2. Remote Sensing for landslide mapping and hazard assessment

This section of the tutorial presents a summary of current and potential uses of Remote Sensing data applied to the assessment of landslide hazard. Remote Sensing can be defined as the instrumentation, techniques and methods to observe the Earth's surface at a distance and to interpret the images or numerical values obtained in order to acquire meaningful information of particular objects on Earth.  This chapter of the tutorial will treat the following aspects:

· Introduction on Remote Sensing
· Landslide inventory: Interpreting landslides from Aerial Photographs and remote sensing images
· Image characteristics for landslide identification
· Morphological diagnostics
· Vegetation diagnostics
· Hydrological/Drainage diagnostics
· Man made features
· Image characteristics of mass movement types
· Stereoscopy
· Conventional mirror stereoscope
· Screen stereoscope
· Anaglyph images
· Chromadepth images
· Polarization
· Professional experience of the interpreter
· Some theory on quality assessment of photo-interpretation
· Methods for quality assessment
· Middelkoop (1990)
· Dunoyer and Van Westen (1993)
· Examples of quality assessments 

· Van Westen (1993)
· Fookes et al (1991)
· Dunoyer (1993)
· Carrara et al (1992)
· Landslide inventory: Automatic landslide detection from remote sensing imagery
· …..

· …..

· ….

· Differential radar interferometry
· Characteristics of images relevant for landslide mapping
· Spatial resolution
· Contrast
· Size of the landslide feature
· Spectral resolution
· Using different types of aerial photographs
· Mapping landslides from SPOT
· Mapping Landslides from LANDSAT
· Mapping landslides with RADAR
· Temporal resolution
· La Siria landslide, Colombia
· El Tablazo landslide, Colombia
· Vaiont landslide, Italy
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Summary
2.1. What is Remote Sensing

Three definitions of remote sensing are given below:

· Remote sensing is the science of acquiring, processing and interpreting images that record the interaction between electromagnetic energy and matter.(Sabins, 1996)

· Remote sensing is the science and art of obtaining information about an object, area, or phenomenon through the analysis of data acquired by a device that is not in contact with the object, area, or phenomenon under investigation. (Lillesand and Kiefer, 1994)

· The term remote sensing means the sensing of the Earth’s surface from space by making use of the properties of electromagnetic waves emitted, reflected or diffracted by the sensed objects, for the purpose of improving natural resources management, land use and the protection of the environment (UN, 1999)

The process of Remote Sensing is schematically shown in figure 2.1.
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Figure 2.1: Process of Remote Sensing. A: Energy source to illuminate the target; B:Interaction of the radiation with the earth’s atmosphere; C: Radiation-target interactions; D:Data reception; E:Data transmision; F: Data processing; G:Data application.
It is not in the objective of this tutorial to give an extensive introduction to Remote Sensing. There are some good Remote Sensing tutorials on the Internet. Those not familiar with the principles of Remote Sensing are advised to visit one of the following pages.

For an introduction to remote sensing  (External Links):

· http://www.ccrs.nrcan.gc.ca/ccrs/eduref/tutorial/indexe.html
The CCRS tutorial on remote sensing

· http://rst.gsfc.nasa.gov/Front/tofc.html
The NASA remote sensing tutorial

· http://www.sci-ctr.edu.sg/ssc/publication/remotesense/rms1.htm
Principles of Remote Sensing – the Virtual Science Centre

· http://www.auslig.gov.au/acres/referenc/abou_rs4.htm
About Remote Sensing – Australia's National mapping Agency

· http://www.ucalgary.ca/UofC/faculties/SS/GEOG/Virtual/remoteintro.html
An Overview of Remote Sensing 

· http://www.geo.mtu.edu/rs/
Remote Sensing of the Global Environment – David J. Schneider, Michigan Technological University

· http://www.utexas.edu/depts/grg/gcraft/notes/remote/remote.html#introduction
Introduction to Remote Sensing – introduces basic concepts of remote sensing of the environment – University of Texas

· http://rst.gsfc.nasa.gov/Intro/Part2_1.html
The Concept of Remote Sensing. This page deals with the historical & technical perspectives of Remote Sensing 

· http://earthobservatory.nasa.gov/Library/RemoteSensing/
RS Introduction and History. An Article from Earth Observatory, NASA

· http://www.meto.umd.edu/~owen/ESSE/lynn1.htm
Remote Sensing – Introduction to Satellites and Remote Sensing
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2.2. Landslide inventory: Interpreting landslides from aerial photographs and remote sensing images

The application of remote sensing techniques is very suited to slope instability studies, as landslides directly affect the ground surface. The use of remote sensing images is particular useful when stereo images are used, depicting in the stereomodel the typical morphological features of landslides, which on itself are giving often already diagnostic information on the type of movement (Crozier, 1973). The overall terrain conditions, determining the susceptibility of a site to be subject to sliding, can also be profitably interpreted from remote sensing data in the widest sense, including aerial photography, as well as imagery obtained by satellites or any other remote sensing technique.

2.2.1. Image characteristics for landslide identification

The information on landslides extracted from remote sensing images is mainly related to the morphological, vegetational and drainage conditions of the slope. The slope morphology is studied by the examination of the stereoscopic model. The study of variations in tone and texture, or of pattern, shape and lineaments has to be related to the expected ground conditions or landforms associated with slope instability processes.

Slope movements are seldom identified directly from aerial photographs. Their occurrence has to be derived from a certain number of features resulting from the instability of the slope visible on the remote sensed imageries, such as a distorted vegetation cover or drainage. Therefore the recognition of slope movement from aerial photographs largely depends on the interpreter. As a consequence, the categorization of slope movements, as obtained from the interpretation of aerial photographs, is not as detailed as the classifications of, for example, Cruden and Varnes, which require field evidences. Practice has shown that a photo-interpretation has to be done with the use of a simple classification. Local adaptations of existing classifications can prevent ambiguities and misclassifications. The degree of activity on photographs is usually defined on the basis of clear fresh indications. Stable slides have clear degraded morphological forms and are already overgrown by vegetation (Table 2.1).

	Type
	Subtype
	Activity
	Depth
	Vegetation
	Body

	· Slide

· Lateral Spread

· Flow

· Debris Avalanche
	· Rotational

· Translational

· Complex

· Unknown
	· Stable

· Active
	· Surficial

· Deep
	· Bare

· Low

· High/Dense
	· Landslide scar

· Run out body


Table 2.1: Checklist that was made for the systematic characterization of slope failures as observed on aerial photographs, based on local knowledge in a study in the Colombian Cordillera (Van Westen, 1993). The data of the inventory were meant to be stored in a GIS.

2.2.1.1. Morphological Diagnostics

The morphological diagnostics are accompanied by stereophoto examples. If you are not familiar with stereoscopy, please read the stereoscopy section first.
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Concave-convex. 

The sequence of a concave and a convex part of the slope is associated with landslide niches and associated deposits. In the stereo model this appears as concave/convex anomalies. Figures 2.2 and 2.3.

View stereophoto example.
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Step-like morphology.

A step-like morphology is related to retrogressive sliding. Photo characteristics: step-like appearance of the slope. Figures 2.4 and 2.5.

View stereophoto example.
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Semicircular niches.

Semicircular niches are associated with the head part of a slide with the outcrop of the failure plane. On photographs recognizable as a light toned scarp, with small light curved lineaments. Figures 2.6 and 2.7.

View stereophoto example.
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Back tilting of slope faces.

Back tilting of slope faces indicates rotational movement of slide blocks. This feature appears as oval or elongated depressions with imperfect drainage conditions. Figures 2.8 and 2.9.

View stereophoto example.
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Hummocky relief.

Irregular slope morphology. Micro relief associated with shallow movements or small retrogressive slide blocks. On the aero-photo the coarse surface texture of hummocky terrains stand in contrast with smooth surroundings. Figure 2.10.

View stereophoto example.
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Formation of cracks.

The formation of new cracks is an indication for recent activity. Crack formation occurs with sliding and toppling movement. They appear as lineaments more or less parallel to the existing scar. Figures 2.12 and 2.13.

