et al., 2009).  

Mass movement has traditionally been monitored by surveying, using fixed points on the land 

surface (Maj, 2017) or using destructive boreholes (J. C. Flageollet et al., 2000), but recent developments 

have suggested UAVs (Niethammer et al., 2012), optical fibres (Arslan Kelam et al., 2020), terrestrial laser 

scanner (Bauer et al., 2005), and geophysical methods (Schmutz et al., 2009). 

Ideally, LiDAR data would be used as it is the most accurate and can penetrate through vegetation 

(Kraetzig, 2021). However, this method is very expensive and the data does not exist for past years (Kulp 

& Strauss, 2019).  
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These methods would not be able to be used in this study as the data is not available for past 

years. Thus, the best method for this study, where it is impossible to physically be there, is 

photogrammetry (Linder, 2016).  

Thus, the most appropriate method of creating DEMs is through photogrammetry. 

Photogrammetry is obtaining geometric data from photographs (Lillesand et al., 2015). This uses the 

principle of stereoscopic viewing, whereby 2 or more images are viewed together to create a 3D image. 

This method has been used for 150 years (Aber et al., 2010) where historically, 2 hard copy aerial images 

would be put in a stereo-plotter and manually orientated (Lillesand et al., 2015). It can now be done on 

computers digitally, creating more accurate digital results more quickly.  

This generates 3D stereo-models from 2 (or more) stereo images. This stereoscopic viewing of 

images allows for the calculation of 3D coordinated by their differences in the positions (Linder, 2016). 

This process has 4 main steps:  

1. The capturing of aerial data:  

Most aerial photographs aim to be taken from a vertical position, but unavoidable tilts cause the 

acquisition of tilted photographs. Successive photographs in a flight will be taken with at least 50% 

endlap and sidelap, as shown in Figure 10 (Lillesand et al., 2015).  

 
Figure 10: Vertical aerial photographs taken from a plane, showing a) frequency of photographs taken and 

b) the flight path, its variations, and the endlap between photographs, from (Lillesand et al., 2015) 

What must be noted is that the photograph is taken from the perspective of the camera. As such, 

the vertical photograph shows a perspective projection of the ground surface, nor an orthographic one, 

like a map does. The consequences of this are that over varied terrain elevation, scale variation and image 

displacement may occur, thus features may appear distorted in size, shape and location as they appear 
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to ‘lean’ away from the principal point of the image. With proper attention, these distortions are properly 

addressed in the photogrammetric method and yield reliable data (Lillesand et al., 2015).  

2. Orientation:  

There are 2 types of orientation: interior and exterior. Interior orientation is the geometry of the 

camera at the time of data capture, through the relation of pixels to image coordinates (Karabork et al., 

2003). This is done through a focus and lens distortion model using the principal point and fiducial marks 

(Portland State University, 2022). Exterior orientation is the relation of the aerial photograph to the real 

world. This is defined by 6 parameters: the 3D position detailed by x, y, and z coordinate and 3D rotational 

angles against the x, y, and z axes (ω – roll, φ – pitch, κ - yaw). These parameters are affected by both the 

position of the plane and the camera. There are 2 methods to determine these parameters: direct 

georeferencing and using ground control points. Direct georeferencing uses observations from both GPS 

and IMU. However, this study will use ground control points. Ground control points are “photo‐

identifiable points of known ground coordinates” (Lillesand et al., 2015), which shall be used together 

with aerial triangulation to calculate the 6 parameters.  

3. Processing the images through triangulation:  

Aerial triangulation is the process of calculating the position and orientation of aerial images 

from the interior and exterior orientation parameters. Aerial triangulation is also known as bundle 

adjustment (Samadzadegan et al., 2008).  

4. Creating deliverables:  

From the results of aerial triangulation, various outputs were created: DEMs and orthophotos. A 

DEM is a Digital Elevation Model and an orthophoto is an aerial photo from which the distortions 

discussed above have been removed. This means all measurements are correct, combining the geometric 

utility of a map with the real-world image (Lillesand et al., 2015). 

The advantages of using photogrammetry are (Ansumant, 2019; Scout Aerial, 2022): 

 Fast and easy: With the use of UAV, planes and satellite imagery, collecting aerial imagery 

is quick and easy (once set up). 

 Low cost: Methods of collecting aerial imagery vary in cost, but some, e.g. UAVs, are very 

cheap. Satellites, while very expensive to build, are cost-efficient in the long term.  

 High accuracy and Objective: Photogrammetry produces a pictorial and geometric 

record of the site at the time of data capture. 

 Broad view (compared to field trips). 

 Easy to repeat. 

 Improves efficacy the same imagery can be used for varied applications. 

 Able to survey hard-to-reach areas and increases safety as it reduces the need for risky 

site visits. 

 Very low impact on site. 

The disadvantages of using photogrammetry are (Ansumant, 2019; Scout Aerial, 2022): 
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 Lighting: The lighting at the time of data capture is very important, without light or even 

at times where shadows are long, the useability of aerial imagery can be severely reduced. 

 Data may not be able to be captured due to inclement weather conditions. 

 Training: To be able to create useful information (usually in the form of DEMs or 

orthophotos), training is required. 

 Visibility constraints, e.g. snow, rainfall, vegetation/tree canopy, buildings, can obscure 

features. It is best used in areas with limited amounts of obscuring features, although this 

cannot always be helped. 

 

3.3 DEMs vs. DTMs vs. DSMs 

 
 

Figure 11: Differences between DTMs and DSMs (Wikipedia, 2022) 

When creating 3D models of the landslide surface, there is various relevant terminology 

associated with the results: DSM, DTM, and DEM. A DTM is a digital terrain model that represents the 

bare ground elevation. A DSM is a digital surface model, which represents the Earth’s surface, including 

everything on it e.g. houses and trees. This is what this study will create. Due to the lack of buildings and 

limited vegetation in the AOI for this study, the DTM and DSM of the area would be similar, if not the 

same, in this context. DEM, a digital elevation model, has various definitions: that it is the same as DTM 

or DSM or a subset of either, but it is mostly accepted as a generic term for both. In this report, it shall 

be used as such (Li et al., 2005). 
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4. Methodology  

This section aims to define the methods used in this study. First, the theory of the method is 

given: what is photogrammetry? and an overview of ERDAS and MetaShape (the 2 software programmes 

used). This includes a flow chart of the overall method, the GCPs, and the definition of the AOI. Then, the 

data and software programmes used are detailed.  

4.1 Photogrammetry 

The main method of this research is digital photogrammetry, as can be seen in Figure 12, which 

shows an overview of the method to be used in this thesis. This generates 3D models from 2 (or more) 

stereo images. This stereoscopic viewing of images allows for the calculation of 3D coordinated by their 

differences in the positions (Linder, 2016). 

