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Abstract 

Landslides are one of the biggest natural hazards in Georgia, a mountainous 

country in the Caucasus. So far, no systematic monitoring and analysis of the 

dynamics of landslides in Georgia has been made. Especially as landslides are 

triggered by extrinsic processes, the analysis of landslides together with 

precipitation and earthquakes is challenging. 

In this thesis I describe the advantages and limits of remote sensing to detect 

and better understand the nature of landslide in Georgia. The thesis is written in 

a cumulative form, composing a general introduction, three manuscripts and a 

summary and outlook chapter. 

In the present work, I measure the surface displacement due to active landslides 

with different interferometric synthetic aperture radar (InSAR) methods. The 

slow landslides (several cm per year) are well detectable with two-pass 

interferometry. In same time, the extremely slow landslides (several mm per 

year) could be detected only with time series InSAR techniques. I exemplify the 

success of InSAR techniques by showing hitherto unknown landslides, located 

in the central part of Georgia. Both, the landslide extent and displacement rate is 

quantified. 

Further, to determine a possible depth and position of potential sliding planes, 

inverse models were developed. Inverse modeling searches for parameters of 

source which can create observed displacement distribution. I also empirically 

estimate the volume of the investigated landslide using displacement 

distributions as derived from InSAR combined with morphology from an aerial 

photography. I adapted a volume formula for our case, and also combined 

available seismicity and precipitation data to analyze potential triggering factors. 

A governing question was: What causes landslide acceleration as observed in 

the InSAR data? 

The investigated area (central Georgia) is seismically highly active. As an 

additional product of the InSAR data analysis, a deformation area associated 

with the 7th September Mw=6.0 earthquake was found. Evidences of surface 

ruptures directly associated with the earthquake could not be found in the field, 

however, during and after the earthquake new landslides were observed. The 

thesis highlights that deformation from InSAR may help to map area prone 

landslides triggering by earthquake, potentially providing a technique that is of 

relevance for country wide landslide monitoring, especially as new satellite 

sensors will emerge in the coming years. 
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Zusammenfassung 

 

Erdrutsche zählen zu den größten Naturgefahren in Georgien, ein gebirgiges 

Land im Kaukasus. Eine systematische Überwachung und Analyse der Dynamik 

von Erdrutschen in Georgien ist bisher nicht vorhanden. Da Erdrutsche durch 

extrinsische Prozesse ausgelöst werden, wird ihre Analyse zusammen mit 

Niederschlag und Erdbeben zu einer besonderen Herausforderung. 

In dieser Dissertation beschreibe ich die Potenziale und Limitierungen der 

Fernerkundung für die Detektion und das Verständnis von Erdrutschen in 

Georgien. Die Arbeit ist in einer kumulativen Form geschrieben, und besteht aus 

einer allgemeinen Einführung, drei Manuskripten sowie einer 

Zusammenfassung und einem Ausblick. 

In der vorliegenden Arbeit, Gestimme ich die Oberflächenverschiebung von 

aktiven Erdrutschen mit Methoden der Radarinterferometrie (InSAR). Die 

langsamen Erdrutsche (cm pro Jahr) konnten im einfachen Vergleich zeitlich 

unterschiedlicher Radaraufnahmen (two-pass InSAR), gut nachgewiesen 

werden. Die extrem langsamen Erdrutsche (mm pro Jahr) konnten hingegen nur 

mit InSAR Zeitreihentechniken nachgewiesen werden. Der Erfolg der 

angewandten InSAR Techniken wird durch die erfolgreiche Identifikation von 

bisher unbekannten Erdrutschen in Zentral Georgien veranschaulicht. Sowohl 

das Ausmaß als auch die Verschiebungsrate der Erdrutsche wurden 

quantifiziert. 

Ferner, um die mögliche Tiefe und Lage von potentiellen Gleitflächen zu 

bestimmen, wurden inverse Modelle entwickelt. Inverse Modellierung sucht 

nach Parametern der Quelle, welche die beobachtete Verschiebungsverteilung 

reproduzieren können. Ferner habe ich anhand der ermittelten 

Verschiebungsverteilung aus InSAR in Verbindung mit der Morphologie aus 

Luftaufnahmen das Volumen der untersuchten Erdrutsche empirisch abgeleitet.  

Ich habe eine Volumenformel für unseren Fall angepasst, und die verfügbaren 

Datensätze bezüglich Seismizität und Niederschlag kombiniert, um potenzielle 

auslösende Faktoren zu analysieren. Eine leitende Frage hierbei war: Was sind 

die Ursachen für die Beschleunigung von Erdrutschen, wie sie in den InSAR 

Daten beobachtet werden konnte? 

Das Untersuchungsgebiet in Zentral Georgien ist seismisch sehr aktiv. Als 

zusätzlichen Produkt der InSAR Datenanalyse wurde ein Deformationsgebiet 

gefunden, welches im Zusammenhang mit dem Mw=6.0 Erdbeben vom 7. 

September 2009 zusammenhängt. Beweise für Oberflächenbrüche, die direkt 

mit dem Erdbeben zusammenhängen, konnten in dem Gebiet nicht gefunden 

werden, jedoch konnten während und nach dem Erdbeben neue Erdrutsche 

beobachtet werden. Die Dissertation unterstreicht, dass 

Verformungsinformationen aus InSAR Analysen helfen können ein Gebiet, 

welches von Erdbebeninduzierten Erdrutschen gefährdet ist, zu kartieren. 

Potenziell stellt InSAR eine Technik dar, die von Bedeutung für die landesweite 
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Überwachung von Erdrutschen sein kann, insbesondere im Hinblick auf die 

neuen Satellitensensoren, die in den kommenden Jahren verfügbar sein 

werden. 
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1. Introduction 

1.1. Motivation 

1.1.1. State of Art 

In recent decades, the number of landslide studies has tremendously grown, 

with one aim of decreasing the social and economic damage caused by them. 

The reasons for landslides include growing urbanization and the associated 

development and deforestation in landslide-prone areas (Turner and Schuster 

1996). Also, the increased regional precipitation due to changes in weather 

conditions, tectonic activity and volcano eruptions play major roles in this 

phenomenon (Thuro et al. 2010).  

In connection with this problem, landslide detection and mapping projects have 

been set up in a number of countries. Optical and radar remote sensing data are 

widely used for landslide detection and monitoring (Tofani et al. 2013). However, 

until now, field surveys have been essential for identifying and qualifying 

landslides, as they are useful for investigations at the local scale and known 

landslides. Nevertheless, optical and radar imagery have proven to be superior, 

and lower-cost techniques than field surveys for covering wide spatial and 

temporal scales for detecting and mapping landslide (Tofani et al. 2013). 

Some slopes have the potential to fail catastrophically and produce huge, 

rapidly moving mass movements that can be destructive, but identifying such 

slopes can be difficult with standard ground truth observations. In addition to 

this, the monitoring of landslides is not widely possible with ground based tools, 

due to economic reasons and only a few hazardous landslides are monitored 

permanently (Thuro et al. 2010). However, in this case, radar remote sensing 

techniques also are widely used for monitoring landslide as part of early warning 

systems (Tofani et al. 2013).  

1.1.2. Study area 

There are several landslide-prone regions in the world where very little efforts 

have been made to monitor landslides and consequently no detailed landslide 

inventory map exists, which is inherent for natural hazard studies. One of the 

most landslide susceptible areas and one that has not been studied in details is 

central Georgia (van Westen et al. 2012). This region is very mountainous and 
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tectonically active, with most moderate and large earthquakes accompanied by 

landslides, which contribute a significant proportion of the total earthquake 

damage (Jibson et al. 1994).  

The effects of earthquake shaking on slope stability are not limited to the short 

period of actual shaking. In some cases, landslides have begun to move hours 

or even days after an earthquake (Jibson et al. 1994). Accordingly, monitoring 

and early warning may prevent human losses in those situations. Also, 

landslides initially triggered by an earthquake can be reactivated as a result of 

other factors, e.g., heavy precipitation.  

We studied the Sachkhere area (Fig. 1.1), located in the seismically active 

central Georgia region, which is also susceptible to landslides. The results will 

help to improve upon our understanding of the physics of landslides and the 

capability of the employed methods. The study area also includes the epicenter 

of the last big earthquake (Mw=6.0) in central Georgia, which may have 

accelerated landslides.  

Fault structures in Georgia (Gamkrelidze and Shengelia 2007) exist mainly at 

the boundaries of tectonic units. The majority of deep faults are hidden (the fault 

surface does not reach the earth surface) and their features can be revealed 

based on structural, magmatic, sedimentary, remote sensing, borehole and 

Figure 1.1. Location of 

Georgia. Contours show 

administrative boundaries in 

Georgia. Red rectangle shows 

location of radar images which 

were used in this work. 

Google Earth screenshot 

presents the locations for 

study areas. 
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other geological and geophysical (e.g. gravimetric, magnetic, seismic, deep 

seismic sounding) data (Reilinger et al. 2006; Adamia et al. 2010). These 

literature data help to better understand the appearance of the studied 

landslides. 

The landslide inventory map in Georgia is based on field observations and 

optical image mapping. For the first time, this work used the interferometric 

synthetic aperture radar (InSAR) techniques for landslide mapping in Georgia 

have been found. Landslides detected and analyzed within the framework of this 

thesis have not been previously identified. The investigation of landslides in 

central Georgia may therefore proceed a re-assessment of the existing landslide 

inventory information, and give a future perspective of the InSAR techniques for 

whole Caucasus area. 

1.1.3. Research objectives 

The study involves two main research fields, first the application and 

comparison of different radar interferometry remote sensing methods to map 

landslides, and second the quantification of the dynamics of landslides to obtain 

an improved understanding of landslide processes with respect to this 

previously unstudied area. Further discussion on the effect and detection of a 

landslide follows these two parts, both of which have formed peer reviewed 

articles accepted for publication. 

We have formulated several method objectives. As there are different InSAR 

techniques available, a significant task was to find the methods from frequently 

used InSAR techniques which can detect and monitor landslides display a range 

of velocities and displacements. Also, we applied remote sensing tools to central 

Georgia poorly or notatall monitored landslide areas to improve the regional 

landslide inventory map. Compare and identify correlation between the InSAR 

results and an aerial image, a field observation. The aim is to test InSAR 

method capabilities to detect landslide area in particular target area. 

The aspects of this project focusing on landslide dynamics are:  

 What are the dimensions and velocities of the landslides? 

 How does displacement relate to surface fractures observed? 

 Extraction of possible triggering factors, such as rainfall, an earthquake and 

mining activity.  
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 Development of the existing method for an evaluation of the landslide 

volume for a complex case (translational-rotational landslide).  

 Derive important landslide parameters (velocity, landslide activity, volume) 

relevant for assessing the hazard potential. 

The combination of technical and process-oriented research allowed for the 

formulation of a thesis / concept that can also be adapted to other regions as 

well. 

1.2. Methodologies 

This thesis not only makes use of different InSAR methods, but also combines 

such techniques with aerial photography, supported by field inspections. In the 

following, we provide a short introduction of each method, more details of which 

are presented in the individual publications. 

1.2.1. InSAR 

The Synthetic Aperture Radar (SAR) interferometry method is the basis for other 

techniques (stacking, PS, SBAS) which have been exploited in this thesis. The 

details for the other methods are outlined in the next chapter. The basis of the 

InSAR method is described herein. 

A radar observation system sends short powerful pulses to the ground and 

receives the reflected waves, and records the amplitude and phase of the 

backscattered signal from the surface. This means that the round-trip time 

between the radar and the ground observation can be measured. This implies 

the phase difference between two SAR acquisitions from the same target can be 

calculated. Therefore, the change in the location of an observable target area on 

the surface is detected by using information derived from the radar wavelength 

and the relative phase change. Thereby, phase values contain information about 

the stability of the Earth’s surface. Changes in the reflectivity of the ground, in 

the viewing perspective and atmosphere affects on the radar signals may 

introduce errors to any results (Tarayre and Massonnet 1994).  