View stereophoto example.
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Steeping of slopes.

The steeping of a slope can indicate the presence of a landslide scar. This type of slope anomaly is clearly visible on aerial photographs. See figures 2.14 and 2.15.

View stereophoto example.

Furthermore, infilled valleys with a slight convex bottom – where V-shaped valleys are normal – can indicate remains of old mass movements.

View stereophoto example.
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Vegetation Diagnostics

The presence, absence and patterns of vegetation can be very helpful in recognizing landslides on aerial photographs and remote sensing images. These features can be considered:
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Vegetational clearances on steep scarps, coinciding with morphological steps (figure 2.16). Headscarps and steps in a slide body often lack vegetation. On photographs this shows as light-toned elongated areas at the crown or on the body of the mass movement.
· Irregular linear clearances along the slope. Flows and avalanches strip parts of the slope from vegetation; leaving the flowpath uncovered. Slip surface of translational slides as well are usually uncovered. The denudated areas are showing light tones, often with linear pattern in direction of movement (Figure 2.17).

· Disrupted, disordered and partly dead vegetation appear as irregular, sometimes mottled grey tones. Associated with slide blocks and differential movements in body. 

· Differential vegetation associated with changing drainage conditions. Stagnated drainage on backtilting blocks, seepage at the frontal lobe and differential conditions on the body display in a pattern of tonal differences and differences in composition and height of the vegetation.

2.2.1.3. Drainage Diagnostics

Differential drainage conditions are usually well visible on aerial photographs and can form a key feature for recognizing landslides on aerial photographs and Remote Sensing images.

· Areas with stagnated drainage are associated with landslide niches, backtilting landslide blocks and hummocky internal relief on the landslide body. They appear as tonal differences with darker tones associated with the wetter areas.
· Excessively drained areas appear as light toned zones in association with convex relief forms. They are associated with outbulging landslide bodies (with differential vegetation and some soil erosion). 

· Seepage and spring levels. Springs appear along the frontal lobe and at places where the failure plane outcrops. Spring levels can be recognized by differential vegetation, darker tones (wet areas) and the outset of streams. The dark patches sometimes appear in a slight curved pattern.

· Interruption of drainage lines. Drainage anomaly, caused by the head scarp. Drainage line abruptly broken off on the slope by steeper relief. 

· Anomalous drainage pattern. Streams curving around the frontal lobe or streams on both sides of the body. Curved drainage pattern, upstream with sedimentation or meandering in (asymmetric) valley.

2.2.1.4. Man made features

Man made features can also indicate the occurrence of landslides, or the presence of landslide hazard. Some features to consider:

· (Erosion) Dams

· Retaining walls, Avalanche nets, (Rock) Butresses to support unstable slopes

· Artificial drainage (Diversion ditches, interceptor drains)

· Terraces, Artificial alterations of the slope profile

· Bridging of infrastructure

2.2.1.5. Image characteristics of mass movement types

The image characteristics of the various mass movement types are summarized in table 2.2.

	PRIVATE 

TYPE OF MOVEMENT
	Characterisation based on morphological, vegetational and drainage aspects

as visible on stereo images

	FALL and TOPPLING
	Morphology:
Distinct rockwall or free face in association with scree slopes (20 -30) and dejection cones. Jointed rock wall (>50) with fall chutes.

Vegetation:
Linear scars in vegetation along frequent rock fall paths. Vegetation density low on active scree slopes.

Drainage:

No specific characteristics.

	STURZSTROMS
	Morphology:
Extreme large (concave) scars on mountain, with downslided blocks of almost geological dimensions. Rough, hummocky depositional forms, sometimes with lobate front.

Vegetation:
Highly irregular/chaotic vegetational conditions on accumulative part,absent on strurzstrom scar.

Drainage:

Irregular disordered surface drainage, frequent damming of valley and lake formed behind the body.

	ROTATIONAL SLIDES
	Morphology:
Abrupt changes in slope morphology, characterized by concave (niche) - convex (run-out lobe) forms. Often step-like slopes. Semi-lunar crown and lobate frontal part. Backtilting slope facets, scarps, hummocky morphology on depositional part. D/L ratio 0.3 - 0.1 , slope 20 - 40.

Vegetation:
Clear vegetational contrast with surroundings, the absence of landuse indicative for activity. Differential vegetation according to drainage conditions.

Drainage:

Contrast with not failed slopes. Bad surface drainage or ponding in niches or backtilting areas. Seepage in frontal part of run-out lobe.

	COMPOUND SLIDES
	Morphology:
Concave - convex slope morphology. Concavity often associated with linear graben-like depression. No clear run-out but gentle convex / bulging frontal part. Backtilting facets associated to (small) antithetic faults. D/L ratio 0.3 - 0.1 , relatively broad in size.

Vegetation:
As with rotational slides, although slide mass will be less disturbed.

Drainage:

Imperfect or disturbed surface drainage, ponding in depressions and in the rear part of the slide.

	TRANSLATIONAL SLIDES
	Morphology:
Joint controlled crown in rockslides, smooth planar slip surface. Relatively undeep (shallow), certainly in surface mat. over bedrock. D/L ratio <0.1 and large width. Run-out hummocky rather chaotic relief, with block size decreasing with larger distance.

Vegetation:
Source area and transportational path denudated, often with lineations in transportational direction. Differential vegetation on body, in rockslides no landuse on body.

Drainage:

Absence of ponding below the crown, disordered or absence of surface drainage on the body. Streams are deflected or blocked by frontal lobe.

	LATERAL SPREADS
	Morphology:
Irregular arrangement of large blocks, which are tilting in various directions. Blocksize decreases with distance and morphology becomes more chaotic. Large cracks and linear depressions are separating the blocks. Movement can originate on very gentle slopes (<10).

Vegetation:
Differential vegetation is enhancing the separation of the blocks. Considerable contrast with non-affected areas.

Drainage:

Disrupted surface drainage. Frontal part of movement is closing off valley, causing an obstruction and a asymmetric valley profile.

	MUDSLIDES
	Morphology:
Shallow concave niche with flat lobate accumulative part, clearly wider than transportational path. Irregular morphology is contrasting with surrounding areas. D/L ratio 0.05 - 0.01, slope 15-25.

Vegetation:
Clear vegetational contrast when fresh, otherwise differential vegetation is enhancing morphological features.

Drainage:

No mayor drainage anomalies associated to mudslides, besides local problems with surface drainage.

	EARTHFLOWS
	Morphology:
One large or several smaller concavities, with hummocky relief in the source area. Main scars and several small scars resembles slide type of failure. Path following streamchannel and body is infilling valley, contrasting with V shaped valleys. Lobate convex frontal part. Irregular micromorphology with pattern related to flow- structures. Slope > 25, D/L ratio very small

Vegetation:
Vegetational on scar and body strongly contrasting with surroundings, landuse absent if active. Linear pattern in direction of flow.

Drainage:

Ponding frequent in concave upper part of flow. Parallel drainage channels on both sides of the body in the valley. Deflected or blocked drainage by frontal lobe.

	FLOWSLIDES
	Morphology:
Large bowlshaped source area with step-like or hummocky internal relief. Relative great width. Body displays clear flowstructures with lobate convex frontal part (as earthflow). Frequent associated with cliffs (weak rock) or terrace edges.

Vegetation:
Vegetational pattern are enhancing morphology of scarps and blocks in source area. Highly disturbed and differential vegetation on body.

Drainage:

As on earthflows, ponding or deranged drainage at the rear part and deflected or blocked drainage by frontal lobe. 

	DEBRIS AVALANCHES
	Morphology:
Relatively small, shallow niches on steep slopes (>35) with clear linear path. Body frequently absent (eroded away by stream).

Vegetation:
Niche and path are denudated, or covered by secondary vegetation.

Drainage:

Shallow linear gully can originate on the path of the debris avalanche.