However, these methods are not feasible to create time series of historical periods. 

Photogrammetry is the better option if it is impossible to physically be there (Linder, 2016). This is 

especially true for monitoring a landslide over time: it would be impossible to go back and physically 

monitor Super-Sauze, but through historical images, the activity can still be known.  

Photogrammetry is easily used in the rural, mountainous site of the Super-Sauze landslide. A 

common problem with image matching is that the output shows the maximum z value for each point, i.e. 

the top of houses, but here the interest is in the activity of the landslide, which has no such interference 

(Linder, 2016).  

 

4.2 ERDAS and MetaShape 

Although the specific methods for using ERDAS and MetaShape differ, they both follow the same 

process to develop the elevation models from aerial photographs. This is called photogrammetry. These 

methods were developed using the help documents for the software (Agisoft MetaShape, 2021; ERDAS 

Help, 2021). 

In photogrammetry, the images must first be orientated. In ERDAS, this has 2 steps: identifying 

the fiducials and plotting the GCPs. In MetaShape, the alignment of the photos is done automatically and 

then the GCPs are added.  

From this, the DEM is built and the orthophoto can be created. The results are assessed and if 

unsatisfactory, the photos are rerun with the appropriate change in settings. 
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Figure 12: Flowchart of Method 

As seen in Appendix 4, all the years apart from 2012 have a pair of images to create the 3D model. 

As the 2012 images covered a smaller area, 4 images were needed to find sufficient GCPs and coverage 

of the landslide and its surrounding area.  

Originally, all 6 years were going to be processed in ERDAS. As this is software has more 

options/settings, it would create a more tailored output of presumably higher quality. However, the 2012, 

1974 and 1956 images had some problems in ERDAS: 

Figure 13: Table of Years with problems in ERDAS. 

Year of Photo 
Acquisition 

Problem 

2012 
As a digital image, there was no camera information with the image on IGN, or 
any fiducials (Appendix 4). Thus ERDAS could not be calibrated. This is not needed 
in MetaShape. 

1974 The result produced in ERDAS had a lot of spikes, even with the addition of more 
GCPs (Appendix 2). This did not happen in MetaShape. 

1956 
This image had fiducials in a ‘+’ shape, which is not supported in ERDAS (which 
expects the traditional cross (‘x’) shape (Appendix 4). Fiducials are not used in 
MetaShape, so this problem is avoided. 

 

Thus, MetaShape was used for these 3 years. MetaShape’s main weakness is that it uses a lot of 

assumptions in creating its models, such as that the photo was taken using 50mm lens (Agisoft 

MetaShape, 2021). Further study will be needed to assess the impact of these assumptions on this study.  
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4.2.1 Interior & Exterior Orientation 

The major aim of pre-processing is to obtain interior and exterior orientation.  

Interior orientation establishes the relationship between the camera coordinate system (shown 

by fiducial points) and pixels (usually given in mm) (Linder, 2016). This fiducial information is found in 

camera files, shown in Appendix 3. 

The goal for exterior orientation is to set the 6 parameters for exterior orientation: the 3 

coordinates of the projection (x, y, z) and the 3 rotation angles against the x, y, and z axes (ω – roll, φ – 

pitch, κ - yaw). Exterior orientation uses ground control points (GCPs). It is generally understood that at 

least 3 GCPs are needed per image and that they should be well distributed. As such, each pair of stereo 

images shall have at least 6 GCPs. Although more GCPs generally produces better outputs, finding ‘good’ 

GCPs (i.e. will not move over the time period, well distributed in the x, y, and z axes) is more important 

than lots of unreliable points, that may move or not appear in the images over the 56 years explored in 

this research. This research shall use ‘natural GCPs’ as there are no signalised GCPs on any of the 

photographs. It is best to choose immovable objects with corners as they are scale-invariant. The GCPs 

shall be chosen from the DEM and orthophoto specified in Sections 4.4.2 and 4.4.3.  

 
Figure 14: Map of GCPs 

The GCPs were chosen around 3 main criteria: 
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1. Immovable objects:  

This is to ensure they would not change position in the long time period covered by this study.  

2. Appear in more than one image:  

This helped save time by not having to find a completely new set of GCPs for each pair of images, 

but it also makes the results more comparable if they are created from the same/similar input of 

GCPs. Some GCPs could not be used in all images because: 

 It was not built yet, e.g. houses and roads. 

 It is not within the frame of the image. Although the photographs from IGN all cover the 

Super-Sauze landslide, they vary in the height and positioning of the photograph.  

3. Easily identifiable:  

This means the point is distinguishable in the images it is used, such that it has a specific point 

attributed to it, e.g. the corner of a house rather than the house itself. This proved troublesome 

in some images where potential GCP locations were either shadowed or had been grown over 

with vegetation. These GCPs were sometimes still chosen but not used in problem images.  

As such, the GCPs locations chosen were points such as the corners of buildings, crossroads, 

corners of roads, and rock formations. See Appendix 2 for the table of which GCPs can be used in each 

pair of images. 

 

4.2.2 Creating the DEM  

Creating the DTM is done by way of image matching, see Figure 15. This image matching is done 

through Area Based Matching, which finds similar points within a reference window and searching 

window in the pair of images. Characteristics of this process can be fine-tuned to work best with the 

images, i.e. areas with low contrast (e.g. field of crops) will need larger searching matrices as not to 

encounter ‘repetitive structures’ or ‘self-similarity’. These characteristics include px range, correlation 

coefficient threshold, size of the window, and the number of iterations. For better results in ERDAS, 

various settings can be changed, such as the correlation strategy (Normalised Cross-Correlation (NCC) 

or Secondary-structure Matching (SSM)). MetaShape does not allow access to these settings. 
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Figure 15: Diagram of Image Matching from (Lillesand et al., 2015) 

Some manual editing of the point clouds created in MetaShape had to be done to remove 

anomalous peaks. When creating a point cloud, it is likely to get some points that are generated vastly 

above or below where they should be; this is part of the error involved in this method. As these points 

can greatly change the interpolated DEMs, it is best if most are cut. 

ERDAS is a ‘more-expert’ software used by national mapping agencies. It is used specifically for 

photogrammetry using aerial images. MetaShape can be used for drone mapping, 3D scanning, and 

photogrammetry with both aerial and close-range images. MetaShape is often used for GIS apps, game 

development, and on cultural development sites.  

4.2.3 Orthorectification 

Ortho resampling is done with a DTM to correct the geometry of the images. This process can 

use several methods, such as nearest neighbour, bilinear, cubic convolution. This depends on the 

timetable to be taken and how much ‘smoothing’ is desired in the output (Linder, 2016).  