Temporal decorrelation or changes in reflectivity mostly come from variations in 

the ground’s moisture content or vegetation (Wei and Sandwell 2010). Baseline 

decorrelation or different viewing geometries are due to different satellite 

positions from one satellite pass to the next (Zebker and Villasenor 1997). 

Phase adjustments are made on the basis of orbital information of satellite 
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positions. Additional phase shifts in interferogram may appear due to the 

atmosphere (Zebker et al. 1997). This effect can be isolated from a time series 

of interferograms or based on topography correlated atmospheric delay. Based 

on the above, the interferometric phase difference         between two 

corresponding points may be presented as: 

                                           (1.2.1) 

Where       is a reference phase caused by the Earth curvature, and is 

sensitive to slightly different viewing positions of satellites. Phase contribution 

       is from topography and can be removed by an appropriate Digital 

Elevation Model (DEM). Component of phase        presents a possible 

deformation. Phase contribution        is significant when different 

atmospheric conditions arise between acquisitions. Phase noise         may 

appear due to temporal changes in the scatterers, different look angle and 

thermal conditions, the Doppler Centroid effect, volume (scattering medium) and 

processing (image pre-processing).  

This distance or displacement is one dimensional projection in the line-of-sight 

(LOS). The LOS angle depends on the satellite and on the acquisition 

parameters. Thus, the observed movement relates to the position of the satellite 

and includes vertical and horizontal components. It is a challenge to distinguish 

the vertical and horizontal components from InSAR signal. However, the 

additional ground information may help to evaluate vertical and horizontal 

components. 

1.2.2. Aerial photograph interpretation  

Aerial photographs are commonly used in landslide mapping. High resolution 

aerial photography interpretation allows for the detection of landslide related 

fractures, analysis of which leads to the inference of the mechanisms involved.   

The identification and interpretation of a landslide-related fracture is based on 

the difference in texture, brightness, pattern and shapes (Walstra et al. 2007). 

This difference appears due to the different reflective parameters of the objects. 

The reflection from an object depends on its physical and chemical 

characteristics, changes in its form, and the position or appearance of the 

topographic surface.   
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The main aim of aerial photography interpretation in this thesis is to map 

morphological features related landslides that show relationships between the 

various landscape elements, the distributions of vegetation and of soil moisture 

conditions. 

1.2.3. GIS analysis 

We collected and analysed all data in a Geographical Information System (GIS). 

The considuration of thematic layers help to take into account several 

parameters for the study area at the same time.  The results from InSAR, 

extracted contours from the digital representation of a topographic surface and 

aerial images were loaded into the GIS system (ArcGIS) and their analysis 

revealed relationships between displacement signals and other field 

observations.  

1.2.4. Modeling 

Modelling of the physical processes related to landslides can help to predefine 

the more important physical parameters from simplified version of the real 

process. We used an analytical homogeneous elastic half-space model (Okada 

1985) to predict surface displacements due to a source, defined as a finite 

rectangular fault at depth. The model uses the following fault parameters: 

dimensions (length and width), location, orientation (strike and dip) and the 

offset on the fault.   

 We used InSAR observation data to make as realistic model as possible. The 

inverse problem is a procedure to extract the parameters of an analytical model 

from an observed displacement field. The InSAR observation data were inverted 

to generate synthetic data, and based on this, estimate the geometry and 

location of the landslide’s sliding surface. This is composed to geometric 

models, to inter the volume of a landslide, which is of relevance for 

understanding the dynamics and assessing associated hazards.  

We therefore developed on Okada model to simulate the 7th September 2009 

earthquake in Racha, central Georgia. We obtained synthetic surface 

displacement data by using the focal mechanism parameters of the earthquake 

and compared these with observations.  
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1.3. Thesis organization 

This thesis is written cumulative form and divided into four chapters. Two 

Chapters 2 and investigate the technical potential of different InSAR methods for 

detecting to detect landslides in central Georgia. Chapter 4 focuses on the 

analysis of one landslide, with the purpose of developing a procedure to extract 

the physical and kinematic parameters of landslides by using remote sensing 

and inverse modeling. Chapter 5 analyses Racha 2009 earthquake, 

investigating the spatial relationship between the occurrence of the deformation 

induced by the earthquake and contemporary sliding events. Each chapter 

contains an indepth introduction and discussion section, and is equivalent to one 

publishable manuscript, out of which all but one have been published or have 

been submitted at the time of this writing. The thesis ends with an overall 

summary and outlook, placing each chapter within the appropriate contest. . 

1.4. Chapter summaries 

Chapter 2: The chapter entitled “Detection and mapping of landslides in central 

Georgia, Caucasus: a comparison of different InSAR methods” describes the 

use of different InSAR processing techniques (including stacking) for landslides. 

The results show that success depends on data and method selection. 

This chapter has been submitted to the IEEE Journal of Selected Topics in 

Applied Earth Observations and Remote Sensing (JSTARS-2012-00600.R2) for 

possible publication. Copyright may be transferred without notice, after which 

this version may no longer be accessible. 

Author contributions: Nikolaeva processed the interferograms, the stack, the 

InSAR time series datasets, mapped active areas. The analyses of the InSAR 

results were made by Nikolaeva and Walter. Nikolaeva wrote the manuscript 

under the supervision of Walter.  

Chapter 3: The chapter entitled “Landslide observation and volume estimation 

in central Georgia based on L-band InSAR” describes the analysis and results in 

a stepwise approach to detect and monitor landslide. We estimate important 

parameters such as landslide velocity, active area and landslide volume based 

on radar remote sensing observations, Geographic Information Systems (GIS) 

applications and inverse modeling.  

This chapter was published in Natural Hazards and Earth System Sciences 

(NHESS). 
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Author contributions: Nikolaeva processed the interferograms, and mapped the 

landslide fractures during a field trip. The analyses of the InSAR results were 

made by Nikolaeva and Walter. Walter, Shirzaei and Zschau shared discussions 

with Nikolaeva about the modeling of the landslide with an Okada model. 

Shirzaei provided an inversion code. Nikolaeva expanded a concept of the 

calculation of the rotational landslide volume. Nikolaeva wrote the manuscript 

under the supervision of Walter. 

Chapter 4: The chapter entitled “Did InSAR detect co-seismic (post-seismic) 

deformation in Racha region, Georgia?” describes the key role of seismic 

activity in the landslide prone area and shows the surface deformation 

detectable by InSAR possible due to the 7 September 2009 earthquake in the 

central Georgia. 

The chapter is planned for publication in Geophysical Research Letters. 

Author contributions: Nikolaeva processed the interferograms, built a model. 

Nikolaeva analyzed the dataset with the collaboration of Walter and Nikolaeva 

wrote the manuscript under the supervision of Walter. 
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2. Detection and mapping of landslides in central Georgia, 

Caucasus: a comparison of different InSAR methods 

 

E.Nikolaeva1, T.R. Walter1 
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Abstract 
 Interferometric synthetic aperture radar (InSAR) methods have been shown to 

be particularly useful in the detection and monitoring of landslides. We 

compared results obtained from four widely used InSAR methods: two-pass 

interferometry, a stacking process, persistent scatterer interferometry (PS-

InSAR) and the small baseline subset (SBAS) approach. We applied these to 

twelve radar images acquired by the ALOS (PALSAR) satellite over central 

Georgia, in the Caucasus region of Eurasia. For the given dataset and scenario, 

we were able to detect various landslides properly only by applying a 

combination of InSAR methods. We show that the application of different InSAR 

methods to the same input data produced different combinations of data and 

hence different noise levels, pixel selections, detection thresholds and results. 

We also compared our results to aerial photography and field observations to 

test the theory that the success of each method depends on the landslide 

velocity, the landslide direction and the associated decorrelation. We studied 

two landslides in detail. We describe their geometry and displacement rates, 

along with the relevant wider implications of using InSAR methods in landslide 

research. 

 

Index Terms – landslide displacement, InSAR time series, Georgia, surface 

displacement, geodetic monitoring 

2.1. Introduction 

 

Over the last decade, remote sensing techniques have increasingly contributed 

to the detection and monitoring of subaerial landslides. Commonly, 

photogrammetry methods are used to quantify and determine these subaerial 

mass movements. In addition, interferometric synthetic aperture radar (InSAR) 

techniques have been used increasingly for landslide detection and monitoring 
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(Colesanti et al. 2003b; Colesanti and Wasowski 2006; Biescas, E., Crosetto, 

M., Agudo, M., Monserrat, O., and Crippa 2007; Perski et al. 2009; Perissin and 

Wang 2011; Bovenga et al. 2012). The limitations of the various InSAR 

techniques become evident when they are used for landslide detection and 

monitoring. InSAR techniques are particularly sensitive to the velocity and 

direction of displacements and to signal decorrelation induced by vegetation 

cover, steep topography (layover, shadow effects), satellite orbits, temporal 

decorrelation and other factors. Therefore, our strategy was to compare the 

different processing approaches available that may enhance the effectiveness of 

landslide detection and monitoring and further improve understanding of 

landslide behavior (Bulmer et al. 2006; Colesanti and Wasowski 2006).   

A variety of studies have described the use of different InSAR techniques in 

combination, with a focus on landslides that fall into the categories of extremely 

slow and slow slope displacements (Bulmer et al. 2006; Biescas, E., Crosetto, 

M., Agudo, M., Monserrat, O., and Crippa 2007; Xia 2008) of a few mm per year 

to several cm per year, respectively (Petley et al. 2005), (Varnes 1978). 

Extremely slow displacements have been investigated for instance using the 

two-pass InSAR method (Biescas, E., Crosetto, M., Agudo, M., Monserrat, O., 

and Crippa 2007) and using PS (Permanent Scatterer) (Perski et al. 2009). The 

two-pass InSAR method has been applied to the measurement of slow 

displacement phenomena (Bulmer et al. 2006; Biescas, E., Crosetto, M., Agudo, 

M., Monserrat, O., and Crippa 2007; Perski et al. 2009). However, the use and 

comparison of different InSAR methods has not been common in research to 

date, even though such comparisons are important to understanding landslide 

hazards. As this paper shows, improving the detection of landslides in central 

Georgia required consideration of multiple processing methods. 

Accurate detection of landslides is necessary to minimize the associated 

negative impacts, damage and fatalities. It is necessary to monitor landslides to 

protect local populations, water sources and infrastructure. InSAR, which is a 

tool for detecting and monitoring landslide velocities, can be used to measure 

the acceleration of a landslide. Therefore, InSAR methods may potentially be 

used as early warning systems for landslides (Thiebes 2012). 

We show in this paper that locations that display clear landslide deformation 

signals in two-pass interferometry may decorrelate with the application of a time 

series method. We describe the target area in central Georgia, in the Caucasus 

region of Eurasia, the ALOS dataset and the methods investigated. We then 

compare the results of the stack process to the results obtained using two-pass 
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InSAR, PS and SBAS and perform a quantitative validation of landslide 

occurrence using optical imagery. 

2.2. Test area and methods 

2.2.1. Central Georgia 

Central Georgia, in the Caucasus region of Eurasia, contains active tectonic 

faults, fractures (Edilashvili et al. 1974; Gamkrelidze and Shengelia 2007) and 

landslides  (Jibson et al. 1991), (Jibson et al. 1994). The Caucasus region is 

considered a landslide and avalanche hazard hotspot (Arnold et al. 2006). When 

climate, lithology, earthquake activity, topography and land cover are considered 

in the context of the global occurrence of natural disasters (Arnold et al. 2006), 

Georgia is considered a zone of medium to high landslide hazard and the 

highest possible level of avalanche hazard.  