	DEBRIS FLOW
	Morphology
Large amount of small concavities (associated to drainage system) or one major scar is characterising source area. Almost complete destruction along path, sometimes marked by depositional levees. Flattish desolated plain, exhibiting vague flow structures is body.

Vegetation:
Absence of vegetation everywhere, recovery will take many years.

Drainage:

Deranged on body, while original streams are blocked or deflected by the body.


Table 2.2: Image characteristics of mass movement types.
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2.2.2. Stereoscopy

The impression of depth encountered in the real world can be realised by images of the same object that are taken from different positions. Such a pair of images, photographs or digital images that are separated observed at the same time by the two eyes, give on the retinas images in which objects at different positions in space are projected on relative different positions. We call this stereoscopic vision. Pairs of images that can be viewed stereoscopically are called stereograms. Stereoscopic vision is explained here because the impression of height and height differences is very important in the interpretation of both natural and man-made features from image data. 

For the recognition of landslides from remote sensing images, stereoscopy is essential. Stereoscopic vision is normally achieved using a stereoscope. However, there are more ways to see stereo using computers:

· Conventional mirror stereoscope
· Screen stereoscope
· Anaglyph images
· Chromadepth images
· Polarization
For more information consult the following website (external link):

· http://www.ccrs.nrcan.gc.ca/ccrs/eduref/sradar/indexe.html
Canada Center for Remote Sensing Radar and Stereoscopy Tutorial

2.2.2.1. Mirror stereoscope

Pocket and mirror stereoscopes, and also the photogrammetric plotters, use a

system of lenses and mirrors to ’feed’ one image into one eye. Pocket and mirror

stereoscopes are mainly applied in mapping applications related to vegetation,

forest, soil and geomorphology.
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Figures 2.18 (Left): Mirror Stereoscope.

Figure 2.19 (Right): Pocket Stereoscope.

Go to exercises on photo-interpretation.

2.2.2.2. Screen stereoscope

Another method that has been applied extensively in the tutorial is the display of the two scanned stereoimages in two neighboring windows. Stereovision can be obtained by adjusting the distance between two identical points in both images in such a way that it matches the eye-base of the observer.  However, a much more easier method is the use of a so-called screen stereoscope, which is mounted on the computer screen (see figure 2.20). 
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Figure 2.20: screen stereoscope for digital stereo interpretation (source: http://www.stereoaids.com.au)
To see examples of the use of a screen stereoscope, go to:

· GISSIZ exercises on stereophoto interpretation.

· http://www.stereoaids.com.au/  (external link)
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Stereo Aids features examples from the U.S. and Canada.

Figure 2.21: screen shot of 3dmapper, screenscope software.

Specific software is available for the screenscope, that allows for the following activities: 

· Load and processes very large TIFF, BMP and DIB scanned photo image files, without compromising performance. 

· Performs Interior (Affine or Conformal) orientation. 

· Performs Exterior (Single Model Bundle Adjustment) orientation. 

· Can perform Relative only orientation without the need for control points. 

· Outputs Epipolar re-sampled images for use in StereoMapper. 

· View and digitise features in 3D using the ScreenScope. 

· Generate Digital Elevation Models (DEM) from digitised features. 

· Generate contours from DEM's. 

· Perform distance, area and volume calculations. 

For more information about 3dmapper (external link):

· http://3dmapper.com/3dcontact.htm
Homepage of 3Dmapper Ltd.
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Anaglyphs

Anaglyphs are stereoscopic images in which the left-eye image and right-eye image are separated by means of color filtering. The filter colors are usually red/green or red/blue. Each filter prevents one eye from seeing the image that is meant for the other eye. By displaying the right stereo image in red, and the left stereo image superimposed upon it in green, a 3-D image is seen when viewed through matching colored 3-D glasses. 

Anaglyph glasses are cheap, and can be ordered on-line, for example at (external links):

· http://stereoscopy.com/reel3d/anaglyph-glasses.html
Reel 3D enterprises.

· http://www.3dglassesonline.com/
American Paper Optics.

· http://www.rainbowsymphony.com/3danaglyph.html
Rainbow Symphony anaglyph glasses.

The advantage of anaglyphs is that viewing glasses are cheap and widely available. The disadvantage is that for color images the colors are different from the original ones. Anaglyph images can be generated by merging two scanned stereo airphotos in red and green colors using a photo editing software. They can also be generated using special software from a single image combined with a Digital Elevation Model. This method is particularly suited to viewing overlapping images on a computer screen. See the example below.
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 Figure 2.23: Example of an anaglyph image (SPOT image Nepal)

Go to exercises on photointerpretation.

2.2.2.4. Chromadepth

Another method for viewing 3-D is called chromadepth. The core concept of ChromaDepth is straightforward; encode depth into an image by means of color, then optically decode the color to create a true holographic image. On a black background, red will appear closest, blue furthest, and the other colors will fall in-between according to their place in the rainbow (red, orange, yellow, green, blue). An example is shown in figure 2.25. To view the images special glasses are required (figure 2.24).

 External links:

· http://www.chromatek.com/index.shtml
Information on how to generate images using chromadepth.

· http://www.microimages.com/gallery/chromadepth/
Examples of chromadepth images.
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Figure 2.24 (left): Glasses needed to view chromadepth images.

Figure 2.25 (right): Example of a chromadepth image. Click the image to enlarge.

Polarization

The use of PolarizingPRIVATE "TYPE=PICT;ALT=Click for the graphic" filters can also produce a 3-D effect. In this case, left and right projections are separated by polarized filters. This results in the two images having polarizations perpendicular to each other. Polaroid glasses are used to view the images. They work in much the same way as the coloured anaglyphic glasses. By wearing the glasses the left eye sees the overlap area of the left image in one polarization while the right eye simultaneously sees the right overlap area in a polarization at 90 degrees to the first. Thus, a sensation of depth is produced. Polarization techniques cause very little light loss and permit the use of colour imagery. 
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Figure 2.26: Digital Photogrammetric workstation with a polarization screen and polarizing glasses. Source: http://www.ccrs.nrcan.gc.ca/ccrs/eduref/sradar/indexe.html
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2.2.3. [image: image46.jpg]Block diagram Plan View




Professional experience of the interpreter

One of the factors that is influencing the necessary amount of pixels for landslide mapping are personal ones, such as profession​al experience, local knowledge and expectancy, which are defining the reference level of the interpreter. A high reference level is very important for an adequate interpretation, as demonstrated by Fookes et al. (1991), who compared the photo-interpretation of an unknown area previous to a large landslip made by five recognized professionals.

The quality of the result of an image interpretation depends a number of factors:

the interpreter, the image data used and the guidelines provided.

· The professional experience and the experience with image interpretation determine the skills of a photo-interpreter. A professional background is required: a landslide interpretation can only be made by a geomorphologist since s/he is able to related image features to geomorphological phenomena. 

· The type of environment were the study is carried out, the characteristics of the terrain: geomorphology, geology, landuse, and the complexity of the landslides.

· The type of the imagery used: type, scale, age and sun angle.

· The quality of the field‑work: its preparation, the experience in the field, the methodology used to collect data (from‑sheets), the amount of data expected and the time allocated for this purpose.

· The quality of the interpretation guidelines is of large influence. Consider, for example, a project in which a group of persons is to carry out a mapping project. Ambiguous guidelines will disable a consistent mapping in which individual results form a seamless database of consistent quality. 

This section deals with the following topics:
· Some theory on quality assessment of photo-interpretation
· Methods for quality assessment
· Middelkoop (1990)
· Dunoyer and Van Westen (1993)
· Examples of quality assessments 

· Van Westen (1993)
· Fookes et al (1991)
· Dunoyer (1993)
· Carrara et al (1992)
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2.2.3.1. Theoretical aspects dealing with the quality of photo interpretation

The process of mass movement inventory is not such a straight forward one as one might think it to be. The results from landslide inventory may vary from interpreter to interpreter. It is very important at this stage to differentiate between some vital concepts for the further development of this work: replicability, error and uncertainty.