 

4.3 Post-Processing 

To ensure all of the results were comparable a polygon (to be used as the Area of Interest (AOI)) 

was created. The AOI here is based on (Krzeminska et al., 2009; Stumpf et al., 2015). This polygon has 

weaknesses as it is impossible to define where a landslide begins and ends. Landslides are geomorphic 

process and thus involves more than just the scarp directly above them. The material in the landslide has 

been sourced from all over this mountainside. However, using a polygon enables an area of interest to 

be defined which can be used to create DoD and calculate volumetric changes of only relevant areas. As 

this polygon shows the maximum extent of this landslide, the IGN orthophoto shows some areas that 

were revegetated, thus all the orthophotos generated and the IGN orthophoto were used in creating the 

polygon, not just the most recent.  
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Figure 16: Map showing the AOI polygon and cross-sectional line. 

A landslide includes all of the slopes contributing to it, not just the scarp. As such these side 

slopes are also included in the polygon. Including these features in the polygon has precedence, as 

(Krzeminska et al., 2009; Stumpf et al., 2015) created similar AOI polygons.  

The maximum extent line is a line bisecting the length of the AOI polygon. It is 890.4m long. It 

spans the length of the landslide from the crown to toe to create cross-sectional profiles of the landslide. 

These profiles are made in the ArcGIS Pro Elevation Profile tool in the Exploratory 3D Analysis tab.  

4.4 Data  

4.4.1 Aerial images 

The aerial images are sourced from IGN (Ign.fr, 2021). There are 24 dates available for the Super-

Sauze landslide from 1944 to the present. Due to the abundance of years for which aerial images are 
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available and the limitation of time for this thesis, a choice must be made for which images to use. This 

research should focus on the period 1957 to 2013 when the landslide is most active (Figure 3). To create 

a useful time series, full coverage of the landslide’s active years is necessary. Also coloured images were 

preferred over black and white to make processing (e.g. identifying GCPs) and analysis (e.g. identifying 

active landslide features, vegetation etc.) easier. From these years were chosen: 

Figure 17: Table of Aerial Images to be used. 

Year Type of Image 
1956 Black & White 
1974 Colour Infrared 
1982 Colour Infrared 
1993 Full Colour 
2000 Full Colour 
2012 Full Colour 

 

The IGN aerial photographs are available on their website as high-quality scans. The chosen 

images do not appear to have any issues with cloud cover, over exposure or spotting. They were also all 

taken in the Summer to avoid snow cover and have similar vegetation cover. Thus, no correction is 

required. 

The camera characteristics for each year will be different, so new frame camera files will need to 

be created for each.  

4.4.2 Orthophoto  

Sourced from the FTP server from IGN.fr (Ign.fr, 2021), the orthophoto was taken on 1st January 

2018 with a resolution of 20cm. This is used for comparison to the orthophotos in the results and finding 

the GCPs.  

4.4.3 DEM 

Sourced from the FTP server from IGN.fr, the DEM used in this research is the RGE ALT Lidar-

derived product, resolution: 1m (IGN, 2020). This shall be used as a comparison to the results. It shall be 

presumed to be the best available data.  

The DEM and orthophoto specified above shall be used to identify GCPs.  

4.5 Software 

 ERDAS Imagine 2020 with eATE module (Version 16.6.0) 

 MetaShape: backup for ERDAS (Version 1.7.5) 

 ArcGIS: visualisation of time-series/maps (Version 2.9.1) 

 Excel: graphical analysis and visualisation  
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5. Results 

This section contains the results of this thesis. The results are the orthorectified images; the 

DEMs; a series of DEMs of Difference (DoD) of the results and the IGN RGE ALT (2021); line graphs of 

cross-sectional profiles of the landslide; the volumetric changes; and the uncertainties of the results.  

5.1 Orthorectified images on DEMs  

These orthorectified images show a ‘real life’ view of the landslide at these dates. The following 

figures also allow for surface morphological features to be identified. This is harder in the images that 

are not full colour or have a lot of shade (e.g. 1956 and 2012). Despite this, all of the images used are good 

quality, with no obvious issues, such as scratches or wear on the film or cloud cover.  

1956 

 
Figure 18: Orthorectified image on DEM for 1956 
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Figure 18 shows the orthorectified photo over the DEM in a 3D visualisation of 1956, the oldest 

date in this report. The Polygon overlaying the orthophoto shows the AOI as described in Section 4.2. 

The scarp has not retreated in 1956, although there is a small debris pile at the head of the landslide, 

which is 130m long. In 1956, there are steep-sided gullies that drain the slope, which are ~30m deep, 

where the landslide will flow in later years. 

1974 

 
Figure 19: Orthorectified image on DEM for 1974  

1974 does not show a great change from 1956. The only noticeable change is the volume gained 

in the debris pile at the head of the landslide which has extended to nearly 200m long. 1974 shows a slight 

retreat of the scarp, but overall the 1956 and 1974 images look remarkably similar. The difference maps 

will more accurately be able to show differences between the topology in these 2 years, in Sections 5.2 

and 5.3. 
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1982 

 
Figure 20: Orthorectified image on DEM for 1982 

There is a large difference between 1974 (Figure 19) and 1982 (Figure 20). 1982 is the first result 

that has the earthflow. The earthflow material has flowed from the scarp down the slope to nearly the 

maximum extent of the landslide. However, this earthflow is 270m short of the maximum extent by 2021 

(RGE ALT). This event that occurred between 1974 and 1982 is the main event of this landslide in the time 

period studied. The scarp has also retreated further.  
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1993 

 
Figure 21: Orthorectified image on DEM for 1993 

By 1995, the landslide has flowed 140m further downslope and the scarp has retreated further. 

Radial cracks have developed in the intervening years, noticeably in the middle part of the landslide. 
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2000 

 
Figure 22: Orthorectified image on DEM for 2000 

Between 1993 and 2000, there is further erosion of the scarp by about 20m. There are also 

secondary earthflows producing lobes of material on the existing earthflow, as identified on the map. 

This is most noticeable where it fills the top of the cracks present in the 1993 orthophoto. The main radial 

crack seen in 1995 appears in the 2000 image. The landslide has almost reached its maximum extent.  
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2012 

 
Figure 23: Orthorectified image on DEM for 2012 

The 2012 image is very shadowed.  Due to this, the difference maps shall be key in determining 

changes, as visually the orthorectified image is limited.  

Due to the shading present in the 2012 photograph, the 2012 orthorectified image is less useful 

than it could have been. Lightening the orthophoto helps which is shown in Figure 23. The original can 

be seen in Appendix 8. The 2012 image also has spikes, as seen in Appendix 7.  

In conclusion, these orthophotos show the change of the Super-Sauze landslide from its 

activation, beginning with a small rock pile, to a developed earthflow reaching 850m. Other notable 

changes in these orthophotos are the scarp retreating up to 75m and the radial cracks forming on the 

surface of the landslide. 
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5.2 DEMs Elevation Maps 

The maps in this section are elevation maps of the results shown by a colour gradient within the 

AOI polygon. All of these elevation maps are shown with the same scale (and colours) showing elevation. 