Our study focuses on the Imereti region in the Sachkhere district (Fig. 1), where 

most of the sediments that are prone to sliding processes correspond to the 

sandstones and sands of the area (Edilashvili et al. 1974). Landslides in the 

Sachkhere district threaten villages and can dam rivers (Fig. 1) and affect major 

quartz sand mining areas (Fig. 1) that have been active for decades.  In addition 

to geology, topography and rainfalls, earthquakes may be an important 

triggering mechanism in this area. For example, on 29 April 1991, an earthquake 

(Ms=7.0) reactivated existing landslides and triggered new ones (Jibson et al. 

1991), some of which were more than 30 km from the epicenter (Jibson et al. 

1994). 
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Figure 2.1. Study area in Georgia, Caucasus. (a) Georgia is covered by an 

SRTM digital elevation model. The red box shows the Imereti region. (b) The 

small red box shows the investigated area in the Sachkhere district. (c) Optical 

QuickBird panchromatic imagery at 0.6-meter resolution, acquired in December 

2007. The contours show the proposed boundaries of landslide area A and area 

B. The blue lines are rivers (b) and streams (c). 

Despite the known landslide hazard, there is no monitoring program in existence 

to study the dynamics of selected landslides in Georgia. InSAR techniques may 

be very useful for landslide mapping and monitoring. The main advantages of 

these techniques are their wide coverage, their high spatial resolution and their 

usefulness in investigating areas that are difficult to access at low cost. 

Unfortunately, neither GPS data nor any other types of monitoring data (e.g., 

rainfall, displacement) were available for this region. Many other landslide 

regions in Georgia are not monitored by geodesy either. Therefore, our study 

constituted a test of the InSAR techniques that may be useful in the detection 

and monitoring of landslides in Georgia in the future.  

2.2.2. Data and Methods 

We selected all of the radar images acquired by the ALOS PALSAR (phased 

array type L-band synthetic aperture radar) satellite over our study area in 

central Georgia. The resolutions of SAR images are 4.8 m and 4.5 m in the slant 

range and azimuth direction, respectively. In total, 16 images, spanning the 
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period from July 2007 to June 2010, were available from the JAXA archive. As 

the available acquisitions are from ascending orbits only (where observations 

are made from westward-looking direction), this study was restricted to a single 

viewing geometry. No descending data were available. We created pairs of 

interferograms, however, and found that pairs that included the radar images 

(denoted in year.month format) 2007.01, 2007.02, 2009.01 and 2010.03 

exhibited strong decorrelation due to meteorological conditions, even for 

combinations with short spatial and temporal baselines. Therefore, these 

images were not used in this study. We also obtained and analyzed radar data 

from C-band satellites (ERS1/2, Envisat) but found them unsuitable due to the 

level of decorrelation noise.  

The ALOS PALSAR radar raw data were processed into single-look complex 

(SLC) images using the ROI_PAC (Repeat Orbit Interferometry Package) 

software (Rosen et al. 2004). We focused our research on a local region where 

a deformation signal was observed in the interferograms. We processed the 

radar images corresponding to an area of 30 km². The selection of such a small 

area enabled us to reduce the effect of atmospheric phase delay (APD) and to 

improve image co-registration. 

 

Figure 2.2. Baseline plot for (a) InSAR two-pass interferometry; the black lines 

show interferograms that were successfully unwrapped, (b) the persistent 

scatterer method; the point to which all are pulled is a reference (master) and (c) 

the small baseline approach. The lines represent pairs of interferograms, and 

the beginning and end of a line represents a SAR image. All methods used 

twelve images only, but the number and combination of pairs created and the 

pixels selected may differ. See the text for details.      

The ASTER GDEM (Global Digital Elevation Model) was used to subtract the 

topography from each interferogram. The ASTER GDEM is based on matches 

of optical images with grid sizes of 30 m. The ASTER GDEM has been found to 
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be more accurate for mountainous areas than SRTM DEM data with a resolution 

of 90 m (Jacobsen 2010).    

We applied four methods to the processing of the ALOS PALSAR dataset and 

compared the outcomes. Pairs of interferograms were selected for each of the 

methods described below (Fig. 2). The four methods we investigated were the 

following: 

1) Two-pass interferograms—We processed radar images using two-pass 

interferometry (Rosen et al. 2000), (Massonnet and Feigl 1998) (Fig. 2(a)). Two-

pass interferometry involves generating an interferogram from two radar images 

obtained at different times. An interferogram describes the difference in the 

phase of the waves returning to the satellite (Massonnet and Feigl 1998).  The 

Delft Object-Oriented Interferometric Software (DORIS) (Kampes and Usai 

1999) was used to create the two-pass SAR interferograms (Massonnet and 

Feigl 1998). A multilook factor, two pixels in range and four pixels in azimuth 

direction, was applied to reduce the phase noise in the interferograms. 

Consequently, the output InSAR images have a spatial resolution of 

approximately 15 m in both directions.  To reduce the atmospheric noise in the 

InSAR data, the interferograms were filtered using a gamma filter, as described 

in (Principe et al. 1993). To remove the contribution of orbital errors to the signal, 

a wavelet multi-resolution analysis and robust regression were used (Shirzaei 

and Walter 2011). The corresponding wrapped phase values were unwrapped, 

using the branch-cut phase unwrapping algorithm (Goldstein and Werner 

1998a) (Fig. 3, first six interferograms) and SNAPHU (Statistical-Cost, Network-

Flow Algorithm for Phase Unwrapping) (Chen and Zebker 2001; Chen and 

Zebker 2002) (Fig. 3, last six interferograms), to high-quality InSAR 

displacement maps. 

2) Stacking process—Eleven interferograms were successfully unwrapped (Fig. 

2(a), black lines) and were used further in this study. We started with the phase 

values of the eleven interferograms and co-registered all. We then unwrapped 

them, calculated the displacement velocity for each interferogram and averaged 

these values. The output from this stacking process was an average velocity 

over the whole period (2007.07–2010.01), with atmospheric phase components 

reduced (Zebker et al. 1997). We stacked the velocity maps based on the 

assumption that the displacement had a constant rate. 

In addition to the two-pass and stacking methods, we also investigated the area 

using InSAR time series. Time series data makes it possible to select high-

quality pixels and apply spatial-temporal filters to reduce noise levels. We used 
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the StaMPS software (Ferretti et al. 2001; Hooper 2009) for these processing 

steps, to compare the Persistent Scatterers (PS) and Small BAseline Subset 

(SBAS) methods.   

3) Persistent Scatterers—The PS method is based on analysis of stable pixels, 

which are also called persistent scatterers (Ferretti et al. 2001). Acquisitions 

were co-registered and re-sampled to the same reference image (master). 

Interferograms were computed between eleven slave images and the master 

image (Fig. 2(b)). The first selection of potential PS points was based on a 

coherence threshold (Hooper 2004).  

4) Small BAseline Subset—The SBAS method is based on combining radar 

images with small perpendicular and temporal baselines to reduce spatial phase 

decorrelation (Berardino et al. 2002).  

The initial steps of StaMPS are the same as those for the PS and SBAS 

processes. The pixel selection process occurs after data loading and the 

estimation of the phase noise and is based on noise characteristics. The PS 

weeding step drops pixels whose minimum standard deviation is greater than a 

given threshold. The next steps are phase correction and unwrapping. In the 

SBAS process, the phase values are restored with respect to the original master 

image using least-squares inversion. In the last step, the spatially correlated 

errors in the DEM are calculated and the atmosphere and orbit error phase is 

estimated.  

2.2.3. Differences in interferogram selection 

Twelve images were used for all methods. Because of the processing procedure 

and the pair selection criteria, the number of interferograms differs by method. 

The methods considered differ from each other not only in terms of the 

information content but also in terms of the interferogram and pixel selection 

criteria. Therefore, we expected slightly different results. The interferograms 

were selected as follows.  First, we created 44 interferograms using the twelve 

radar images, based on the selection criteria (Fletcher 2007). The pairs have 

perpendicular baselines of 2,000 m which is critical for ALOS PALSAR (Furuya 

2010), and maximum temporal baselines of up to 2. 5 years. We selected the 

eleven best interferograms with coherence levels greater than 0.4 that we could 

unwrap and use in the stack process (Fig. 2 (a), black lines). We excluded the 

2009.09.04–2010.01.20 (year.month.day) interferogram (Fig. 3) due to strong 

decorrelation. We unwrapped the remaining eleven interferograms to determine 
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the displacement.  

For PS, we chose the master image 2009.09.04 on the basis of minimization of 

perpendicular baselines (Fig. 2 (b)). Such a choice increases the amplitude 

stability of pixels for the whole set of images (Ferretti et al. 2001). 

The data selection was somewhat different for the SBAS process. We used a 

threshold for the spatial and temporal baselines in an attempt to reduce the 

spatial and temporal decorrelation (Berardino et al. 2002). We found that the 

interferograms were noisy, with perpendicular baselines greater than 1,700 m.  

Therefore, we chose a perpendicular baseline limit of 1,700 m, which is less 

then critical (Furuya 2010). A shorter baseline threshold would make image 

pairing difficult, due to the limited number of images in the dataset.  As the 

quality of InSAR images was good over time, spanning more than one year (460 

days) between the acquisitions, we were able to include interferograms with 

longer temporal baselines in the SBAS process. Figure 2 (c) shows the 21 pairs 

of interferograms that were computed using our baseline threshold.  

In all cases, the results were calibrated with respect to an area in the 

northwestern part of the image that was assumed to be stable.  

We also employed aerial photography with a resolution of 0.6 m for validation 

and for a land cover analysis conducted using a geographic information system 

(ArcGIS).  

 

2.3. Results from InSAR, PS and SBAS 

The ground displacements within an area 4.16 km wide (west to east) and 6.85 

km long (north to south) are related to areas A and B outlined in Figure 1 and 

were measured using all four methods considered.  Two-pass interferograms 

show a clear phase shift (observable as a colorful pattern in Fig. 3) with short 

temporal baselines (45–180 days) and a decorrelation from interferograms with 

large temporal baselines (Fig. 2 (a), green lines).  The interferograms depict a 

significant displacement area with dimensions of 2 km from north to south and 

0.5 km from west to east. We refer to this area as landslide A (Fig. 4 (a), area A). 
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Figure 2.3.  Examples of wrapped interferograms (radian) in radar coordinates. 

A signal of deformation is clear for area A (upper black box in upper left corner 

interferogram) in all interferograms.  The signal from area B (lower black box in 

upper left corner interferogram)  appears in the interferograms with long 

temporal baselines, but not in all interferograms.  

Displacement in the range of 30–80 mm in the line of sight (LOS) was observed 

in each interferogram. The displacement in area A is visible in interferograms 

with different master–slave combinations. The shift in phase is traced in each 

independent interferogram.  The results from the stacking process show an 

appreciable displacement pattern in area A (Fig. 4 (a)).  Positive and negative 

signs indicate observed LOS movement toward and away from the satellite, 
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respectively. In this case, almost all of the displacement is toward the satellite 

(shown by the warm colors in Fig. 4).  

 

Figure 2.4.  (a) The stack velocity (mm/yr) in the LOS direction was calculated 

using eleven two-pass interferograms (see Fig. 3, excluding interferogram 

(year.month.day) 2009.09.04–2010.01.20 due to strong noise). (b) PS results, 

LOS velocity (mm/yr). (c) SBAS results, LOS velocity (mm/yr). Note that the 

velocity scales for area A and area B differ by approximately one order of 

magnitude. 

The results obtained using the PS and SBAS methods, shown in Figures 4 (b) 

and (c), indicate that the landslide area A largely lacks coherence. There are 

several pixels from the PS and SBAS processes in area A (Figs. 4 (b), (c)); 

however, they were found to be isolated from each other and therefore not 

unwrapped reliably. 