Replicability

Something to consider in terms of quality is the replicability. Replicability

refers to the degree of correspondence obtained by different persons for the same

area or by the same person for the same area at different moments in time. In

principle, replicability does not tell directly about the accuracy (the relation with

the real world) but it does tell something about the quality of the class definition

(crisp or ambiguous) and the instructions and methods used. 

Objectivity/subjectivity

In landslide hazard mapping objectivity or subjectivity are used to indicate whether the various steps taken in the determination of the degree of hazard are verifiable and reproducible by other researchers or whether they depend upon the personal judgement of the researcher. Van Westen (1993). Objectivity means that the results of a landslide inventory map must be verifiable and reproducible by other earth scientists. This is hardly the case in landslide mapping since there is usually a disagreement both in the location of the landslide areas and on the typology of the landslide. Sometimes there is even disagreement on these matters in the field.

Error

Error in this work means an absolute value indicating the 'mistake' when dealing with attribute data and 'deviation' when referring to spatial data. Error can only be evaluated when there is a basis of comparison between an error‑free landslide map and a landslide photo‑interpretation. This is never the case in landslide inventory where the existence of a landslide phenomenon is often a debatable subject, even when working in the field. 

The process of mapping landslides is difficult when working in a tropical environment where the diagnostic features fade away very rapidly. The vegetation regenerates very quickly and the landslide deposits are eroded away easily, consequently the diagnostic features are difficult to determine after a short time.

Uncertainty

The term uncertainty is a more appropriate one in the case of landslide mapping, where there is no error free basis for comparison for the classification and location of landslides. Uncertainty can be expressed as the degree of "mismatch" between various landslide inventory maps made by different interpreters. "Poor data can result from unreliable or a biased observer." Burrough, (1986).

2.2.3.2. Some methods to represent uncertainty

Middelkoop (1990)

One way to assess uncertainty was proposed by Middelkoop (1990) who treated the uncertainty related to the visual interpretations of land‑units using a hardcopy of a Landsat Thematic Mapper image from Greece made by a group of students.

He proposed to evaluate the spatial distribution of the uncertainty by creating the following maps: 
· plurality class map (Cpl) in which the degree of disagreement between interpreters will be determined by common agreement. 

· a frequency of Plurality map (FRpl) which is made by identifying the areas equally mapped by a number of interpreters.

He also proposed a quantification of the uncertainty by using the following different methods: 

· Calculating the total probability of occurrence of every class, by comparison of the results of the classification done by the interpreters with the Plurality map results. This was performed using a confusion matrix in which the classes determined by the interpreters were placed in one axis and the results from the plurality map on the other axis;

· By determining a Frequency Ratio and by identifying a second most likely class for that already classified one.

He concluded, “The uncertainty that follows from visual image interpretation of natural phenomena will be strongly related to the (genetic) processes affecting them and the relationships between the classes”. Land‑units with very different genesis will show narrow uncertainty zones and vice versa. 

Dunoyer and Van Westen

In this work, three methods are proposed to evaluate the spatial error in landslide interpretation. They all relate the quality of an interpretation to an “error-free” reference map: a landslide map made by photo-interpretation and detailed fieldwork by a very experienced geomorphologist.

[image: image7.jpg]7B Total area: s

- Landslide area mapped by A (Reference map)

BB Landslide area mapped by B (Interpreter)
B Landslide area mapped equally: intersection: AnB

177,238 Lanaslide area mapped by either

AorB : Union AuB.





Figure 2.28: Method error assessment.
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Figure 2.29: Error assessment method 1(Carrera et al. (1992)).

This method is based on the one described by Carrara et al (1992). It calculates the total error in the interpreter's map with respect to the reference map. 
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Figure 2.30: Error assessment method 2.
This formula calculates how much percentage of the landslides in the reference map was not mapped.
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Figure 2.31: Error assessment method 3.

This formula calculates how much percentage of the non-landslide areas in the reference map was mapped as landslide by the interpreter.

Examples of differences in photo-interpretation

Landslide inventory maps are usually based on photo‑interpretation. During a later phase in the field, the earth‑scientist checks the existence of the interpreted landslides and their typology. Some attempts have been made to estimate the degree of disagreement or "error" involved in landslide mapping. Some examples are given here from various authors:

· Van Westen (1993)
· Fookes et al (1991)
· Dunoyer (1993)
· Carrara et al (1992)
From these examples it is obvious that identification of landslides can contain a very high degree of uncertainty. Several factors play a role in this degree of uncertainty, such as the researcher's experience in photo-interpretation and field knowledge; the aim of the study; the characteristics of the study area; the age and type of mass movements; the scale, quality, and type of photos used; and the conversion of the information from the aerial photos to the base map. When working with GIS, digitizing error will exerbate the situation.

From this section it can be concluded that photo-interpretation plays a very important role in the creation of a mass movement inventory map, although it should always be followed by an extensive field check. It has been recognized in the literature that creation of mass movement occurrence maps contains a large subjective element.
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Example 1: Van Westen (1993)

Van Westen (1993) made a comparison of two landslide inventory maps in order to assess the uncertainty of these maps. He compared his own landslide map of the Chinchina area with a landslide map generated by an MSc student. Van Westen used aerial photographs at scale 1:10,000 and the student used photographs at scale 1:30.000. The comparison of both digitized maps showed that only 8.6% of the total area occupied by landslides in both maps were mapped the same (which was only 1.2% of the total area); 13.6% of the total area was mapped by either one of the two, while one map displayed 4.6% of landslides and the other 7.7% (Figure2.32). Van Westen (1993) concluded that the amount of uncertainty can be reduced, when : 

· Detailed fieldwork is carried out by the interpreter;

· Clear criteria for landslide identification are used;

· The interpretation is done by an experienced geomorphologist using large‑scale aerial photographs.

Example 2: Fookes et al. (1991)

Fookes et al (1991) made a comparative analysis of the photo‑interpretations performed before and after a major landslide, which took place at a dam site in 1984 in Papua New Guinea. This was located in Tertiary, folded, marine rocks. They evaluated the differences in interpretations on the basis of differences in background, experience and field reconnaissance. They concluded that, aerial photograph interpretation might be misleading, if not followed by thorough fieldwork. They also stated that the resulting interpretations varied according to the background, discipline and experience of the photo‑ interpreters. The interpreters who had mapped the landslide area correctly had a good understanding of geomorphological processes. Interpreters who had a previous knowledge of the landslip occurrence were more accurate in locating the landslide area in the photographs prior to its occurrence.

Example 3: Dunoyer (1993)

In order to be able to evaluate the uncertainty of landslide maps made by photo-interpretation, the same photo was interpreted by as many interpreters as possible. This activity was designed in such a way that the interpreters were subdivided into groups, according to their experience in photo-interpretation and to their knowledge of the target area, see table 2.3. 

	PRIVATE 
Group
	Nr. of Interpreters
	Characteristics
	Description of Group

	1
	4
	Experienced photo-interpreters with local knowledge
	Staff members from plus MSc students from I.T.C.

	2


	4
	Experienced photo-interpreters without local knowledge
	Staff members plus MSc Students from I.T.C.

	3
	4
	Non-experienced photo-interpreters with local knowledge
	Colombian geologists from Manizales.

	4
	6
	Non-experienced photo-interpreters without local knowledge
	Postgraduate students in Engineering Geology and Applied Geomorphology at I.T.C.


 PRIVATE 
Table 2.3: Classification of Interpreters.
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PRIVATE 
Figure 2.33: Animation showing the different landslide interpretations.

Click here to view the larger animation (gif-format) (figure 2.33a).

Click here to view the larger animation (mov-format) (figure 2.33b).

An agreement map was made using the landslide inventory maps of all the interpreters. The idea was to locate areas similarly mapped by a number of interpreters. The values in the map indicate the number of interpreters that mapped the same result. Based on this simple concept the twelve interpreters inventory maps were re-classified into an Agreement Map, which in other terms, represents for each pixel in the map how many interpreters considered it to be a landslide. In red the landslides are indicated obtained after detailed fieldwork.
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Figure 2.34: Agreement of total landslide area mapped by twelve persons with different experience.