This makes it easy to compare the elevation maps as the same colour is equivalent to the same elevation 

in all of the maps. The DEMs of the results are of suitable clarity to see the changes ate each year studied. 

It is also clear the differences in resolutions of the results. The horizontal resolutions of the results range 

from 0.16m to 7m.  

1956 & 1974 

  

 Figure 24: Elevation Map of 1956 (left) and 1974 (right) 

The elevation map of 1956 shows the downward slope within the AOI polygon from South to 

North. Noticeable features of Figure 24 are the steep gullies in the lower half of the polygon shown by 

the dark blue colour which are about 15-20m deeper than the surrounding area. The elevation map also 

shows the crown of the landslide that has not yet been eroded shown by the orange colour.  

The gullies present in 1956 are also present in 1974. There is little change since 1956.  
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1982 & 1993 

 

Figure 25: Elevation Map of 1982 (left) and 1993 (right) 

1982 shows that the result is anomalous with the crown of the landslide at a much higher 

elevation than the other results at 2260m elevation. The other results have a maximum of 2100m. 

However, all of these elevation maps have a similar lowest elevation of 1730m. The result is also not as 

smooth as the other results.  

1993 shows no gullies present in the lower half of the landslide area like was seen in 1956 and 

1974.  

The 1993 image also shows elevation has decreased around the original location of the scarp. The 

1993 elevation map (Figure 25) also shows anomalously high peaks that could not be seen in the 

orthophoto (Figure 21). 
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2000 & 2012 

 

Figure 26: Elevation Map of 2000 (left) and 2012 (right) 

As in the orthophoto on DEM, 1993 and 2000 show little change. There are no anomalies in the 

2000 result.  

2012 is very similar to 2000. However, there are a few spikes as seen in the orthophoto (Appendix 

7), in the upper part of the AOI polygon.  

Across all the elevation maps (Figures 24 to 26), the retreat of the scarp can be seen. This is shown 

by the yellow/green colour moving south-east on the map through time.  
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5.3 Difference Maps 

These DEMs of Difference (DoD) show the difference between the RGE ALT DEM created by IGN 

in 2021 and the results of ERDAS and MetaShape made for this report. The blue colour shows the positive 

change where the elevation has gotten higher over time. Orange shows negative change where elevation 

has been lost over time. The largest negative elevation change is -195.8m in the anomalously high upper 

section of the 1982 DoD and some anomalous peaks in the 1993 and 2012 results, seen in the DEMs. The 

largest positive change was +45.9m in 1974 in the gullies of the lower landslide area.  

1956 & 1974 

 
Figure 27: Difference Map between RGE ALT and 1956 (left) and 1974 (right) 

 

In 1956 the largest area of elevation gain is in the lower region of the landslide which is up to 17m. 

The section of largest loss is in the upper landslide up to -62m. The majority of the landslide area is 

between -35m and 0m change (light orange).  

Overall in 1974, there are similar patterns to 1956 DoD. However, the values are different. Almost 

all of the lower half of the landslide has gained elevation over time.  

The upper sections are very similar between these two years. The loss greater than -35m in both 

1956 and 1974 DoD is located just below the crown of the maximum extent of the landslide.  
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1982 & 1993 

 
Figure 28: Difference Map between RGE ALT and 1982 (left) and 1993 (right) 

 

The 1982 DoD is very different from the other DoDs. It has the largest negative change of -195.9m, 

where the 1982 result is almost 200m higher than RGE ALT and the rest of the results, in the upper 

portion of the AOI polygon. However, this is in just the upper portion of the AOI. 

The 1993 DoD does not have a clear general pattern. It has small positive and negative changes 

between 10 and -10m covering 95% of the AOI. It is unlikely, due to errors discussed in Section 5.6 that 

the changes shown here are significant.  



43 

 

2000 & 2012 

 
Figure 29: Difference Map between RGE ALT and 2000 (left) and 2012 (right) 

 

The 2000 DoD show the same lack of trend as 1993. The mean of the dataset is -4.4m, a small 

amount of change compared to the assumed uncertainties in this result. Here, 80% of the cells are within 

-10m and 0m change.  

The 2012 DoD shows overall positive change such that the mean of this dataset is +15.5m and has 

a median of +21.6m. Around the crown is negative change up to -50m. There are some anomalous peaks 

which can be seen in the DEMs (Figure 26) that show larger change than this. The majority of the 2012 

DoD shows greater than +10m change. This could be accounted for by errors in the result as discussed 

in Section 5.6. 
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1956 to 2012 

 
Figure 30: Difference Map between 1956 and 2012 

Figure 30 shows the difference in elevation between the 2012 and 1956 DEMs. This result aims to 

show the change in the time period studied. As seen in Figure 29, the 2012 result is consistently around 

25m below the RGE ALT DEM; the mean of this result is -33m. This can explain why the majority of Figure 

30 is showing negative change. However, the pattern shown in Figure 30 shows that the most negative 

change (up to -50m) occurs at the bottom of the scarp. Another feature is the area of least negative 

change occurs in the area where the gullies were present in the orthophoto of 1956 (Figure 18).  
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5.4 Profile Line Graphs  

The graphs here show the profile of the landslide using the maximum extent line described in 

Section 4.2. This is shown in two graphs as the 550m variation in elevation over the maximum extent line 

is better shown in two graphs to see the details of the changes in elevation on a larger scale. The first 

graph (Figure 31) is the top half of the landslide from the crown to 450m downslope. The second graph 

starts at 450m from the crown and finishes at the maximum extent of the toe.  

 
Figure 31: Cross-sectional profile of the upper half of the landslide. 

 

All of the years start at around 2100m elevation. It is expected that all of the years start at the 

same elevation (top of the scarp). That there is variation shows uncertainties in the results. All of the 

results are higher than the RGE ALT layer from IGN (2081m), ranging up to 2236m. Despite this variation, 

these results are still useful.  

The upper half of the landslide (Figure 31) shows the earlier years before the landslide (1956 and 

1974) are higher than present up to 250m from the crown. From them, these two profiles are either the 

same or lower as RGE ALT.  

There are anomalous peaks in 2012 at 150-160m from the crown and in 1993 at 154 -167m and 190-

207m from the crown. These are seen in the DEMs in Section 5.2. 
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Figure 32: Cross-sectional profile of the lower half of the landslide. 

 

The lower half of the Super-Sauze landslide shows less variation than the upper half. All of the 

results make a similar slope downwards from around 1870m to 1700-1750m.  