Another displacement area (area B) stood out less than 1 km to the south of 

area A (Figs 4 (b), (c)). The LOS range of displacement is generally about ±15 

mm/yr for both the PS and SBAS methods (Figs. 6(a), (d)). The displacement 

mostly affects a north-facing slope, clearly separated from area A. The 

dimensions of this landslide area B are 0.9 km from west to east and 2 km from 

north to south. This area of surface displacement was apparent throughout the 

available time series dataset.  As area B was urbanized (the village of 

Makhatauri), maintenance of high coherence over long time periods appears to 

be possible (Usai and Klees 1999).   
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Figure 2.5. (a) The stack velocity in the LOS direction. River streams (magenta 

curves) and contour lines were added. The contour interval is 30 m. The arrows 

show the approximate directions of the landslides. The black box shows the 

position of the aerial photography (b) in area A. An annotated aerial 

photography used to map several faults and a newly developed pond identified 

from the aerial photography and field trip observations in August 2011 (c). The 

village in the background was abandoned.  

The SBAS pixels covered the whole investigated area more evenly than the PS 

pixels. An analysis of the distribution of the pixels overlapping high-resolution 

aerial photography conducted using ArcGIS revealed that the PS pixels were 

located mostly on the roofs of man-made structures. The SBAS pixels also 

covered bare land, fields of land use and rural areas.  
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The results of the four methods, i.e., two-pass interferometry, average velocity 

determined from the stack of interferograms and the PS and SBAS time series, 

were very complimentary, as they clearly delineated the active parts of two 

distinct landslides (Fig. 4). The displacement was mostly positive for landslide A, 

i.e., clearly shows movement toward the satellite.  For landslide B, the 

displacement was more complex: in the central part of the landslide area, the 

displacement was positive, but negative motion was observed on the west and 

east lobes of the landslide. Using only one of the approaches, we would have 

detected only one of the landslide-related displacements, and which 

displacement was detected would have depended on the method used. These 

results are plausible given the selection of pixels and detection thresholds used, 

as further discussed in the following section.   

 

Figure 2.6. (a) The average velocity in the LOS direction from PS. River streams 

(magenta curves) and contour lines were added. The contour interval is 30 m.  

The arrow shows the approximate direction of the sliding mass. The black box 

shows the position of the aerial photography (b) in area B. (b) Features such as a 

minor scarp, ridges and a pond are visible in the aerial photography (b) and also 

appear in the photography taken during the field trip (c). (d) The average 

velocity in the LOS direction from SBAS. The black box shows the position of 
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the aerial photography (e). The trench is visible in the aerial photography and in 

photographs (f) taken during the field trip in August 2011.  

2.4. Discussion 

This is the first InSAR study of landslides in Georgia that has relied on a SAR 

dataset for a poorly monitored region. We emphasize that all of the results 

presented were calculated from radar measures of displacement, with only one 

component in the radar LOS direction. Therefore, extraction of the true 

horizontal and vertical displacement rates was not possible. ALOS PALSAR 

ascending data were available and were found to be suitable for this region only. 

Therefore, it is a challenge to determine the direction in which the ground 

moved, given that there is no ground truth or better InSAR data coverage. In this 

study, we therefore assumed, for the sake of simplicity, that the main movement 

followed the slope direction. We have also investigated several other regions in 

Georgia and have found that the SAR data archives are, in general, very poor in 

comparison to those in other countries. 

Our InSAR analysis of an area 4.16 km wide and 6.85 km long in Central 

Georgia has revealed two areas in which surface deformation has occurred. 

Motion is visible in area A using the two-pass InSAR method (Fig. 4 (a)), 

whereas motion in area B is observed only in the results obtained using the 

InSAR time series approaches (Figs. 4 (b, c)). The two landslides have either 

different displacement velocities or different sliding directions or both. Low-

velocity displacement can best be monitored using a long time interval between 

acquisitions (Usai 1997; Usai and Klees 1998).  For the same time and the 

same data, displacement of one order of velocity higher may not be detectable 

due to decorrelation. The PS and SBAS techniques are proven to be best-suited 

for detection of slow movements (several mm per year), while two-pass 

interferometry is sensitive to more rapid displacements (several cm per year), 

albeit at the cost of atmospheric signal delay artifacts. 

Decorrelation of the pixels used in the different processing methods will 

determine the success or failure of each method. Applying different InSAR 

processing algorithms, as we have in this study, is particularly important for 

landslide research, in which displacement rates and decorrelation effects may 

vary significantly over time and space. 

The PS method focuses mainly on separate targets that have high reflectivity 

and are stable over the time periods between image acquisitions, while two-

pass interferometry shows displacements of areas without an emphasis on 
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individual targets. One reason that the PS and SBAS methods choose many 

points inside area B (Figs. 6 (a), (d)) is that this landslide occurred in an area 

that contains man-made structures, such as houses. There are only a few points 

within the limits of landslide A in the PS results, due to the lack of coherence and 

the difficulty of detecting relatively large displacement rates (Colesanti and 

Wasowski 2006).  

We should note that other processing procedures, such as Squee SAR TM 

(Lagios et al. 2013), WabInSAR (Shirzaei 2012) and Quasi-PS (Perissin and 

Wang 2011) may yield different results, given the different pixel selection 

procedures that they use. In addition, with the increasing availability of SAR data 

and the possibility of higher temporal sampling, the coherence might improve so 

that the two landslides examined in this study might be better investigated.  

A comparison of our InSAR results with those from an analysis of aerial 

photography results shows that the displacements detected using InSAR data 

are located close to geological features that relate to landslide processes (Figs. 

5-6). These features are main and minor scarps, ridges, various types of faults, 

ponds and trenche (Figs. 5-6 (b), (c) and Figs. 6 (e), (f)). The trench have most 

likely widened as a result of erosion (Figs. 6 (e), (f)). Whether shear or normal 

slip activity has occurred cannot be determined from our data. The shape of the 

deformation area generally reflects the topography in both landslides (Figs. 5(a), 

6(a)). The slope in area A is west-facing. The direction of the slope face allows 

us to infer the direction of movement of the landslide, i.e., mostly westward (Fig. 

5(a)). Examination of the contours in Figure 6(a) shows that the slopes in area B 

face mostly to the north, northwest and northeast. In this case, the radar system 

sensitivity is low with respect to the displacements (Colesanti and Wasowski 

2006). North-south movement is difficult to detect with InSAR, because it is 

perpendicular to LOS direction. Nevertheless, the PS and SBAS methods may 

detect some movements in this case too (Perski et al. 2009).  Negative 

displacements occur on the slopes facing northeast. Positive displacements 

occur on the slopes facing northwest. It follows that most likely only a small 

portion of the signal deformation was determined for area B. 

The river and streams (Fig. 6(a)) curving around landslide body B indicate areas 

of increased erosion. The photographs show several places where the soil 

surface has moved downslope and formed cracks (Figs. 5-6). 

Although the differences in the results obtained with the stacking process and 

the PS and SBAS methods are grounded in differences in coherence, the 

implications are broad: InSAR, as a tool for the detection, monitoring (Colesanti 
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et al. 2003b) and analysis of mass movements, requires a combination of 

processing strategies if the dataset is thin or if decorrelation due to effects such 

as those of vegetation and large displacement rates limits the success of time 

series analyses. 

 

2.5. Conclusions 

Two distinct landslide complexes have been detected using various InSAR 

analysis strategies. Our analysis showed that area A is moving at a rate of 

approximately 30 cm per year in the direction of the satellite LOS, based on 

examination of data from multiple periods that enable us to calculate a mean 

displacement rate per year.  Movement in the landslide complex within area A is 

detectable using the two-pass and stacking procedures.  When analyzing an 

InSAR time series, this landslide is undetected, as significant decorrelation 

occurs. Instead, another landslide complex (area B) appears. Area B has an 

extremely slow displacement rate, less than 3 cm per year in the LOS direction, 

based on our examination of twelve SAR images.  The most likely displacement 

direction is to the north, i. e. parallel to the radar satellite orbit. Therefore, area B 

could only be identified using the InSAR time series methods PS and SBAS. 

The projected LOS displacement rates were hence different by an order of 

magnitude (30 cm/year for area A, 3 cm/year for area B). Based on a 

comparison of the results of the stacking process of the two-pass InSAR method 

with the results from the time series, we conclude that for the given scenario and 

dataset, landslide detection is more successful using multiple processing 

approaches that complement each other. 

This study also highlights the need for regular SAR acquisition over Georgia, a 

country that has not been a focus of geodetic research, despite the region being 

highly geologically active.     

These techniques have allowed us to define the boundary between the active 

part of the landslides and their kinematics. Identifying surface slope motion 

activity can therefore only be accomplished through a combination of methods. 

We propose that further investigation include monitoring of these landslides with 

ground-based measurements. 
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Abstract 
 

The republic of Georgia is a mountainous and tectonically active area that is 

vulnerable to landslides. Because landslides are one of the most devastating natural 

hazards, their detection and monitoring is of great importance. In this study we report 

on a previously unknown landslide in central Georgia near the town of Sachkhere. We 

used a set of Advanced Land Observation Satellite (ALOS) Phased Array type L-band 

Synthetic Aperture Radar (PALSAR) data to generate displacement maps using 

interferometric synthetic aperture radar (InSAR). We detected a sliding zone of 

dimensions 2 km north–south by 0.6 km east–west that threatens four villages. We 

estimated surface displacement of up to ~30 cm/yr over the sliding body in the satellite 

line-of-sight (LOS) direction, with the largest displacement occurring after a local 

tectonic earthquake. We mapped the morphology of the landslide mass by aerial 

photography and field surveying. We found a complex set of interacting processes, 

including surface fracturing, shear and normal faults at both the headwall and the 

sides of the landslide, local landslide velocity changes, earthquake-induced velocity 

peaks, and loss in toe support due to mining activity. Important implications that are 

applicable elsewhere can be drawn from this study of coupled processes. 

We used inverse dislocation modelling to find a possible dislocation plane resembling 

the landslide basal décollement, and we used that plane to calculate the volume of the 

landslide. The results suggest a décollement at ~120 m depth, dipping at ~10o sub-

parallels to the surface, which is indicative of a translational-type landslide. 

  
Keywords: landslides, InSAR, Georgia, Caucasus, inverse dislocation 

modelling, displacement  
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3.1. Introduction 

3.1.1.  Landslides in Georgia 

Landslides and related hazards are widespread in Georgia (Nadim et al. 2006; 

Gracheva and Golyeva 2010) and cause substantial damage annually (van 

Westen et al. 2012). The steep hill slopes, active geology and conditionally wet 

or even subtropical climatic conditions in Georgia (van Westen et al. 2012) are 

important factors that contribute to the high landslide susceptibility there. Over 

5700 landslides have been identified, ranging from small-scale slumps to large-

scale mass wasting of entire hillsides (van Westen et al. 2012). Approximately 

700 of those landslides have been identified through yearlong mapping and field 

work activities. A recent landslide susceptibility analysis based on geology, 

slope classification and land cover mapping suggested that approximately 17% 

of Georgia is located in high-hazard zones, and another 38% is located in 

moderate-hazard zones (van Westen et al. 2012). Landslide concentration is 

especially high and covers all scales in Adzharia, a region in south-western 

Georgia with a humid subtropical climate, with occurrence peaking in spring and 

during summer storms (Gracheva and Golyeva 2010). 

Together with the steep topography and wet climate, tectonics can be a 

significant trigger of landslides. The Ms 7.0 earthquake on 29 April 1991, for 

instance, triggered numerous landslides and caused a loss of infrastructure and 

life (Jibson et al. 1994). Some of these landslides were known to be active 

already, but moving slowly. For example, the slow-moving Chordi landslide 

accelerated and destroyed the village of Chordi shortly after the earthquake. 