Some conclusions:

· Active landslides are clearly identified by the majority of the interpreters.

· Areas representing already eroded landslide bodies are mapped by the majority of the interpreters.

· On the slide complex of Granja La Francia the active part of the landslide is not mapped by the majority of the interpreters.

· Only 40% of non-landslide area was not mapped as one by all 12.

A total agreement map was made using the landslide areas classified by the members group 1, consisting of experts in photo-interpretation. The results are shown below. In this map there is a very good agreement on the total area mapped as landslides since the majority of the mapped landslides are classified equally by three of the four of them. There is a very good agreement in the location of the slide-complexes except in the older part of the Granja La Francia slide. There is a disagreement specially in the location of very old landslide areas, for which a very thorough knowledge of the field has to be obtained previously or a previous photo interpretation was done by the interpreter.
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Figure 3.35: Agreement of total landslide area mapped by four persons with local knowledge and experience in aerial photo interpretation.

Example 4: Carrara et al. (1992)

Carrara (1992) and Carrara et al. (1992) give some illustrative examples of comparisons of landslide maps for three regions. In one region with many old and dormant landslides, only 10% of the landslides were mapped equally by two observers with the same experience. Only one of them had the opportunity to visit the area. In another sample area, two landslide maps were made using two sets of photographs by two groups of observers. One group used 1:33,000-scale black and white photographs from 1954-55, and the other group used colour photographs at scale 1:10.000 from 1978. The landslide area identically interpreted was only 7.8%. These workers assess the total "error" related to the identification and classification of landslides. They made a comparison of landslide inventory maps using three different groups of earth scientists working on different scales and at different sites (table 2.4).

	PRIVATE 
Location
	Area
	Characteris​tics of the group and type of work
	Total error
	Type of Imagery
	Scale
	Field work

	La Honda Basin, California
	17 km
	Two equally experienced photo‑interpreters
	51.5%
	Aerial Photographs
	1:18.000
	Inter A.

	Tescio Basin, Central Italy 
	60 km2
	Two regional survey projects in:

1986-1988 &

Not specified

(>1988)
	62% 
	B&W Aerial Photographs &

Color Aerial

Photographs
	1:33.000

(1954-55) &

1:13.000

(1978)
	Yes, limited 

	Portion of Marrechia Basin, Nort​hern Italy
	42 km2
	Two differ​ent teams, aims, time and metho​dol​ogy
	80% 
	Aerial Photographs
	Unknown scale &

1:33.000 (1954-5)
	Yes  


Table 2.4: PRIVATE 
Results of Error Calculation in the Photo‑Interpretation of Landslidestc  \f P  \l 9 "
Table 3. Results of Error Calculation in The Phot‑Interpretation of Landslides" (after Carrara et al (1992)).
They evaluated the total "error" by considering the total area mapped as landslides. They then considered the common area mapped as mass‑movement by both photo‑interpreters. This was expressed as (A ( B). From this information the mapping error was evaluated as:


“Error” = [ (A U B ‑ A ( B) / A U B ] * 100

The use of the term of "error" seems inadequate in this case, as the identification of an area as a landslide by both interpreters does not guarantee with 100% certainty the real existence of a landslide in that area. The absence of a basis for comparison also suggests the need of using the term of "uncertainty" instead of error.  One should keep in mind that the errors derived from inaccuracies in topographic data location, restitution, drafting and digitizing are also part of the total error. For the La Honda Basin uncertainty corridors of different widths surrounding landslide bodies were made, a decrease in the overall error was detected, as the buffer increased in size up to 200 meters. Considering the mapping scale 1:18.000, five percent of the overall error was accounted to the data entry process.
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2.3. Landslide inventory: Automatic landslide detection from remote sensing imagery
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2.4. Characteristics of images relevant for landslide mapping

2.4.1. [image: image48.jpg]


Spatial resolution

The interpretability of landslides from remote sensing images depends in the first place on the spatial resolution of the images in relation to the size of the features which are characterizing the slope movement and which can be recognized or identified (Figure 2.x1). The following aspects are important for recognizing landslides from remote sensing images:

· Contrast
· Size of the landslide festure
· Stereoscopy

· 

 HYPERLINK  \l "experience" 

Professional experience of the interpreter

For the comparison of the spatial resolution in photography and non-photographic remote sensing the term ground resolution cell (GRC) has been introduced (Rengers et al., 1992), which is equal in size to a scene element in non-photographic remote sensing. The scene element represents the dimensions on the ground of the basic element (pixel) of the picture.

According to Naithani (1990) the size of a ground resolution cell in aerial photography will be rounded off to 1/2.5 x the value of the ground resolution cell in non-photographic remote sensing. To obtain the relation between ground resolution cell and photo scale, the formula of Strandberg (1967) may be used (figure 2.x2):

[image: image14.jpg]GRC =
1000R





Figure 2.x2: Resolution formula; GRC = ground resolution cell in metres, S = scale number of the image, R = resolution of the photo​graphic system in linepairs/millimetre

1
The resolution of the photographic system is in the order of 40 lines per mm, when considering conventional aerial photography with extreme contrast.

	PRIVATE 

	
MSS
	
TM
	
SPOT


XS
	
SPOT


PAN
	
Airphotos


1:50.000
	
Airphotos

1:15.000

	Ground resolution cell size
	80 m
	30 m
	20 m
	10 m
	1 m
	0.3 m

	HIGH CONTRAST
	Identification
	160,000
	22,500
	10,000
	2,500
	25
	6.5

	
	Interpretation
	288,000
	40,500
	18,000
	4,500
	45
	11.5

	LOW CONTRAST
	Identification
	7,040,000
	990,000
	440,000
	110,000
	1,100
	300

	
	Interpretation
	11,520,000
	1,620,000
	720,000
	180,000
	1,800
	450


Table 2.y: Minimum sizes ( in m² ) needed for a landslide to be identified or interpreted, depending on the conditions of contrast between the elements of the slide and the background. The data for aerial photographs are somewhat flattered, as optimal photographic conditions and processing are considered.

It will be clear that a certain amount of pixels is needed for the recognition of an object in an image. The required amount of pixels will give an idea of the minimum size a landslide should have for the adequate interpretation of a slope movement. 

Contrast

The interpretability is influenced by the existing contrast between the slope movement and its background. In image interpretation this contrast may be considered as the spectral or spatial differences that exist between the object of interest (landslide) and its surroundings. In the case of slope failures, the contrast of the feature with its surroundings depends on:

· The period elapsed since the failure, as erosional processes and the recovery of the vegetation are tending to obscure the cicatrices which the landslide has left in the surface.

· The severity with which the morphology, drainage and vegetational conditions have been affected by the landslide.

The before mentioned contrast of the feature against its background is a variable defining the amount of pixels needed

Although it is difficult to give precise data on the amount of pixels needed, on the basis of experience with visual interpretation of remote sensing imagery, it may be stated, that for various greytone contrast relationships between object and background, the number of ground resolution cells needed to recognize or identify objects in an image are as listed in the table below (table 2.y). 

	PRIVATE 
CONTRAST  LEVEL
	number of GRC identification
	Number of GRC interpretation

	Extreme Contrast: white or black object against a variable grey tone background


	
20 - 30
	
40 - 50

	High contrast: dark or light object in grey tone background
	
80 - 100
	
120 - 140

	Low contrast: grey feature with a grey tone background
	
1000 - 1200
	
1600 - 2000


Table 2.y: The number of ground resolution cells needed to recognize or identify objects in relation to the contrast level of the image.
The implication of the table is illustrated by the figures below, which were derived from a pair of large scale aerial photographs, which were digitized with a raster size corresponding to a ground resolution cell of 0.3 meter. The individual pictures were then printed with artificially aggregated pixels as if the ground resolution cell had been 1m, 3m, 10m, and 30m.

Example 1: Low contrast

An area showing a landslide scar that is in shadow (low contrast) in the central upper part of the picture and a depositional area of landslide debris in the central to lower part of the picture. The pictures were show how the same landslide would be displayed on aerial photos , SPOT Pan, SPOT XS,  and LANDSAT TM. Click on the picture to see an enlargement.