The 2012 profile is consistently around 25m below the RGE ALT profile. This is true from 150m 

from the crown to the toe of the landslide. However, the steep scarp to the crown area is much more 

similar to RGE ALT. 
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5.5 Volumetric Changes 

Below are the volumetric changes per year in the results shown above. These volumetric changes 

were made by bilinearly resampling the DEMs to the lowest resolution, multiplying the elevation by cell 

area and then calculating the difference between the year groups below. As the years' difference varies 

between each of the pairs, calculating the volumetric change by year enable the results to be compared. 

The volumetric change represented by each of the bars was then divided by the number of years between 

the years of difference.  The positive change (where volume was gained through time) is shown in green 

as a positive number. The blue shows negative volumetric change, where volume has been lost over time. 

And the grey shows the net change, the sum of the positive and negative volume change. 

As seen in the rest of the results, the 1982 result has an anomalously high upper section of the 

AOI. As such, they have been removed from the graph of the volumetric changes below. The volumetric 

changes including 1982 can be seen in Appendix 11.  

  
Figure 33: Graph of Volumetric Changes excluding 1982 

 

The volume changes shown here show no clear pattern. The larges changes seen are from 2012 

to 1956, which is as expected as it is  

The 1974 to 1993, when the major earthflow event occurred, volumetric changes have a net 

change of almost 0m3/yr. This theoretically this would show the volume of the material moved within 

the AOI: ~50,000m3/yr. The total volumetric change for this time is ~1,000,000m3.  

The impact of the higher elevation in lower section of the 2012 DEM is clear in the volumetric 

changes here showing more than 250,000m3/yr.  

The net change should be ~0m3/yr as the majority of the material should come from inside the 
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AOI. Although the errors will have propagated through the calculations, values this large indicate a fault 

with the method or results.   
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5.6 Uncertainties in the Results 

The results present in this report are useable. They show how the elevation has changed in the 

Super-Sauze landslide area over time. However, assessing the reliability and uncertainties of these 

results is more difficult. The uncertainties of results can never be fully assessed as there will always be 

errors that cannot be identified (Chapman & Wieczorek, 2020). Finding the uncertainties of the results 

is made more difficult by the fact this study uses 2 software. Each software gives different calculated 

uncertainties with their outputs, as seen in Figure 34.  

Figure 34: Uncertainties in Results. 
 2012 2000 1993 1982 1974 1956 

Average Scale of 
Photographs 

Resolution: 
17cm 

1/30880 1/15575 1/18981 1/24126 1/31474 

Software Agisoft ERDAS ERDAS ERDAS Agisoft Agisoft 

RMSE of Fiducials (cm) 
 0.45 0.44 0.1   
 0.43 0.72 0.08   

No. of GCPs 6 10 8 9 9 8 
RMS GCP Error (m) 0.14 3.81 3.14 5.98 0.23 0.08 

No. of Tie Points  107 109 106   

RMSE of Triangulation (m)  11.9 5.4 24.4   

RMS Reprojection Error (m) 0.3    0.1 0.1 
Resolution (horizontal cell 

size) (m) 
0.16 7 6 4 0.31 1.1 

Points/Area of Point Cloud 58.5 0.09 0.62 0.12 11 0.91 
Average Change in DoD (m) 15.5 -4.4 -0.15 -80.4 -3.2 -18.3 

 

As the area of interest is on a mountainous slope, the uncertainties are likely to be bigger. This is 

because the elevation can change considerably over small distances in steep areas, such as the Alps 

(Chapman and Wieczorek, 2020). 

Notably, 1982 has the highest RMS GCP Error and RMSE of Triangulation, this (in addition to the 

comparison to other results in this study), show this result is incorrect. For 1982 to be included in 

academic study, it would need to be amended (see Section 8: Recommendations). 

Overall, the uncertainties found in the results of the ERDAS software seem to be bigger than 

those of the results from Agisoft MetaShape. As MetaShape is much more automated than ERDAS, with 

few human inputs and options, the smaller influence of human error could have increased these 

uncertainties.  

However, these statistics do not describe vertical uncertainty in the results explicitly. As an 

additional test of the sensitivity of the models created, the results are compared to the RGE ALT layer 

for reliability. All apart from the 1982 results have very similar crown and toe elevation, within the 

expected uncertainties for results of photogrammetry. The active sections of the AOI cannot be 

compared as that is where the change is expected. With literature, identified non-active expected similar 
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sections of the AOI can be compared to estimate reliability within the results. When non-active areas are 

compared the differences seem to be up to 20m.  

The average change for all the DoDs should be 0m as the landslide only moves material, rather 

than gaining or losing it. There may be small changes that can be attributed to gaining material from 

outside the AOI, e.g. rocks entering the AOI from rolling downslope, or losing the material, e.g. washed 

away down fluvial channels. This cannot explain the average changes seen in the 2012, 1982, and 1956 

DoDs, which are all greater than ±15m.  
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6. Discussion  

This study has aimed to use photogrammetry with historical aerial photographs to create usable 

DEMs to study the volumetric and morphological changes of the Super-Sauze landslide. With the 

availability of data increasing with databased like IGN’s geoportal, using photogrammetry is becoming 

more popular. However, as not many areas have sufficient historical imagery, using photogrammetry for 

historical imagery is rare (Fernández et al., 2017).  

This study also aims to create a long-term study of landslide activity. Although the Super-Sauze 

landslide has been monitored by the French Observatory on Landslides since 2007, knowledge of the 

landslide’s activity before then is limited to image interpretation (Hellema, 2021) and ‘one-off’ studies, 

such as (Helmstetter & Garambois, 2010). Thus, the study aims to give a full description of the surface 

deformations of the Super-Sauze landslide in the time period involved, 1956 to 2012. 

Based on the success of this study, other landslides could be studied with this method. Especially 

considering the vast amounts of historical aerial imagery available on IGN’s geoportal.  

6.1 Critical analysis of Findings: What was this study’s most important result? And how does this fit with 

existing literature? 

The major finding of this study is that it supports the findings of other studies on the 

morphological changes of the Super-Sauze landslide over the period involved. For example, Figure 35 

shows a very similar interpretation of the morphological features found in the results. However, due to 

this being the only long-term study of the Super-Sauze, putting the results in context of other literature 

is difficult as most studies take place in 21st Century.  

 

1956  

As found by (Hellema, 2021), there is very little evidence of landslide in 1956 as it is not initiated 

until the 1960s. At the start of the time period studied, the Super-Sauze landslide had not formed. There 

is also little crown erosion. The mountain slope had some loose debris from the weathering and other 

erosion processes that forms a debris pile at the bottom of the scarp. It is about 130m long. The DEM 

shows steep gullies in the lower section of the AOI polygon, which are 15-20m deep.  