This case highlights the importance of monitoring slow-moving landslides that 

may accelerate due to unpredictable external triggers. Slow-moving landslides 

in Georgia in particular can accelerate abruptly, especially if extrinsic factors act 

as triggers (Gracheva and Golyeva 2010). However, the interplay among 

various triggering factors has not been thoroughly investigated. 

Although geologic mapping has been performed for some of these landslides, 

dynamic and kinematic analyses of them have received little scientific attention. 

As will be shown in this work, space-based data allow analysis of displacement 

rates and the identification of possible detachment planes of a landslide, which, 

together with aerial images, provide a detailed view of unstable masses and 

triggering factors ranging from tectonics to man-made activity.  
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3.1.2. Landslide mechanisms 

The dynamics, i.e. the appearance and displacement pattern of a landslide, is 

primarily controlled by the geometry of the sliding planes (Cruden 1986). These 

planes are made up of a combination of basal décollements and laterally 

delimiting fractures. The décollement is usually not directly visible and is also 

difficult to infer from remote sensing techniques. Therefore, little is known about 

the geometric complexities and dynamics of active décollement planes. The 

laterally delimiting fractures, in turn, are visible at the surface and commonly 

include a headwall fault, which is the surface expression of the main 

detachment, en echelon sets of strike-slip and normal faults on either side with 

opposite senses and a compressional zone in the landslide toe that forms thrust 

and fold belts. The geometry of these sliding planes affects the different types of 

movement. Movement of a landslide can be translational, rotational, or complex 

(Cruden and Varnes 1996). Rotational landslides move generally downward and 

outward and are thought to be structurally confined by a curved basal 

detachment plane (Highland and Bobrowsky 2008). Translational slides move 

hillslope-parallel and are structurally defined by a planar slope-parallel plane 

(Highland and Bobrowsky 2008). Most landslides likely involve a combination of 

rotational and translational mechanisms. Because the network of these 

structures delimits the mass of a landslide, structural characterisation of a 

landslide is important for assessing the landslide volume. Landslides exhibit a 

wide range in velocity, from extremely slow (10mmyear-1) to extremely rapid 

landslides (10 m/s) (Cruden and Varnes 1996). This broad velocity range 

highlights a common problem in landslide monitoring: the ability to detect and 

explore several scales of displacement magnitude. This problem is described 

further in the following section. 

3.1.3. Landslide detection and displacement monitoring 

Most active landslides are studied using field-based morphological, structural 

and kinematic analyses. Ground-based techniques are not appropriate for 

detecting a landslide in a broad area because of their time and financial costs. 

Non-intrusive remote sensing techniques have therefore become widely used 

for the detection and mapping of the position, size and shape of landslides 

(Cardenal et al. 2001; Guzzetti et al. 2012) and potentially unstable slopes 

(Colesanti and Wasowski 2006; Ouimet 2010). Remote sensing techniques 

have specifically contributed to define states of activity, to monitor landslides, to 
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improve hazard analysis and to allow implementation in early warning systems 

(Canuti et al. 2007). Remote sensing methods include aerial photographs, 

multispectral optical images (Qi et al. 2010), differential Digital Elevation Models 

(DEMs) (Casson et al. 2005), interferometric analysis of radar images (Riedel 

and Walther 2008) and lidar data (Schulz 2004; Jaboyedoff et al. 2010) and 

others.  

The most commonly used method for landslide detection is the visual 

interpretation of optical images (Tofani et al. 2013). Change detection 

techniques (Nichol and Wong 2005) and classification with semi-automated 

object-oriented methods (Martha et al. 2010) in optical imagery allow for 

landslide mapping. Together with detection, these methods allow monitoring and 

reconstruction of year-long time series. For instance, rapid and large 

morphometric changes can be quantified using change detection methods 

applied to high-resolution optical data (Nichol and Wong 2005). The combination 

of these methods is also used to improve landslide inventory maps (Guzzetti et 

al. 2012). 

Interferometric synthetic aperture radar (InSAR) techniques allow mapping of 

ground movement that occurs between two acquisition times (Hanssen 2001). 

InSAR techniques are increasing in popularity for landslide applications 

(Colesanti and Wasowski 2006; Riedel and Walther 2008; Tofani et al. 2013) as 

they are low-cost, almost globally applicable, high-resolution and independent of 

day or night. The traditional two pass differencial InSAR method allows the 

detection and monitoring of slow (several cm per year) landslides, following the 

classifications of Cruden and Varnes (1996). Persistent scatterers SAR 

Interferometry (PS-InSAR) and Small BAseline Subset (SBAS) techniques allow 

analysis of the temporal and spatial evolution of extremely slow landslides 

(several mm per year) (Colesanti et al. 2003a; Hilley et al. 2004; Guzzetti et al. 

2009). Combinations of different InSAR techniques are useful to detect and 

investigate different rates of landslides (García-Davalillo et al. 2013).  

Each of these techniques has its advantages and disadvantages. Combining 

optical and radar techniques creates good conditions for the study of landslides 

(Strozzi et al. 2013). In this work, we exploit aerial optical, satellite spectral and, 

foremost, InSAR data to analyse the dynamics and changes of a landslide. 

3.2. Study area 
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We concentrate our study on a site located in the central western part of 

Georgia (42.30o N, 43.48o E) because of the known landslide potential, slope 

angle and field access there. We use a specific constellation to investigate the 

effect of extrinsic forcing (Fig. 3.1). Geologically, the region belongs to the 

Dzirula block, which is a topographic feature of the Chiatura formation 

(Gamkrelidze and Shengelia 2007) (Fig. 3.1). The geologic Chiatura formation 

was created by sedimentary deposition, with a sequence of quartz-arkosic 

sandstones and sands underlying an ore horizon that is overlain by siliceous 

sedimentary rocks to the west and shales and shaley sandstones to the east 

(Edilashvili et al. 1974; Leonov 1976).  

 

Figure 3.1. Map of central Georgia showing land cover based on Landsat TM 

information. The combination of bands 5, 4 and 3, represented with red, blue 

and green, respectively, shows vegetation in bright green colours and soil in 

mauve colours. The violet curves close to Sachkhere and Chiatura show the 

main path of the Kvirila River. The location of the Itskisi landslide is near 

Sachkhere (white contour). Faults indicated by white symbols are thrust faults. 

The faults were defined by Gamkrelidze (1978). 
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Figure 3.2. Time series of Landsat images showing the development of the 

mining area. The spatial resolution of the images is 30 m. These images 

emphasise the vegetation and the boundary between land and water. Bright 

colours indicate bare soil, which in this case is the mining area. Panels (d-f) 

show several expansions that opened over the last 20 years. 

The relief profile of the study area shows a gently sloping morphology. The 

height varies only from 500 to 850 meters; thus the slope is moderate, with 

slope angles less than 20°. A significant part of the lower landslide flank is 

subject to mining activity (Fig. 3.2), where quartz sand is excavated. The nearby 

Kutaisi-Sachkhere thrust fault, located just ~5 km to the north of the landslide 

area (Gamkrelidze and Shengelia 2007), is thought to be active (Seismic 

Catalogue of Georgia, http://seismo.ge) and thus has the potential to be an 

unpredictable landslide trigger (Fig. 3.1). Other faults at larger distances may 

also dynamically trigger the landslide, similar to the 1991 Racha earthquake-

http://seismo.ge/
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triggered landslides at over 30 km  distance (Jibson et al. 1991; Jibson et al. 

1994). 

3.3. Data and methods 

3.3.1. Data 

Data analysed comprise (a) satellite radar observations, (b) optical Landsat data 

and aerial photographs, (c) digital elevation data and (d) field inspection. The 

main focus of this work is on the satellite radar observations and interferometric 

processing. 

To generate the InSAR maps, we considered 12 the Phased Array type L-band 

Synthetic Aperture Radar (PALSAR) acquisitions from the Advanced Land 

Observing Satellite (ALOS). In standard interferometry, the quality of the SAR 

signals degrades due to changes in the backscattering properties of the 

surfaces (e.g., vegetation), which is less critical in L-band sensors (Strozzi et al. 

2005). The ALOS archives of our study area contain only data acquired in 

ascending orbits, track 582 and frame 840, which mean that the ground is 

observed by the satellite only from the west. The dataset spans the period from 

July 2007 through June 2010. Five images are high-resolution single-

polarisation (Fine Mode Single (FMS) polarisation) mode and 7 images are high-

resolution, dual-polarisation (Fine Beam Double (FBD) polarisation) mode. The 

range resolution is 10 m for the FBS mode and 20 m for the FBD mode. The 

azimuth resolution is 5 meters for both modes. To avoid decorrelation 

associated with snow cover, we excluded scenes acquired in winter periods. 

The periods between master and slave images range from 46 to 138 days. The 

distance between two satellite positions (orbits) characterised by a spatial 

baseline was at most 1,885 m, which is smaller than the critical spatial baseline 

for ALOS (Sandwell et al. 2008).  

We also tested radar data available from other satellite missions, such as 

ERS1/ERS2 and Envisat (C band), however, we found the interferograms to be 

of very low quality. We attribute this to the shorter wavelengths of these sensors 

compared to that of the ALOS L-band. The C-band has difficulty penetrating 

through vegetation; therefore, the signal may be decorrelated due to the 

vegetation (Wei and Sandwell 2010). The L-band penetrates the vegetation 

much better than the C-band does (Wei and Sandwell 2010).  
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Landsat images from the Global Land Cover Facility (GLCF) catalogue were 

used to trace the development of the mining activity. We selected cloud-free 

images from the 30-year catalogue. We used Landsat TM band 7, i.e., short-

wave infrared (2090-2350 nm) for Landsat 4-5 (TM), as shown in Figure 3.2 (a-

c, e), and Landsat 7 (ETM+), as shown in Figure 3.2 (d, f), with 30 m resolution. 

The spectral reflectance of dry soil or sand increases with wavelength and 

peaks at wavelength 2000-2200 nm (Chudnovsky and Ben-Dor 2008). 

Therefore, sand is highly visible in band 7. Band 7 is also sensitive to the 

moisture content of the soil and vegetation. Moreover, the area of interest was 

analysed using aerial photographs with pixel resolution ~0.6 meter that were 

recorded in 2007, at the beginning of our InSAR data set. We also studied 

geological (Edilashvili et al. 1974), land cover and topographic maps (scale 

1:5000, 1972).  

An ASTER DEM (resolution 30 meter) was used for morphology analysis and 

InSAR processing. We also tested a Shuttle Radar Topography Mission (SRTM) 

DEM (resolution of 1 and 3 arc-seconds), which did not change our results.  

In August 2011, we visited the area of the Itskisi landslide. We validated the 

evidence for this landslide and mapped fractures related to the landslide in the 

terrain. We found newly formed cracks hidden by vegetation, mapped and 

measured them with handheld GPS units, and compared them to the InSAR and 

aerial photography database.  

3.3.2.  InSAR 

The SAR interferometry (InSAR) method is the complex multiplication of two 

radar images of the same ground target (Hanssen 2001). Each radar image 

contains amplitude and phase information. The interferogram is calculated by 

differencing the phase component of the two coregistered radar images. The 

InSAR was successfully used for landslide detection and monitoring (Colesanti 

et al. 2003b; Colesanti and Wasowski 2006).  

To start the interferometric analysis, we coregistered all SAR images to the 

image acquired at 4 September 2009. Thus, each pixel in all images 

corresponds to the same location on the ground. Raw images from the FBD 

mode (14 MHz) were transformed to an FBS mode spacing (28 MHz) using the 

ROI_PAC (Repeat Orbit Interferometry Package) software. Using DORIS (the 

Delft Object Oriented Interferometric Software) software (Kampes and Usai 
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1999), we built interferograms that contain the phase information for each 

acquisition. The effect of topography was calculated and removed from each 

interferogram using the ASTER DEM and satellite ephemeris data (Hanssen 

2001). Results are based on the assumption that the ASTER DEM properly 

reflects the topography during differential InSAR measurements. We generated 

multi-look images from interferograms with a factor of 2. The multi-looking is 

necessary to equalise resolution in the azimuthal and in range directions. 