Figure 2.x3: Different pixel sizes for landslide recognition.

Example 2: High contrast

An area showing a landslide scar that is in shadow (high contrast) in the central upper part of the picture and a depositional area of landslide debris in the central to lower part of the picture. The pictures were show how the same landslide would be displayed on aerial photos , SPOT Pan, SPOT XS,  and LANDSAT TM. Click on the picture to see an enlargement.


Figure 2.x4: Different pixel sizes for landslide high contrast.

The figures show pictures with varying ground resolution cells of a landslide in the Spanish Pyrenees (Sissakian et al., 1983). The landslide scar with shadow, giving low contrast, is observed in the upper part of the image and a depositional area of landslide debris in the central lower part. The area of accumulation is recognizable by a characteristic surface texture, due to an irregular micro relief (low contrast features) and by the surrounding line of higher vegetation recognizable as such in the pictures with small ground resolution cell sizes. 

2.4.1.1. Size of the landslide feature

For the evaluation of the suitability of remote sensing images for landslide inventory mapping the size of individual slope failures in relation to the ground resolution cell is of crucial importance. Although sizes of landslides vary enormously, also according to the type of slope failure, some useful information can be found in literature. 

Crozier gives in his article on the morphometric analysis of landslips (Crozier, 1973) average values for several types of movements, while Carrara et al. (1977) give for a total of almost four hundred slope failures a mean crown - tip distance of 262 metres. 

An interesting figure in this respect is the average total area involved in a failure of 42000 m2. This total map area per failure corresponds with 20 x 20 pixels on a SPOT Pan image and 10 x 10 pixels on SPOT multispectral images, which would be sufficient to identify a landslide displaying a high contrast, but it is insufficient for a proper analysis of the elements pertaining to the failure to establish characteristics and type of landslide. 

Cleaves (1961) gives mean values, also based on a large number of observations, which are even lower than those of Crozier and Carrara and he concludes that the most appropriate photoscale for analysis is 1:15.000.

Based on own experiences, obtained in various climatic zones and under very different terrain conditions, it is believed that if 1:15.000 might be the most appropriate scale, 1:25.000 should be considered as the smallest scale to analyze slope instability phenomena on aerial photographs. Using smaller scales a slope failure may be recognised as such, if size and contrast are sufficiently large. However, the amount of analytical information, enabling the interpreter to make conclusions on type and causes of the landslide, will be very limited at scales smaller than 1:25.000. Furthermore, a considerable amount of slope movements may be overlooked at smaller scales.

In this respect the smaller scales are more useful to analyze the overall geological and geomorphological setting in which slope failures are occurring. This coincides with the conclusions of Scanvic when exploring the applicability of SPOT to slope instability mapping in the surroundings of La Paz, Bolivia, who states that SPOT yields excellent data complimentary to large scale photographs (Scanvic, 1990). In this respect it may be concluded that large photoscales allow for the inventory and analysis of landslides and the interpretation of the possible causal factors, while the small scale photographs are enabling the determination of the spatial distribution of the variables involved in the mass movement. Given good quality photography, aerial photography of a relatively small scale and used in reconnaissance stages of a project can be enlarged for the use in detailed studies, making  a special flight to take new photographs not necessary. Table 2.y below gives the results of a comparative study on the interpretability of slope instability features at the original photoscale and three levels of enlargement (Sissakian et al. 1983).

	PRIVATE 


Subject
	
Size
	Photoscale

	
	
	1:20,000
	1:10,000
	1:5,000


	Recognition of instability phenomena
	
 < 20 m.


 20 - 75 m.


> 75 m.
	0

0  1

1  2
	0

1  2

2
	2

3

3

	Recognition of the activity of unstable areas
	
< 20 m.


 20 - 75 m.

 
> 75 m.
	0

0

1
	0

0  1

1  2
	1

2

3

	Recognition of instability elements (cracks, steps, depressions etc.)
	 
< 10 m.

 
 10 - 75 m.

 
> 75 m.
	0

0

1
	0

0  1

2
	0

1  2

3


Table 2.y: Relative suitabilities of different scales of aerial photographs for different elements in slope instability mapping (modified after Sissakian et al., 1983) 0 = less adequate, 1 = limited use, 2 = useful, 3 = very useful.
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2.4.2. Spectral resolution

Considering the larger differentiation in the spectral reflectance of vegetation in the near infrared and the characteristic low response of water in the infrared and thermal part of the electromagnetic spectrum, makes that differences in vegetation and drainage conditions are particularly registered by detectors sensitive in this part of the spectrum. 
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Figure 2.x5: Spectral resolution example.
This implies that the use of infrared sensitive film and particularly false colour infrared film, is highly recommended for landslide studies in view of their capability to register small vegetation or drainage anomalies. Optimal differences in the vegetation conditions may be expected in the early or very late stage of the growing season, while differential drainage conditions are optimal shortly after the first rainstorms of the rainy season or in cold and temperate climates shortly after the snowmelt.

Also satellite imagery is offering detailed spectral information, as the reflection intensity is obtained in various wavelength bands. Black and white images obtained in different spectral bands are combined into colour composites of which the false colour composite, comparable to the false colour infrared photogra​phy, is the most common. Digital processing of the spectral data is offering the possibility for an analysis of the reflectance obtained from the ground and to enhance small spectral variations which seem to be correlated with slope instability features.

The size of areas with anomalous drainage conditions or a disturbed vegetation, causing an anomalous spectral response, is often too small to enable the interpretation of a single instability features on the basis of spectral criteria. However, spectral interpretation of satellite data has been used successfully in slope instability studies when spectral information is used in conjunction to other data related to slope failures, giving in this way converging evidences for the slope movement. Practical applications of spectral information from satellite imagery are also possible when, based on terrain evidences, a direct relationship is known between slope instability and vegetation or drainage anomalies. McKean and co-workers demonstrated that spectral vegetation indices can be used in mapping spatial patterns of grass senescence which were found to be related with soil thickness and slope instability. In another case landslides in a homogeneous forested area exposed differences in understorey vegetation and soils, altering also the site spectral characteristics (McKean et al., 1991). 

In general it can be stated that spectral information, in the same way as spatial data, can be used for the delineation of terrain variables (in this case mostly related to vegetation and drainage conditions), which are correlated or assumed to be related with slope movements. In special cases (high contrast and/or large dimensions) the feature itself may be identified on the basis of spectral information. This type of information alone will seldom be sufficient for the analysis of the type of failure.

Satellite systems, orbiting around the earth, are giving also the opportunity to obtain regularly data from the same areas, allowing for the monitoring of processes in time. Images obtained shortly after a period of slope instability will show high contrasts between the zones affected by slope instability and the stable surroundings, resulting in clearly detectable spatial and spectral changes. This enables the interpreter to establish a slope instability impact assessment, as is observable from figure 2.x5, which shows an area in Thailand, affected by mudslides and debris flows as the effect of an exceptionally heavy rainstorm. 

Use of different types of airphotos
Landslide mapping from SPOT
Landslide mapping from LANDSAT
Landslide mapping with RADAR
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2.4.2.1. Use of different types of airphotos

Aerial photography has been used since the early 20 th century to provide spatial

data for a wide range of applications. It is the oldest, yet most commonly applied

remote sensing technique. Nowadays, almost all topographic maps are based on

aerial photographs. Two broad categories of aerial photography can be distinguished: 

· [image: image49.jpg]


Vertical Photography

· Oblique Photography

Vertical photography 

For most landslide mapping applications, vertical aerial photography is required. Vertical aerial photography is produced with a camera mounted in the floor of an aircraft. The resulting image is rather similar to a map and has a scale that is approximately constant throughout the image area. Usually vertical photography is also stereo-photography in which successive photos have a degree of overlap to enable stereo-interpretation and stereo-measurements.

Oblique photography. 