As the majority of the AOI shows a change of -25m to 0m change (excluding the areas of greater 

change in the upper and lower sections discussed above), the DEM created is consistently lower than 

the RGE ALT layer in elevation. This is not expected and is concluded as the estimated uncertainty in this 

layer.  

The DoD for 1956 shows the elevation gain by 2021 (RGE ALT) is in the lower part of the AOI. This 

gain is up to 17m and is where the earthflow material has filled the gullies. The DoD also shows elevation 

loss in the upper section of the landslide up to -62m. The area of loss is greater than -25m, which is 

presumably not due to uncertainties, in both the 1956 and 1974 DoDs is downslope of the crown, where 
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the scarp retreat is visible in later orthophotos. This area of loss is where the landslide material is 

sourced. 

1974 

According to (Tonnellier et al., 2013) and (Hellema, 2021), the landslide has been activated, but the 

only evidence of this is the rock falls at the base of the scarp. This erosion continued with the debris pile 

growing to nearly 200m long with the material being sourced from the steadily retreating scarp. There 

is more debris by 1974 as the slope is further weathered and weakened (Sidle & Ochiai, 2006). Until the 

slope failed in the years between the 1974 and 1982 results. The event that occurred between these years 

was an earthflow that is 525m long.  

The 1956 and 1974 DoD have a similar pattern. However, the lower half of the AOI shows positive 

change compared to the small patch in 1956. These DoD should be very similar, and show little to no 

change, as the only noticeable change in the orthophoto was a slightly bigger rockfall debris pile at the 

base of the scarp. This shows a limitation of the results: the elevation is different even in areas that were 

not expected or likely to show any change. The difference in elevation in these areas, such as around the 

gullies is around 20m. This would imply an uncertainty of at least 20m in this result. Overall in 1974, there 

are similar patterns to 1956 DoD. However, the values are different. Almost all of the lower half of the 

landslide has to gain elevation over time. These discrepancies of ~20m are within the expected range for 

uncertainties in photogrammetry and can be attributed to weaknesses in the method. Further study 

could research into correcting the DEM for this implied uncertainty. 

In the line graph of the cross-sectional profiles (Figures 31 and 32), the 1956 and 1974 elevation 

profiles are very similar. They both start at 2100m and follow the pattern of the RGE ALT profile but at a 

20m higher elevation. This is until 150m from the crown where there is a bulge in both of these lines of 

+10m. This shows the elevation lost from the section of the landslide in the earthflow event where it 

moved from the crown and scarp: 0 to 250m from the crown flowing downslope to 220m to the toe, seen 

in the profile lines of later years. From 250m, the 1956 and 1974 follow RGE ALT closely at the same 

elevation or below.  

This is expected as the material higher than present (noticeably the ‘bump’ around 150 to 250m 

from the crown) is part of the material moved downslope by the landslide. This ‘bump’ is the collection 

of loose debris from the face of the scarp.  

1982 

The most noticeable change in the results from 1982 is that the large earthflow event has 

occurred. Because of this, there is a much greater retreat of the scarp where the material has flowed 

downslope visible in the orthophoto. However, the landslide is 250m short of the maximum extent of the 

toe. There are no gullies visible in the lower portion of the AOI. This is because the landslide material has 

filled these gullies. 

The DEM, DoD, and cross-sectional profile show that the 1982 result has an anomalously high 
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upper section of the landslide, which is 200m higher than the RGE ALT layer and the other results.  

As these results are disappointing, this result does not inform more than the existing literature: 

the landslide has occurred, broadened and split into upper and lower sections, and the scarp has 

retreated (Hellema, 2021). 

1993 

The elevation has decreased around the crown where the loss of material to source the earthflow 

has taken volume from the scarp.  

As there is no discernible pattern to the 1993 DoD, it can be concluded with literature that there 

is no change shown here compared to the 2021 RGE ALT layer outside of uncertainties. This is to be 

expected as the only visible change in the orthophoto was the landslide moving 140m further downslope, 

close to the maximum extent of the landslide, but visually the landslide has little changed concurring 

with (Hellema, 2021). However, there are some anomalous spikes in the upper section of the AOI.  

The cross-sectional profile of 1993 is very similar to the RGE ALT. Apart from the anomalies, it is 

never more than 10m different. The same can be said for the 2000 cross-sectional profile. As the mean 

of this DoD is -0.15m and 95% of the values fall between ±10m change. Thus, it can be implied that the 

uncertainties of this result are at least ±10m.  

2000 

The 2000 orthophoto shows a further retreat of the scarp by around 20m and some further flow 

of the landslide. However, (Hellema, 2021) suggests that the toe retreats at this time. When compared to 

the pre-earthflow event results (1956 and 1974), it is clear the scarp has retreated. The 2000 orthophoto 

also shows evidence of secondary earthflows, as suggested by (Malet et al., 2005). These are shown by 

the DF1 and DF2 labels in Figure 34. This shows very little change in the orthophoto, apart from the filling-

in of some cracks on the surface of the landslide. However, as the changes these smaller earthflows cause 

are so minimal (between 1 to 2.5m vertical change (Malet et al., 2005)), they are undetectable on the 

DEMs. 

The 2000 DoD shows no pattern and little change with a mean of -4.4m and 80% of the cell values 

within -10m and 0m change. This is similar to the 1993 DoD, and without the uncertainties, this could 

indicate that there would be no or little change. Although the only visible changes in the orthophotos of 

1993 and 2000 further flow of the material down the slope to the maximum extent of the toe, there seem 

to be large differences in elevation of up to 20m in areas that would not be expected to change. This 

implies a similar error as that found in 1956 and 1974 DoDs. Thus, it can be suggested the uncertainties 

for this result are at least 10m. 

The cross-sectional profile line graph shows the 1993-2012 profiles at 220m from the crown have 

a similar bump to that found at 150m from the crown in 1956 and 1974. From this, the majority of the 

material moved at least 70m downslope.  
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2012 

The 2012 DoD shoes overall positive change with a mean of +15.5m and a median of +21.6m with 

the majority of values between 0m and +35m change. There is no noticeable change in the orthophoto, 

despite the changes here. (Hellema, 2021) suggests that vegetation has developed due to the lack of 

activity. This is hard to identify in the orthophoto. Around the crown, there is a negative change of up to 

-50m. This could be more erosion or an offset of the crown edge due to the shade in the original IGN 

photograph. There are anomalous peaks around the scarp in these results. This is because of the strong 

shade in the photograph which makes it more difficult to accurately calculate the elevation through 

image matching.  

Overall 

The volumetric changes difficult to synchronise with the rest of the results as they are so much 

larger than expected. Other literature estimates the entire moving mass of the Super-Sauze landslide is 

between 550,000m3 (Travelletti and Malet, 2012) and 750,000m3 (Krzeminska et al., 2009; Malet et al., 

2005). This makes the volumetric changes seen in these results unrealistic as they are in the order of 

100,000s m3/year. Although it is known that errors propagate through calculations, these results (Figure 

33) suggest issues with the method and/or results.  