Therefore, the pixel dimensions are approximately 9 m in the azimuthal direction 

and approximately 7.5 m in the range direction. The interferograms were low-

pass filtered using adaptive spectral filtering (Principe et al. 2004). The 

corresponding wrapped phase values were unwrapped using the branch-cut 

phase unwrapping algorithm (Goldstein and Werner 1998b) and SNAPHU, a 

statistical-cost network-flow algorithm (Chen and Zebker 2002). To correct for 

the effect of orbital error, wavelet multi-resolution analysis and robust regression 

were used (Shirzaei and Walter 2011).  

Some of the limitations of the InSAR method are related to geometric distortion, 

for instance as 'layover' and 'shadow' (Chen et al. 2011). In our case, however, 

the slope was mostly gentle, except for sleep sections in the mining areas, 

where no observations were possible. Another limitation comes from the 

dimensionality of displacement vectors because we did not have access to both 

ascending and descending tracks (Delacourt et al. 2007). Having only one 

viewing geometry prohibits the extraction of the 3-D displacement and may 

affect the interpretation of the deformation field.  

3.3.3. Photographic analysis 

The optical data of photographs were transferred to the WGS84 reference frame 

and analysed in geographical information system (GIS) using ArcMap's editor 

functions. Only one image was available; thus the analysis concentrated on 

lineaments. This includes manual delineation and classification of lineaments, 

fractures, streams and ponds. We used the aerial photography in close 

comparison to the InSAR data. Specifically, fractures and morphologic 

expressions in the aerial photography were compared to changes in the 

displacement field derived from the InSAR data. This comparison allowed us to 

test which fractures were active and which were not. The contour map of the 

area was created from an ASTER DEM in ArcMap, using 3-D analyst tools. The 

area and perimeter of the landslide boundary were further analysed in ArcMap. 
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Photography taken by a geotagging camera allowed an even closer view of the 

selected structures and their comparison to InSAR data.  

A larger view was possible due to Landsat imagery. After importing these image 

data to ArcGIS, we were able to visualise the growing extent of the mining 

activity and its effect on the displacement field. 

3.3.4. Modelling 

The sliding planes of a landslide play an important role in the activity of the 

landslide (Petley et al. 2002; Petley et al. 2005). Knowledge of the location, 

shape and the size of the sliding plane allows estimation of the landslide 

volume. To investigate the geometry of the sliding plane of the observed 

displacement, we applied inverse modelling techniques. Displacement maps 

produced from the InSAR data were used as input data. We followed previous 

kinematic landslide studies (Fruneau et al. 1996; Martel 2004) where models 

were used to describe landslide processes. These elastic models consider a flat 

earth and a linear elastic rheology. In our model, the main rupture plane of the 

landslide was simulated by a planar dislocation plane (Okada 1985). We herein 

considered this dislocation plane as a first-order approximation, because the 

model is simplified in a geometric and a physical sense. Geometrically, the 

models are simplified as they rely on the half space assumption and the 

rectangular dislocation plane, with an upper edge being parallel to the surface. 

Physically, the models are unrealistic as they rely on a linear elastic rheology 

and a dislocation along a plane. The dislocation plane we used has 8 unknowns: 

length, width, depth, two-dimensional position, dip and strike angles, and dip-slip 

dislocation components. We used the genetic algorithm to search the model and 

optimise the free parameters (Shirzaei and Walter 2009), choosing a wide range 

of possible solutions for the model parameters as a starting point. The genetic 

algorithm defines a cost function and initialises the genetic algorithm’s 

parameters. We used this type of model because large landslides have 

structures similar to tectonic faults (Fleming and Johnson 1989). Structures 

found inside a landslide (Fleming and Johnson 1989) also motivated 

consideration of dislocation planes in translational landslide rupture models 

(Fruneau et al. 1996; Muller and Martel 2000). We follow these previous works 

by assuming that our observed displacement fields from InSAR may be 

simulated by planar dislocations within an isotropic elastic half-space. All InSAR 

deformation measurements were inverted to test the stability of the décollement 
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plane. Only model parameters that emerged when the genetic algorithm had 

stabilised, which means that the parameters had not changed for several 

iterations, were considered. 

3.3.5. Estimation of landslide volume 

A common way to calculate the rotational landslide volume is to assume that the 

soil mass has the shape of an ellipsoid (Cruden and Varnes 1996; Marchesini et 

al. 2008). We expand on this concept by considering a more complex and 

realistic landslide geometry: one containing both rotational and translational 

components. A translational component is considered by considering an 

ellipsoid segment constrained by two parallel planes (Fig. 3.3). The lower plane 

is the decollement as inverted from our InSAR data, and the upper plane reflects 

the surface expression of the landslide (Fig. 3.3). There are two semi-major 

axes, A and B. Consider the ellipsoid segment with decollement plane z=h, 

where h is the depth of sliding plane. This plane is parallel to the surface plane 

(XY) located at depth h. The third vertical semi-major axis C can be calculated 

as follows: 

    √              (1), 

where a is the axis of the ellipse formed by a section plane z=h. It follows from 

the standart ellipsoid equation for the coordinates of point (a, o, -h). Then, we 

are able to calculate the volume of the ellipsoid segment, which is constrained 

by the two dipping planes: 

  ∫       (  
  

  )            
  

    
 

 

 
     (2). 

An alternative way to evaluate the volume of a translational or rotational 

landslide is based on the landslide erosion rate (Hovius N., Stark, C. P. et al. 

1997; Malamud et al. 2004; Larsen et al. 2010), where the predicted volume V 

of a landslide of area S can be approximated by the following empirical relation: 

              (3). 

The parameter 0.05 was determined empirically for soil landslides (Larsen et al. 

2010). An exponent in the range of 1.1-1.3 characterises a soil landslide 

(Edilashvili et al. 1974), similar to our case in Georgia.  
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Figure 3.3. A flow chart showing data and steps taken to estimate the landslide 

volume and a sketch of the geometric figure that we used for the volume 

calculation. 'A' is the major axis of an ellipsoid in the X direction, 'B' is the major 

axis of an ellipsoid in the Y direction and 'C' is the major axis of an ellipsoid in 

the Z direction. 'h' is the distance between the plane of the landslide surface and 

the sliding plane. 'a' is the major axis in the X direction of the sliding plane. The 

volume is calculated for the area enclosed between the plane of the landslide 

surface and the sliding plane. 

The flow chart (Fig. 3.3) shows the steps that allow evaluating landslide volumes 

using the above-described methods.  

3.4. Results 

3.4.1. InSAR deformation field  

Figure 3.4 shows the unwrapped and geocoded versions of the InSAR data set. 

The warm colours (positive values) indicate motion towards the satellite, while 

cold colours (negative values) indicate motion away from the satellite (Fig. 3.4).  

We found the surface pattern of the deformation area to be roughly kidney 

shaped, where the major axis is approximately north-south parallel to the slope. 

The landslide is hence approximately 2 km long (north-south) and 0.6 km wide 

(east-west). A similar pattern emerges from all interferograms, which confirms 

the displacement occurrence. However, the amplitude of the displacement 

varies, occasionally even if the same duration is bracketed by the data (Fig. 3.4 

a-c). This observation complicates the study because the landslide process is 
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found to be highly non-linear. The displacement velocity sharply increases in the 

interferogram from 4 September 2009 – 20 October 2009 and extends to almost 

the entire kidney-shaped landslide surface. The maximum difference between 

interferograms from 4 September 2009 - 20 October 2009 and 20 July 2009 – 4 

September 2009 reaches 5 cm. We will provide more information about the 

possible reasons for different amplitudes in the discussion section.  

 

Figure 3.4. Velocity (cm/day) in the line-of-sight (LOS) direction from InSAR 

data. Given above each image are the two acquisition dates and the spatial 

baselines (B). Interferograms that are temporally or spatially decorrelated are 

not shown. Black lines show the profiles on plot (c), for which the topography 

and displacement velocities are shown below (Z-Z’, Y-Y’, X-X’). Polygons are 
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marked with the letters ‘G’, ‘B’, ‘R’ and ‘M’ (panel a) and present areas where 

average velocities were calculated for Fig. 3.9. 

Three profiles taken from one of the InSAR images (Fig. 3.4 profiles Z-Z’, Y-Y’, 

X-X’) clearly indicate that no displacement was observed outside the landslide. 

The bulk of the landslide moves at similar rates, except that sharp gradients can 

be observed in the toe region. The gaps (Fig. 3.4 profile Y-Y’) indicate areas of 

mining activity, where no data are presented due to mining activity, steep 

topography or erosion.  

3.4.2. Comparison of InSAR to optical images  

 

Figure 3.5. (A) Aerial photography covered by a displacement map derived from 

InSAR. (b-f) details of the black boxes in A, allowing a comparison between the 

displacement map and the morphology. Red pixels show movement towards the 

satellite. See text for discussion. 

The surface of the landslide is hummocky and fissured. We found several local 

protrusions and depressions on the landslide body, which were also clear from 
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the profile (Fig. 3.4, profiles Z-Z’, Y-Y’, X-X’). Figure 4c presents locations of 

profiles (Fig. 3.4, profiles Z-Z’, Y-Y’, X-X’). We tested for correlation between the 

InSAR results and aerial photography (Fig. 3.5). In most cases, the 

displacement signals show a strong gradient within the activity zones of the 

landslide (Fig. 3.5b–e). Figure 3.5b shows active graben structures close to the 

areas of mining activity. Accordingly, these places show displacement gradients. 

Figure 3.5c demonstrates correlation between antithetic faults and the 

displacement map, best visible by the blue pixels on east side of fault. Figure 

3.5d presents a secondary landslide where the scarp area has a negative 

displacement and the toe has a positive displacement compared to the InSAR 

results. The geomorphology is complex in Fig. 3.5e: the river path and the 

shape of topographic isolines suggest that the area was not part of the 

landslide. However, the displacement signal is similar to the signal on the 

landslide (Fig. 3.5e). This observation may suggest that the area was in fact part 

of the landslide. The gradient visible in the InSAR data correlates with 

transverse ridges, possibly associated with the landslide toe. Figure 3.5f 

presents an area where fault structures were observed in the field. However, the 

InSAR result does not show a significant displacement gradient, possibly 

indicating that the faults had not been active during the InSAR survey. The 

interferograms suggest that these and some of the fault areas are stable (Fig. 

3.5a and f). It is likely that these landslide structures have either very low or no 

activity, or that any activity is masked by the high density of vegetation. These 

landslide structures are shown in both Fig. 3.5 and the survey photographs (Fig. 

3.6). Because the InSAR data were available only in ascending orbits, a 

reconstruction of the absolute horizontal and vertical components of the 

displacement was not possible. We assume, however, that most of the motion is 

westward because the morphology displays a slope orientation to the west (Fig. 