Oblique photographs can be made using a hand-held camera and shooting through the (open) window of an aircraft, or from the ground. The scale of an oblique photo varies from the foreground to the background. This scale variation complicates the measurement of positions from the image and, for this reason, oblique photographs are rarely used for mapping purposes. Nevertheless, oblique images can prove very useful for purposes such as to view the development of landslides through time in those situations where vertical airphotos are too expensive.
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Figure 2.x7: This is an oblique aerial photograph of the Santa Lucia landslide in the Gran Canaria, Spain. For more information on this landslide, click here.

The following types of airphotos are used for landslide studies:
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· Panchromatic (monochrome) black and white photos. Panchromatic black and white images are the most common types of airphotos, used in more than 90 percent of the cases for landslide mapping. Panchromatic black and white films are covering the visible part of the electromagnetic spectrum (figure 2.x9).

· True colour photos. A true colour film is made sensitive to the primary colours (blue, green, red) by coating three separate colour sensitive layers (yellow, magenta, cyan) on a common base (figure 2.x10).

· Colour Infrared. Colour infrared, or false colour photography, is sensitive to the near infrared wavelengths and contains much vegetation-related information (figure 2.x11). 
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Figure 2.x11 (Left): True color image of the Tessina landslide in the Alpago area, N. Italy. For more information on this landslide, click here.

Figure 2.x12 (Right): Color infrared image. Click on the image to see an enlargement.

The spatial resolution of these films is excellent and they are normally coming in stereoscopic coverage, enabling a three dimensional picture of the terrain and giving thus detailed morphological information. The spectral resolution is bad in comparison to multispectral data, as the image is the integral picture over one broad spectral band. The organization of a aerial photographic mission is rather time consuming and the number of days with good climatic conditions for acceptable aerial photography are very limited over the year. This makes that the temporal resolution (number of images of the same area over time) is bad in comparison to satellite imagery.

· Guidelines for the interpretation of landslides from airphotos.
· Airphoto interpretation exercises on landslide mapping.
2.4.2.2. Landslide mapping using SPOT

The French SPOT satellite is equipped with two sensor systems, covering adjacent paths each one with a 60 kilometres swath width. The sensors have an off-nadir looking capability, offering the possibility for images with good stereoscopic vision. The possibility to look sideward results in a higher temporal resolution. SPOT is sensing the terrain in a wide panchromatic band and in three narrower spectral bands (green, red and infrared). The spatial resolution in the panchromatic mode is 10 meters, while the three spectral bands have a spatial resolution of 20 meters. The system lacks spectral bands in the middle and far (thermal) infrared.

Some examples of SPOT for landslide mapping:

SantArcangelo, Basilicata, Italy

Comparison of interpretability of large complex landslide in the Sant Arcangelo Basin (Basilicata, Italy) shown on stereo SPOT image (scale approx. 1:70,000), medium scale aerial  photographs (1:33,000) and large-scale aerial photographs (1:17,000). Flight line on medium scale photographs is north-south, and viewing direction on SPOT and flight line on large-scale photographs is east-west (figure 2.x12).
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Figure 2.x12: Stereo SPOT image of complex landslide in the Sant Arcangelo Basin (Basilicata, Italy).
Landslide at Hachimantai in Akita Prefecture,Japan (1997.5) 

The backside of the slope at Sumikawa Hot Spring, located at Hachimantai , Kazuno City, Akita Prefecture, collapsed at about 8 o'clock a.m. on May 11, 1997. The landslide was about 350m in width and about 700m in length. Earth and debris from the landslide destroyed 9 houses at the hot spring, fell into the Sumikawa river and then became a debris flow. This flow, in turn, hit 7 houses at the Akagawa Hot Spring about 1km downstream and was stopped by the Sabo Dam about 2km downstream. Fortunately, no death or injury resulted from the disaster. This was due to successfully emergency evacuation procedures.

A comparison is given between a SPOT HRV-PAN image (figure 2.x13) and an aerial photograph (figure 2.x14).

   

Figures 2.x13 (Left) and 2.x14 (Right): SPOT HRV-PAN (P=331 R=270 1997.5.13) image and Aerialphotograph (1997.5.11) of the Hachimantai landslide, Tohoku district. Source area of the landslide is seen in the lower center of the image. The source area is about 700m long and 400m wide. The debris flowed down along the valley toward the north (toward the top of the image), attacking the hot-spring inns. Snow still covers the higher mountains in this season.  Click the images to enlarge. Source: http://www.vti.co.jp/cdc/lands/jp1.htm
Landslide in IZUMI City, Kagoshima Prefecture, Japan (1997.7) 

A debris flow occurred in the upper stream of the Hariharagawa River, Izumi City, Kagoshima Prefecture, Japan on July 10, 1997 causing 34 casualties (21 fatalities) and completely destroying19 houses on the alluvial fan (Harihara district). This debris flow was originated in a landslide that was triggered by heavy rainfall between July 7 and July 9. The landslide was about 200 m long, 80 m wide, 27 m deep at maximum, with an incline of 26 degrees. The volume was about 165,000 cubic meters. Two SPOT HRV-XS images are shown, before and after the event (image 2.x15 and 2.x16).
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Figures 2.x15 (Left) and 2.x16 (Right): SPOT HRV-XS images before and after the Izumi City landslide. Source: http://www.vti.co.jp/cdc/Lands/JP2.htm
2.4.2.3. Landslide mapping using Landsat TM

Besides conventional aerial photographs, the application of satellite data has increased enormously. Astronauts first shot visible-IR stereo-pair photos from space during several missions. Landsat does not acquire in stereo, because its downtrack images result from continuous scanning. However, its orbital track results in 10% to 40% (near the poles) sidelap coverage along adjacent orbits (previous or next day), which provides limited area stereo viewing, if cloud conditions are favorable. This works also with images taken along contiguous orbits at various times of year.

Now, try for 3-D in this Landsat false color composite stereo pairing of images of Katmandu and the surrounding Mountains in central Nepal, taken on March 20/21, 1977. The Environmental Institute of Michigan (ERIM) prepared the mount (figure 2.x18).
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Figure 2.x18: False color Landsat stereo pairing image of Katmandu surroundings, Nepal.

After the initial low spatial resolution images of the LANDSAT MSS (60 x 80 metres), LANDSAT is also offering Thematic Mapper images with a spatial resolution of 30 meters (except for the thermal infrared band) and an excellent spectral resolution with 6 bands covering the whole visible and the near and middle infrared part of the spectrum and with one band in the thermal infrared. LANDSAT has an overpass every eighteen days, offering a theoretical temporal resolution of eighteen days, although weather conditions are a serious limiting factor in this respect, as clouds are hampering the acquisition of data from the ground surface. The weakest point of the LANDSAT System is the lack of an adequate stereovision. Theoretically a stereomate of an TM image can be produced with the help of a good digital terrain model (DTM), but this remains a poor compensation as long as very detailed DTM's are not currently available.

Example: Guanay landslide

The four images below (figure 2.x17) represent a timeseries for one region near the small city of Guanay, Bolivia, within the Eastern Andes. Situated at the boundary between the high-relief Eastern Cordillera and the foreland fold-thrust belt, the area around Guanay is characterized by locally steep slopes, with interspersed rainforest and agricultural plots. This site was visited and photographed in the field in Sept. 1995. Shown here are an airphoto from 1963 (upper-left), a Landsat MSS scene from 1975 (upper-right), a Landsat TM scene from 1987 (lower-left), and another airphoto from 1993 (lower-right). For scale, the pixels of the MSS image are 90m, and north is toward the top of each image. Arrows indicate new landslides not detected on previous images. The river flows eastward. 

The 1963 airphoto shows two slides which are characterized by their bright reflectance and their triangular or teardrop shape which tapers downslope, often drained by a stream channel. In contrast, the rain forest surrounding the slides is spectrally darker, while the patchwork of cleared fields have more blocky shapes and are rarely elongated downslope. Notice that the most southerly slide is as bright as the gravel bars near the river suggesting that the slide had occurred shortly before the photo was taken. 
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Figure 2.x17: Landsat image Guanay

The 1975 MSS image because of its lower resolution is best utilized for large scale change. The image is useful in this context because the abundance of bright blue pixels indicate that landsliding is more extensive than when the 1963 photo was taken. 