 

6.2 Limitations 

The 1956 IGN photograph is black and white. This reduces the ability to visually interpret the 

orthophoto. However, as ERDAS generates the DEM from only one band, this should not have limited the 

reliability of the resultant DEM. The 1974 IGN photograph is colour infrared. This reduces the ability to 

visually interpret the orthophoto. Due to the various results in this study, it is unlikely that the colour 

profile of the original images will hinder the overall study. 

The 2012 orthorectified image (Appendix 7) shows that the DEM has spikes in the orthophoto. 

These issues can both be attributed to the dark shade that covers a lot of the IGN image as this seems to 

be where most of the spikes and holes occur. Although the 2012 image was the only digital image used, 

had the highest resolution, and was the most recently taken image, the results were ultimately more 

flawed than the other results from older images because of the high amount of shading. This limits the 

reliability of all of the results from 2012 as the software cannot generate elevation models as reliably in 

heavily shaded areas (ERDAS Help, 2021). 

From this study, other studies on different landslides can take place using historical aerial images, 

with the lessons learnt from this study (see Section 8: Recommendations).  
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7. Conclusion  

Overall, the surface deformations of the Super-Sauze landslide have changed as existing 

literature describes since its activation in the time scale involved. This study has given more quantitive 

detail on the surface deformation from 1956 to 2012. From the DoDs and cross-sectional profiles, it is 

clear to see the material that has flowed downslope from the scarp to the toe over the time period 

involved.  

The landslide changes over the period studied dramatically as there is a major earthflow event. 

The AOI starts in 1956 as a mountainous slope with some gullies, up to ~30m deep. There are also some 

debris piles, around 130long. There is more debris by 1974 as the slope is further weathered and 

weakened; the debris pile is now 200m long, but not much has changed. 1982 shows the earthflow event 

but due to the problems with the DEM created (where the upper section of the AOI is ~200m higher than 

expected), it is hard to identify the elevation changes this has created. The 1993 and 2000 results clearly 

show the movement of material downslope from the pre-earthflow years (1956 and 1974). This is most 

clear in the DoD and cross-sectional profile line graphs. However, the volumetric changes are 

consistently much larger than expected, in the range of ~100,000m3/yr, where the total volume of the 

landslide is estimated to be 500,000-750,000m3/yr. There is not much change in more recent years for 

it to be more significant than the uncertainties in these results.  

This study has shown that using historical aerial photography is a feasible method for creating 

DEMs of historical periods. However, this method has limitations and uncertainties shown by the 

anomalous peaks and uncertainties. These could be reduced with further research and time (see Section 

8: Recommendations).  

There was no disenable difference between the reliability of the results and the age and colour 

profile of the IGN photograph. The input resolution and software seem to have had the largest input in 

the success of the results.  

The results of this study cannot be used exclusively to explain landslide events or predict future 

activity. There are too large uncertainties to make any useful predictions and the time jumps between 

results are too large to be able to explain small morphological events in the landslide. These results can 

be used to show general morphological and volumetric changes in the Super-Sauze landslide in the time 

studied with allowances for the uncertainties present.  

 

8. Recommendations 

This study has shown that the Super-Sauze landslide can be studied in more detail by using 

historical aerial imagery and photogrammetry and this method can be used for other landslides, 

especially in areas covered by the IGN geoportal. However, from this study these recommendations can 

be suggested: 

For future studies, I would recommend that more GCPs be used as it was time-consuming and 
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difficult to find GCPs that served more than one image. This is partly due to the long timescale in the 

study and as such the landscape changed from 1956 to 2012, even though it is a remote area. I think more 

GCPs would be the biggest reducer of uncertainty for this study.  

I would also recommend re-doing 1982, with more GCPs, generating the DEMs through 

MetaShape, or using a different pair of photographs, such as the 1981 colour infrared photographs. The 

result for this year is anomalous to all the others and RGE ALT. As the crown of the landslide starts a lot 

higher than the other results.  

For anyone researching a similar topic, I would recommend ensuring all the photographs used 

have good illumination to avoid the holes and anomalous peaks as in the 2012 result. 

Although some uncertainties are identified in this research, further study is necessary into the 

uncertainties of the results. This needed a longer timescale for the study to quantify. A method of doing 

this would be to study the influence of GCPs. This is done by finding 50% more GCPs and creating the 

result again. This would show the influence of GCPs.  

Another recommendation for further study of this topic is to find and use secondary datasets in 

comparison to these results. As the clay-silt rock of the Super-Sauze is so vulnerable to atmospheric 

changes that can cause it to swell or disintegrate (Maquaire et al., 2003), the most important secondary 

dataset would be temperature and precipitation. This may not be available for all of the time studied, 

However, (J. C. Flageollet et al., 1999) include a precipitation dataset from 1928 to 1994 for the Super-

Sauze area, although it is quite coarse (covers all of the Barcelonnette Basin as a sliding average for every 

3 years). Despite the many known trigger factors of landslides, secondary datasets, such as precipitation 

and seismic activity have not shown to be correlating in applications in the Southern Alps of New Zealand. 

This sheds doubt on the feasibility of secondary datasets explaining geomorphic changes in slope 

stability and activity (Davies, 2015). 

This study chose to generate DEMs for 6 years. This severely limited the amount of time to be 

spent on the individual processes to develop the DEMs as everything had to be done 6 times. As such, it 

was also unnecessary to have two years before the main earthflow event: 1956 and 1974. This added time 

and effort to the method but did not give more information. Future studies should choose an appropriate 

amount of years to study depending on their time for the project. 

This study has aimed to give a full description of the surface deformations of the Super-Sauze 

landslide in the time period involved, 1956 to 2012. Future studies should aim to fill the gaps with other 

available photos (see Appendix 12).   
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Appendix 1: Full Flowchart of Methodology  
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Appendix 2: GCPs used in each years’ images 