3.6a). At localised regions, significant ground movement is detected at sites with 

slopes facing east, thus in the opposite direction. The observation that the 

movement is affecting both westward- and eastward-facing slopes may lead us 

to speculate that the type of movement is relatively deep seated and involves 

both synthetic and antithetic faults (Fig. 3.6b) to form horst and graben 

structures. In other words, local morphologic features (Fig. 3.6c and d) and 

slopes have only minor influence on the moving mass, which is controlled 

instead by the large-scale topography and a deep-seated décollement. Due to 

the slow rate of the landslide, the surface activity of the sliding area is not clear 

in optical Landsat satellite imagery (Fig. 3.2). Investigation of high-resolution 
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aerial photographs, however, reveals further structural features such as folds, 

steps, lineaments, faults, outcrop sites and ponds (Fig. 3.7). We used these 

structural features to identify the type and complexity of movement for this 

landslide area. We created a sketch of the landslide in GIS, using aerial and 

InSAR results as well as field observations (Fig. 3.7). We identified partly water-

filled ponds in the transition zone of the centre to the upper part of the landslide 

(Fig. 3.7). Although the ponds and boggy areas are morphologically well 

explained, they were not present on the 1972 topographic map, implying that 

they developed more recently. Furthermore, some houses were built in locations 

where ponds are located today, for instance, close to the eastern slope (latitude 

42.2975o N, longitude 43.488o E). In the field, we identified trees or their 

remnants inside the ponds, which supports the idea that the ponds have 

appeared recently. We identified visible scarps for this region from the aerial 

photograph and field observations (Fig. 3.7). The major areas of debris are on 

the eastern slope of the landslide. Over the course of our field season, the 

debris flow tracks, debris fan deposits and scars evolved. Newly formed cracks 

hidden by vegetation were found during field surveying. The area affected by 

landslide processes was calculated in GIS using a polygon created based on 

InSAR, aerial photography and field observations (Fig. 3.7). We found that the 

area of the kidney-shaped landslide identified by its morphology is 

approximately 2.9 km2, the perimeter of total area affected by the landslide is 

approximately 7.48 km, and the area having a displacement signal from InSAR 

is approximately 0.9 km2. 
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Figure 3.6. View of the landslide from the northeast (a) and from the back of the 

landslide, east-west (b). There are slopes cut by mining activity in image (a). 

The white arrow shows the direction of landslide movement. The view of the 

landslide from the back (b) shows landslide activity structures that are present in 

the aerial photography correlated with the InSAR signal in Figure 3.5. (c) and (d) 

show secondary landslides and fractures, respectively. Their positions are 

shown in image (b).  
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Figure 3.7. Simplified structural map of the Itskisi landslide. Contour lines are 

based on SRTM DEM and have 30-meter intervals. The features mapped are 

presented in the legend. The possible body of the landslide is within the red line 

(a). The red dashed line shows the landslide boundary detected from the 

morphology. (b) is a detail of the black box in (a). Aerial photography shows the 

fissured, hilly surface of the landslide (c). Structures are well aligned with the 

orientation of the Okada plane, as obtained from modelling of the landslide 

process (Fig. 3.8, Table 1, strike parameters). 
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3.4.3. Modelling results 

 We inverted the three best interferograms with temporal baselines of 46 or 92 

days. Figure 3.8 shows the observed displacements from InSAR data, model 

simulations of the same geometry and residuals that show the difference 

between those two displacement fields. In all these data sets, the optimum 

décollement plane is sub-horizontal and dips slightly to the northwest. The 

residuals are generally less than 5 cm, which means that the signal was 

simulated very well and the residuals approach the noise level. The highest 

residual is in the deposition zone of the landslide. Table 1 shows the output 

parameters for the model initiated with different values of input parameters. We 

detected a slight variation in the location and geometry of the sliding plane. For 

example, the dip ranges between −2 and −12 westward, the strike ranges 

etween 35o and 45o northeast–southwest, the dip slip ranges between −0.12 

and −0.17m to the northwest and the depth ranges from 120 to 190m below the 

surface. As these inversions provide an indirect view on the décollement plane, 

we can now elaborate on the landslide volume. 
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Figure 3.8. Observed quantities (left), modelled quantities (middle) and the 

residual (right). The mining activity was not accounted for in the modelling. The 

parameters of the model are given in Table 1. 

case Temporal 
baselines, 
days 

Length, km Width, 
km 

Deep,  
km 

Dip Strike Dip-
slip, m 

a 46 1.45 0.8 0.19 -9° -36
o 

-0.134 

b 46 1.3 0.6 0.12 -8.2° -40
o 

-0.17 

c 92 1.37 0.67 0.14 -7.4° -39
o 

-0.12 

 

Table 1. Output parameters from inversion model for different interferograms 

(Fig. 8 (a-c)) 
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3.4.4. Landslide volume 

Using the ellipsoid segment concept, we calculated the geometrically predicted 

volume based on the surface affected and the location of the décollement plane. 

We present displacement on the surface as an ellipse with semi-major axes A 

and B, which have values of 1 and 0.3 km, respectively (Fig. 3.3). The axis A is 

found from modelling as the length parameter (average 0.65 km) and h is the 

modelled depth of the detachment plane (average 0.12 km). Based on these 

parameters and using Eq. (2), we estimated the volume of the Itskisi landslide to 

be 0.09 km3. We did not include dip in our volume estimation because the slope 

of the target area is approximately 10, which is similar to the dip angle of the 

décollement as obtained from inverse modelling. Following the empirical Eq. (3) 

and using the affected landslide area as determined from InSAR, we obtain a 

landslide volume of approximately 0.046 km3, which half the volume is 

estimated above. Several reasons may explain this difference. Firstly, we do not 

take the slope of the planes that are truncated ellipsoids into account. Secondly, 

the exponent 1.3 is applicable for both shallow soil-based and for deep bedrock 

landslides. We choose this coefficient only because we have no accurate data 

about the location of the bedrock. In both case, the models were simplified by 

the half space assumption. In other words, topography and material 

heterogeneity were not considered. 

3.5. Discussion 

 In this work, only a limited satellite radar data set was available. In Georgia this 

may result from a combination of political sensitivities, lack of previous scientific 

interest, and acquisition conflicts with other study areas.  

The remaining data, however, allowed us to obtain new insights into a specific 

landslide case in Georgia. Eight reliable interferograms spanning over 3 years 

were produced to map the extent and amount of movement on the ground. Out 

of these, three interferograms have a noise level that makes them difficult to 

interprete, whereby up to 50% of the expected signal is attributed to noise. The 

remaining five interferograms, however, were of a high and consistent quality. 

 In this work we speculate about the relationship between landslide acceleration 

and extrinsic processes. We note that although an earthquake occurred during 

the observation period, at a time coinciding with the largest landslide 

displacements in the InSAR data set, additional and complementary data at the 

landslide site would be needed to make a stronger case for a direct relationship 
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between these events. As long as in-site observations are not made of the Itskisi 

landslide or similar landslides, a clear understanding of external triggers remains 

elusive. The same limitation also concerns rainfall data. No accurate weather 

data was available to us, which is why we herein used weather models instead 

of in-site rain gauge observation.  

The relationship of a landslide area to anthropogenic activities, here meaning 

mining is a critical issue. Because the Itskisi landslide has destroyed the Itskisi 

village and is threatening others, liability issues restrict a great deal of scientific 

communication between ourselves and mine operators. In addition, our own 

survey showed that not only one mining company but at least 17 are involved in 

extracting sands from the landslide toe region, which makes a control on 

extraction rates and volume even more difficult. Here we relied more on satellite 

imagery (Landsat), which clearly show the vast spread of the area of effected by 

mining.  

We use both InSAR and optical data for the detection and kinematic analysis of 

a landslide in Georgia. The landslide is 0.9 km2 in area, subject to a motion of 

up to 6 cm within 46 days and affects a populated region and a major mining 

site. Although we use radar data from a single direction (ascending satellite 

pass) only, the combination of InSAR displacement maps, aerial photography 

analysis and modelling provides information about the landslide dynamics. One 

of the important problems that may be encountered in the processing of radar 

images is the loss of coherence due to spatial or temporal factors. For this 

reason, we excluded some interferograms from our analysis and modelling. In 

the following section, we discuss the effects of extrinsic processes, such as 

those related to rainfall, earthquake and mining activity, on landslide dynamics.  

3.5.1.  Impacts 

The landslide may affect surrounding infrastructure, population and river flow. 

landslide can dam river (Fig. 3.7), which may induce major hydrological hazards 

such as floods or the loss of drinking water resources. Landslide also affects 

erosion and can cause short-term losses of topsoil and vegetation. Landslide 

damming has both short- and long-term effects (Schuster and Highland, 2003). 

The Itskisi landslide directly affected four villages: Itskisi, Makhatauri, Savane 

and Irtavaza (Fig. 3.10). The village of Itskisi was located directly on the 

landslide and moved downslope. Houses there were damaged, and most of the 
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population left the village. The villages Savane and Makhatauri are separated by 

river at the foot of landslide. In the scenario of landslide occurrence, the 

landslide may block a river and reach the village Savane, which is approximately 

300m away from the landslide area. The village Itavaza is located on the 

opposite slope of the landslide.  

Understanding this type of landslide is therefore particularly important because 

eyewitnesses have reported increase in landslide hazards and risk over the past 

few decades.  

3.5.2.  Factors triggering landslides 

A displacement signal is detected in each interferogram shown in Figure 3.4 and  

is particularly strong in interferograms with short temporal baselines. Because 

variation in the displacement rates affects only the kidney-shaped landslide area 

and not the stable surroundings, we conjecture that this variation is not an 

artefact. The normalised velocity value suggests highly variable slip rates. The 

changes in the velocity may be due to variations in groundwater, which are a 

function of rainfall intensity or seasonal water variations such as snowmelt. 

 We select the average velocity at four different places on the landslide (Fig. 

3.4a–h) to investigate the relationship between changes in velocity and 

precipitation. We compare these velocities to average monthly precipitation data 

(Fig. 3.9 black curve), which are based on the atmospheric general circulation 

model ECHAM5 (http://www.mpimet.mpg.de). The spatial resolution is roughly 

equivalent to 2.8 degrees in both directions, latitude and longitude (Roeckner et 

al., 2003). The period from June 2007 to January 2010 has a maximum 

precipitation value of 150 mm. The interferograms from 17 October 2008 to 4 

March 2009, 2 December 2008 to 4 March 2009 and 20 October 2009 to 20 

January 2010 (Fig. 3.4) cover periods with monthly precipitation below 150mm, 

while all other interferograms cover intervals with monthly precipitation less than 

100mm. The velocity in the interferogram from 2 December 2008 to 4 March 

2009 is slightly higher (0.01 cm day−1) than in the interferogram from 4 March 

2009 to 20 July 2009. However, we observe that the interferograms that display 

highest landslide displacements do not concur with episodes of high monthly 

average precipitation (Fig. 3.9). These interferograms cover the time from 20 

July 2009 to 20 October 2009 and 15 July 2007 to 30 August 2007. Thus, the 

http://www.mpimet.mpg.de/
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apparent acceleration of the landslide in September–October 2009 cannot be 

explained by rainfall.  

Inspection of the global earthquake catalogue (CMT) shows that a magnitude 

Mw=6.0 earthquake on 7 September 2009 occurred at 10 km depth and a 

distance of only approximately 30 km from the landslide. On 18 July 2007, 

another earthquake occurred, this one with magnitude Ml=3.8 at 15 km depth 

(http://seismo.iliauni.edu.ge/) at a distance of 12 km. The observed increase of 

the displacement rates at these times suggests that these earthquakes may 

have had a triggering influence. Such a triggering influence is in agreement with 

work by Jibson et al. (1994), where numerous landslides were triggered 

following an earthquake at a distance of approximately 30 km.  

These discussions are relevant given the ongoing mining activity during the 

period of this study. There is 68.07 Ha of mining area covered by 17 mining 

companies (source: www.gwp.org, licenses issued for the use of mineral 

resources in Georgia), as shown in Fig. 3.2 (bright areas). These images do not 

allow clear analysis of the landslide, but they do show the development of 

mining activity (Fig. 3.2, bright areas). Quartz sand extraction began in 1968 and 

accelerated greatly in 2007, reaching rates that continue today. This may 

explain why the points closest to the active mines show the highest velocities in 

2007 (Fig. 3.9, margin line, year 2007).  

We conclude that the landslide may have been triggered by rainfall, earthquakes 

and the man-made removal of the toe. Unfortunately, due to the lack of good 

topographic data, ground data and field information at that time, no clear relation 

between the earthquakes and the triggering of the landslide movements could 

be found.  
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Figure 3.9. Distribution of precipitation (black curve, left scale) based on 

ECHAM5. The coloured lines (green-blue-red) and bar graphs (magenta) show 

velocities (right scale) within the area ‘R’, ‘G’, ‘B’, ‘M’ in Figure 3.4 (a).  