The 30 m resolution of a Landsat TM image from 1987 is adaquate to capture the full extent of the coalesced landslides in addition to a new, smaller slide at the edge of the image (indicated by the arrow). Notice the development of a deltaic deposit downstream of the larger slide (compare with photo above). 

The 1993 airphoto shows further landslide enlargement. Other changes include a shift in the river channel at the downstream end at the expense of a gravel bar. 

The four images show that the occurence of landslides can be detected even with the relatively low resolution of MSS, but that the individual areas of landslides are more easily quantified with higher resolution imagery. In the period 1963-1975, the two small slides in the original image enlarge, with extensive excavation of the southern slide occurring. By 1987, further enlargement of these slides has occurred, and an additional landslide has originated in the southern part of the image. 

It is possible that the encroachment by agriculture on this fragile landscape has made a major contribution to the observed increase in landslide area. The disappearance of trees between the first airphoto and the last is evident. Soil saturated during periods of the wet season is a frequent trigger of landslides in this region, and buildings (and even whole towns) near Guanay have been destroyed by landslides. Although small scale projects have been implemented to improve drainage around buildings near the high risk areas, the effects of tropical agriculture on regional landsliding patterns are still poorly known. 

Source: http://www.geo.cornell.edu/geology/eos/research/gs.html (External Link)

2.4.2.4. Landslide mapping using RADAR

Radar satellite images, available from the European ERS-1 and the Japanese JERS, are offering an all weather capability, as the system is cloud penetrating. Theoretically this type of images can yield detailed information on surface roughness and micromorphology. However, the till now applied wavelengths and looking angle have not been very appropriate for the application in mountainous terrain. The first results of the research with radar interferometry are very promising and indicate that detailed terrain models to an accuracy of around one metre can be created, which creates the possibility to monitor landslide activity.
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2.4.3. Temporal resolution

[image: image51.jpg]


The temporal resolution refers to the time during which successive image of the same area can be obtained (figure 2.x19).

The interpretation of sequential images allows for the correlation of climatic or seismic events with the occurrence and intensity of slope movements.

The comparison of imagery obtained at different moments may give indications on the activity of the slope processes in an area. 

To obtain a full idea on the occurrence of landslides, the study of sequential coverages is almost indispensable, as erosion and overgrowing by vegetation will wipe out the evidences for slope movements in a few years. This is particularly needed for large-scale surveys, but can also be applied at medium scales. The analysis of sequential aerial photograph coverages will offer furthermore information on the degree of activity of the different types of processes, as well as the possible influence of changes of land use and other human activity on the stability of the slopes. 

Click here to learn more about the use of GIS for landslide activity analysis.

However, it has to be observed that even twenty years of satellite images is still a rather short period to obtain a good idea on the activity of slope instability processes, as they are mainly triggered off by low frequency spasmodic events. 

Furthermore adverse weather conditions or certain system limitations are other limiting factors in the acquisition of satellite data at the right moment, to take full advantage of the temporal resolution.

Some examples:

· La Siria landslide, Colombia
· El Tablazo landslide, Colombia
· Vaiont landslide, Italy
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La Siria, Manizales, Colombia

La Siria landslide is located along the mountain road that connects the moderately large cities of Manizales and Pereira, in the Caldas Department, Colombia (S. America). Due to the rugged topography the appropriate road alignment is often problematic. In the La Siria area, the road is located on top of a very narrow waterdivide between two steep catchments, exactly on the place where a fault is crossing. As can be seen on the airphoto from 1960, there were no major landslide problems in La Siria (figures 2.x20 and 2.x21). This changed abruptly when the road was enlarged and the drainage of the road was diverted along the steep slopes of the water-divide, leading to accelerated erosion and landslide problems. Numerous attempts have been made to stabilize the landslide, for example using rockbolting and shotcrete. However, despite the enormous investments, landslide activity still continues.
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Figure 2.x20: oblique photo La Siria
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Figure 2.x21: Multitemporal vertical aerial photo La Siria

El Tablazo, Manizales, Colombia

An example is given here of the change in activity of landslides mapped in an aerea near Manizales (Colombia) between 1960 and 1985. 

[image: image30.jpg]



figure 2.x22: Tablazo landslide
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figure 2.x23: Multitemporal photo manizales
Vaiont landslide, Italy

Another example is given here of the images of the Vaiont landslide in northern Italy (figures 2.x24 and 2.x25) (click here for more information).
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Photo before the landslide event:
Photo after the landslide event

Figure 2.x24 (Left): Aerial photograph of Vaiont before the landslide

Figure 2.x25 (Right): Aerial photograph of Vaiont after the landslide

For more examples on multitemporal landslide mapping click here (go to stereopairs examples)
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2.5. Summary

For the evaluation of the suitability of remote sensing images for landslide inventory mapping the size of individual slope failures in relation to the ground resolution cell is of crucial importance. Although sizes of landslides vary enormously according to the type of slope failure, some useful information can be found in literature. The total map area for a failure of 42000 m2 corresponds with 20 x 20 pixels on a SPOT Pan image and 10 x 10 pixels on SPOT multispectral images. This would be sufficient to identify a landslide displaying a high contrast, but it is insufficient for a proper analysis of the elements pertaining to the failure to establish characteristics and type of landslide. It is believed that if 1:15.000 is the most appropriate scale, then, 1:25.000 should be considered as the smallest scale to analyze slope instability phenomena on aerial photographs. Using smaller scales a slope failure may be recognized as such, if size and contrast are sufficiently large. However, the amount of analytical information, enabling the interpreter to make conclusions on type and causes of the landslide, will be very limited at scales smaller than 1:25.000. For this reason, 3-meter stereo images will be useful for detail interpretation. 

Currently, air photos are used extensively to produce landslide inventory maps, because the features demonstrating slope movement range from small terracettes, indicating soil creep to large landslides. Current research has shown that high-resolution stereo SAR and optical images, combined with topographic and geological information have assisted in the production of landslide inventory maps. The multi-incidence, stereo and high-resolution capabilities of RADARSAT are particularly useful for landslide inventory maps. High-resolution optical system such as IRS and the stereo capability of SPOT 4 are useful for landslide recognition and related land use mapping. Other planned high-resolution stereo systems such as ENVISAT, RADARSAT 2, ALOS including several (US) high-resolution optical systems will be useful for mapping landslide features.
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Figures 2.2 (left): Block diagram of concave/convex morphology


Figure 2.3(right): Map representation of a niche (concave part) - lobe (convex part) sequence
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Figures 2.4 (left): Block diagram of a step-like morphology


Figure 2.5(right): Map representation
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Figure 2.6 (left): Block diagram of a semi-circular niche


Figure 2.7(right): Plant View
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Figure 2.8 (left): Block diagram of back tilting blocks


Figure 2.9(right): Plant View








�


Figure 2.10 (left): Block diagram of hummocky relief
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Figure 2.12 (left): Block diagram of new forming cracks


Figure 2.13 (right): Profile
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Figure 2.14 (left): Block diagram of steeping of slopes


Figure 2.15 (right): Profile
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Figure 2.16: Vegetational clearances on steep scars
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Figure 2.17: Linear clearances.
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Figure 2.22: Colored 3D-glasses.
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Figure 2.27: Differences in outcome by two different interpreters.
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Figure 2.32: Differences in landslide interpretation from aerial photographs by Van Westen and an MSc student.
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Figure 2.x1: Different pixel sizes for landslide recognition
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Figure 2.x6: An example of the Santa Lucia landslide in the Gran Canaria, Spain. For more information on this landslide, click here.
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Figure 2.x9: Panchromatic image of the Tessina landslide in the Alpago area, N. Italy. For more information on this landslide, � HYPERLINK "..\\Chapter 5 - Case Studies\\Chapter5-main.doc" \l "Tessina" ��click here�.
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Figure 2-x19: Example of sequential photographs.
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