OID X Y Z Location 2012 2000 1993 1982 1974 1956 

0 993672 6368905 1705 
The crossroad in 

village NE of Super-
Sauze 

✓ ✓ ✓ ✓ ✓ ✘ 

1 992878 6368492 1725 
Road out of Super-

Sauze ✓ ✓ ✓ ✓ ✘ ✘ 

2 992261 6365014 1560 Switchback South of 
the mountain ridge ✘ ✓ ✘ ✓ ✘ ✓ 

3 994451 6367518 1968 
Road corner at house 

SE of Super-Sauze ✘ ✓ ✓ ✓ ✘ ✓ 

4 994266 6370724 1444 
Road corner N of 

Super-Sauze ✘ ✘ ✓ ✘ ✘ ✘ 

5 995652 6370919 1690 
Road corner NE of 

Super-Sauze by the 
square in the field 

✘ ✘ ✓ ✘ ✘ ✘ 

6 990782 6368478 1726 
A bulge in path W of 

Super-Sauze ✘ ✓ ✘ ✘ ✓ ✓ 

7 993390 6368097 1985 
Path junction in 

woods E of Super-
Sauze 

✓ ✓ ✓ ✓ ✓ ✓ 

8 994316 6368943 1668 
A bulge in the road 

out of NE village ✘ ✓ ✘ ✓ ✘ ✓ 

9 994554 6364760 1673 
Switchback south of 

the end of the 
mountain ridge 

✘ ✓ ✘ ✓ ✘ ✓ 

10 993206 6367077 2164 Large rock S of Super-
Sauze ✓ ✓ ✓ ✓ ✓ ✓ 

11 992020 6367269 2353 Corner of 'Z' path ✓ ✘ ✘ ✘ ✓ ✘ 

12 992448 6368434 1840 South corner of 
building remains ✓ ✓ ✓ ✓ ✓ ✘ 

13 991485 6366984 2326 
Corner of West 'Z' 

path ✓ ✓ ✘ ✘ ✓ ✘ 

14 991144 6365453 1973 
T' shaped rock 

formation, SW of 
Super-Sauze 

✘ ✓ ✘ ✘ ✘ ✓ 

15 991972 6367736 2031 
SE corner building 

remains W of Super-
Sauze 

✓ ✓ ✓ ✓ ✓ ✓ 

16 994362 6368035 1875 'b' shaped junction ✘ ✓ ✓ ✓ ✓ ✘ 
Total GCPs for the images 8 14 10 11 9 8 
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Appendix 3: .cam files 

The camera file used for 1982: 

LPS Camera File Version: 2.0 
Camera Name: "super" 
Camera Description: "" 
 
Focal Length [mm]: 213.26 
Principal Point: 
 x0 [mm]: 0 
 y0 [mm]: 0 
 
Fiducial Coordinates: 
 Number of Fiducials: 4 
      ID       X[mm]         Y[mm] 
       1      -12.821      -12.821 
       2      12.8207      12.8207 
       3      -12.821      12.8207 
       4      12.8207      -12.821 
 
Radial Distortion Observations: 
 Type: "Radial Distance" 
 Number of Observations: 1 
      ID   Distance[mm] Distortion[microns] 
       1            0                0 
 
Radial Lens Distortion Coefficients: 
 k0: 0 
 k1: 0 
 k2: 0 
 
Extended Parameters: 
 Type: "NONE" 
 
The camera file used for 1995 and 2000: 

LPS Camera File Version: 2.0 
Camera Name: "rmk_top15_144112" 
Camera Description: "" 
 
Focal Length [mm]: 152.754 
Principal Point: 
 x0 [mm]: 0 
 y0 [mm]: 0 
 
Fiducial Coordinates: 
 Number of Fiducials: 8 
      ID       X[mm]         Y[mm] 
       1      113.005        0.013 
       2      -112.99        0.002 
       3        0.004      113.016 
       4       -0.007     -112.981 
       5          113      113.013 
       6     -113.001      -112.99 
       7     -112.993      113.004 
       8      113.001     -112.987 
 
Radial Distortion Observations: 
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 Type: "Radial Distance" 
 Number of Observations: 1 
      ID   Distance[mm] Distortion[microns] 
       1            0                0 
 
Radial Lens Distortion Coefficients: 
 k0: 0 
 k1: 0 
 k2: 0 
 
Extended Parameters: 
 Type: "NONE" 
 

Appendix 4: IGN Aerial Images 

In this section are the raw photographs from IGN that have been used in this research.  

2012 
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2000 
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1995 

 
 

1982 
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1974 

 
 

1956 
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Appendix 5: 1974 result from ERDAS 

 
Here is the resulting DEM from modelling the 1974 images in Appendix 4 in ERDAS. This is not 

accurate or useable. MetaShape was used to produce the results used in the report.  
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Appendix 6: Distorted 1982 scarp and crown 

 
 

The red line shown is the maximum extent line shown in the other orthorectified photos on their 

DEMs in Section 4.2. This is a zoomed version of Figure 15.  
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Appendix 7: Spikes in 2012 DEM 

 
 

There are spikes present in the 2012 result. The image has been lightened to show these peaks.  
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Appendix 8: Original 2012 orthorectified image with no lightening. 

 
 

Here, the poor illumination in the 2012 images has impacted the result. Lightening the image, as 

seen in the results section 5.1, makes the image more useful to identify surface features and changes.   
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Appendix 9: Orthophoto overlaying DEM – RGE ALT 

 
 

The orthophoto (BORTHO) from IGN is from 20/08/2021. The REG ALT DEM is from 01/01/2018. 

A limitation of this map is that these dates do not match.  
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Appendix 10: RGE ALT DEM 

 
 

The RGE ALT layer is much smoother than the results in this report as it is a heavily smoothed 

and interpolated layer. This could diminish its usefulness as some of the peaks/ steep slopes found in 

mountainous areas could have been diminished, depending on the methods used in its creation. 
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Appendix 11: Volumetric Changes per Year including 1982 

 
The peaks in the pairs of years including 1982 are much higher than the other values. This is due 

to the much higher elevation in the upper half of the landslide seen in the DEM (Figure 20). 

Appendix 12: All images available for the Super-Sauze landslide  

Year Type Source 
1944  B&W IGN.fr 
1948 B&W IGN.fr 
1956 B&W IGN.fr 
1970 B&W IGN.fr 
1973 B&W IGN.fr 
1974i B&W IGN.fr 
1974ii B&W IGN.fr 
1974iii Colour infrared IGN.fr 
1978 B&W IGN.fr 
1981i B&W IGN.fr 
1981ii Colour infrared IGN.fr 
1982i B&W IGN.fr 
1982ii Colour infrared IGN.fr 
1987 B&W IGN.fr 
1988I B&W IGN.fr 
1993i B&W IGN.fr 
1993ii Full colour IGN.fr 
1994iii Colour infrared IGN.fr 
1996i B&W IGN.fr 
2000i B&W IGN.fr 
2000ii Full colour IGN.fr 
2004i Full colour IGN.fr 
2009 Full colour IGN.fr 
2012 Full colour IGN.fr 

Bold = Used in this study 

-1,000,000

-500,000

 -

 500,000

 1,000,000

 1,500,000

1956 - 1974 1974 - 1982 1982 - 1993 1993 - 2000 2000 - 2012 2012 - RGE
ALT

V
ol

um
e 

C
h

an
ge

  p
er

 Y
ea

r 
(m

3/
yr

)

Years of Difference

Volumetric Changes per Year

Positive Change/ Year Negative Change/ Year Net Change/ Year