3.5.3. Conceptual model 

Our structural mapping and analysis of InSAR data suggest that several smaller 

sliding blocks combine to form the larger landslide complex. We applied a model 

to study the internal geometry of the landslide. 

 Inspired by the research of Fleming and Johnson (1989), Muller and Martel 

(2000) and Martel (2004), we use a dislocation model to evaluate the depth of 

the sliding plane. The hypothesis is that the structures of large landslides are 

similar to tectonic faults. For instance, the seismic and geodetic observations 

confirmed analogous behaviour of landslide detachment planes and tectonic 

faults (Gomberg and Bodin, 1995). Moreover, the geometry of these two 

elements may also be related, as was found between adjacent ridges parallel to 

the San Andreas Fault in the Carizzo Plains of California and the trend of the 

slide-bounding strike-slip fault on the Slumgullion landslide in Colorado 

(Gomberg and Bodin, 1995). In our model, we had to ignore parameters that 

may play important roles in the development of the landslide process. We did 

not consider possible material heterogeneity, nor did we take into account 

topography or the distributions of possible driving forces and gravitation. Our 

model also does not show the evolution of a landslide and secondary slides and 

has difficulty predicting the true shape of the sliding plane. However, in the first 
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approximation, the model selects the potential sliding plane most susceptible to 

failure from an infinite number of potential surfaces. In addition, translational 

slides can be connected to upslope and downslope rotational slides (Fig. 3.10). 

The lengths of the displacement vectors remain the same at certain areas (Fig. 

10, profile), and the distribution of the displacement vectors is a function of the 

slip-surface sliding plane (Casson et al., 2005). The equal displacement vectors 

in the centre zone of the landslide indicate a uniform translational landslide there 

(Casson et al., 2005). However, the lengths of the displacement vectors 

increase from east to west, which implies the presence of rotational landslide 

elements in the upper zone (Fig. 3.10, profile).  

The complete picture of the landslide therefore consists of a planar 

(translational) fault at depth that curved toward the toe and headwall to form a 

combined rotational-translational landslide body. Secondary landslides 

developed and migrated, piggybacking on each other. Antithetic faults and horst 

and graben structures developed. The grabens formed ponds and destroyed the 

Itskisi village, whereas the horst structures are currently exploited by mining 

activity. A local girdle of subsidence surrounding the mine highlights the effects 

of the loss of toe support. Landslides may be triggered by mining intensification 

(as in 2007) or earthquakes (as in 2009). A direct link to rainfall was not found, 

though we note that the rainfall database was poor.  

Previous studies show the efficiency of combining different remote sensing 

images for monitoring and characterising landslide processes (Strozzi et al., 

2005; Casson et al., 2005). Using both radar and optical satellite images allows 

us to trace the behaviour of landslides in space and time and to evaluate an 

area affected by possible landslides. A conceptual model was developed based 

on observational data from remote sensing (Casson et al., 2005). The aim of the 

conceptual model is the evaluation of the volume of possible landslides for the 

hazard mass movement:  
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Figure 3.10. (a) Three-dimensional GIS visualisation showing InSAR-measured 

displacements in cm (2009 09 04 – 2009 10 20) on a digital elevation surface 

(ASTER, resolution 30 m) combined with an aerial photograph. The area is 3.5 

km east-west by 4.8 km north-south in size. The colour scale bar indicates 

displacement. Four villages were affected by the landslide. (b) The profile along 

the region of interest runs west-east along the X-X’ transect shown in (a). The 

colour scale for the profile points is the same as for the 3-D visualisation above. 

The vectors are directed to the line-of-sight. The length of the vector indicates 

the magnitude of the displacement, which was artificially increased by a factor of 

100 for better visibility. The slip plane for the Itskisi landslide is estimated based 

on results from remote sensing, field observations and modelling. Our model 
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favours the landslide to be complex, with both a translational part (Okada 

model) and rotational elements (dashed red curves). 

3.6. Conclusions and perspective 

Landslides in the area of the Caucasus Mountains are not well monitored due to 

the high costs and difficult logistics of doing so. As we demonstrate, the 

combination of InSAR data, aerial photography analysis, Landsat imagery and 

other information allows us to identify and monitor a landslide in the centre part 

of Georgia. The displacement rate of the landslide is from 10 cm year−1 to 30 cm 

year−1, covering an area of approximately 0.9 km2. Our data suggest that the 

landslide movement is not stable, occasionally displaying a significant 

acceleration. These episodes of high landslide mobility may be associated with 

potential external triggering mechanisms, such as rainfall, man-made activity or 

a tectonic earthquake.  

We characterise the landslide movement and determine displacement velocities 

within the landslide body. By combining this work with modelling, we are able to 

more precisely explore the dimensions and detachment plane geometry and 

further illuminate potential hazards and environmental interactions. The 

maximum depth of the landslide detachment plane ranges from 0.12 to 0.19 km. 

 Field observations show good correlation of surface fractures and the 

displacements obtained from InSAR data (Figs. 3.5 and 3.6). We identify a 

number of factors that may trigger landslides. Mining caused a loss of mass in 

the toe. The intensification of mining exploration locally increased the landslide 

velocity. In addition, the most dramatic velocity increase was found in 

association with a Mw=6.0 earthquake located 30 km from the landslide.  

This landslide poses threats to human lives and structures that support 

transportation and natural resource management in four villages. The landslide 

or its part may be activated given the proximity (~30 km) of a possible focus of a 

strong earthquake (Keefer 1994; Wasowski, 2002). 

 This finding has important implications for hazard assessment because the 

location and type of landslides in Georgia apparently vary in time. The mining 

industry, which provides and improves infrastructure and prosperity in the 

region, also may contribute to triggering landslides.  
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Over the past 30 years, the use of remote sensing techniques in the 

geosciences has increased dramatically. The number of satellites with various 

temporal and spatial resolutions, bands and broad coverage has also increased. 

In this regard, there is greater opportunity to explore an event with various data 

sets. The probability of data being available for unexpected geological disasters 

is also higher. This remote sensing development plays a major role for creating 

a data archive for Georgia, where high hazards exist but only small numbers of 

observational tools are used.  

The results of this study demonstrate that complex remote sensing techniques 

have the potential to become good tools for early warning of landslide disasters. 

Satellite data allow monitoring landslides in space and time. The displacement 

distribution obtained from InSAR data can be used in a model to characterise 

the geometry and spatial evolution of the landslide slip surface. Its temporal 

evolution can also be investigated with remote sensing data.  

Our work suggests the landslide to have a decade long history, which is 

developing. From Landsat imagery we see that the man-made activity has 

significantly increased (Fig. 3.2). Our own survey and questioning of residents 

further support the fact that the mining activity has strongly increased in the past 

8 years. One may speculate that the effect of man-made activity on landsliding 

may even augment more risk as unloading in the toe region continues. 

Moreover, as the landslide is hence further developing, also interacting 

processes, such as earthquake or rainfall triggering may alter with time. 

Therefore, close observation and further work with a more regular data 

acquisition are needed, allowing detection of displacement rate changes at 

higher detail. Also, monitoring of mining activity may also help to clarify the 

impact that man-made actions have on natural hazards. In this view, the Itskisi 

landslide may provide an excellent laboratory, where such interacting and 

cascading processes might be well studied. 
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Abstract 

Central Georgia is an area strongly affected by earthquake and landslide 

hazards. In April 1991 a major earthquake (Mw=7.0) struck the Racha region, 

followed by aftershocks and significant afterslip. The same region was hit by 

another major event (Mw=6.0) on 7th September 2009. We used the ALOS L-

band InSAR data to produce an interferogram spanning the time of the second 

event, considering the pre-, co- and postseismic periods. We also simulated the 

rupture of the fault parameterized on the basis of seismic records and using an 

elastic dislocation model. We detected a localised uplift  in the interferogram 

near the earthquake’s epicenter whereas evidence of surface ruptures could not 

be found in the field along the active thrust fault, similarly to the 1991 event.  

The results suggest that deformation occurred in the same area where earlier 

damaging earthquakes were observed. We compared our modeled fault surface 

with the April 1991 and September 2009 Racha earthquake fault surfaces, and 

identify the same fault system as the origin. 

4.1. Introduction 

The region of Racha, Georgia, is a very active geological environment, with 

numerous damaging earthquakes and landslide hazards occurring during the 

20th century. In 1991, a major earthquake  occurred along a blind thrust fault, 

causing severe damage to infrastructure and triggering other hazards, such as 

landslides and rock falls (Jibson et al. 1994; Arefiev et al. 2006). An earlier study 

showed that a similar, though with a smaller magnitude, event occurred in 

September 2009. Landslide in the Sachkhere region showed a small, but 

relevant acceleration that might be associated with this event  (Nikolaeva et al. 

2013). In this work, we employ satellite radar measurements to detect and 

model surface displacement associated with the 2009 Racha earthquake. 

Although the deformation signal is small, and possible environmental artifacts in 
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the data are relevant, our model solutions suggest a rather complex fault, which 

is in agreement with the fault plane solutions obtained by teleseismic records, 

with the locations of aftershocks, and with the fault geometry as constrained for 

earlier ruptures, such as in the one 1991. 

Interferometric synthetic aperture radar (InSAR) has been widely used to 

measure tectonic deformations since the first publication presented this method 

for the Landers earthquake (Massonnet et al. 1993). However, the focus has 

been on the earthquakes with magnitudes greater than 6, which produce larger 

deformations (Reilinger et al. 2000; Wang et al. 2004; Funning 2005). In this 

case, the InSAR observations often show clear signals. However, the cases of 

small earthquakes are less studied due to the surface displacements likely to be 

insignificant. Consequently, the InSAR deformation product can be mistaken by 

uncertainties, such as orbital errors or athmospheric contributions (Bell et al. 

2012). It therefore involves additional steps to apply InSAR observations to such 

events to infer the parameters of a fault model that reproduces the observed 

deformation. Herein, we make use of data from the ALOS L-band radar satellite 

to detect the coseismic surface deformation associated with the moment 

magnitude Mw=6.0 event on the 7th September 2009 in the Racha region (the 

Greater Caucasus mountains).  

4.2. Study area 

Located at the junction between the Arabian and Eurasian plates, the Caucasus 

is one of the most seismically active regions in the Alpine-Himalayan collision 

belt. Georgia,  as  part  of  the  Caucasus,  is  located  in  the  central  faulted 

segment (Fig. 1), and has experienced both historical and recent strong 

earthquakes.  

The study area belongs to a fold and thrust mountain belt of the Greater 

Caucasus (Adamia et al. 2010) with shallow dipping to the North (Tan and 

Taymaz 2006). Consequently, the tectonics are represented mainly by vertical 

movements (Lilienberg 1980) and shown a general correlation with the 

topography (Philip et al. 1989). The geological structure resulting from the 

ectonic movements represents the thrust-nappe system of the Greater 

Caucasus. Two main tectonic units can be distinguished – one area of main 

ridge and one of the thrust-nappe system of the southern slopes of the 

Caucasus mountains. The nappe system is formed by Cretaceous to 

Quaternary sediments and locally maskes fault truces (Philip et al. 1989).   



68 

 

 

Figure 4.1. Location of the Racha 2009 Earthquake and aftershocks with 

magnitudes greater than 4 (www.seismo.ge). Major faults are presented by 

yellow dashed lines (Gamkrelidze and Shengelia 2007). The beach ball diagram 

is the CMT solution for the Racha 2009 earthquake. The brown frame shows the 

location of ALOS PALSAR images.  

The seismicity of the area reflects the general tectonics of the region (Philip et 

al. 1989). The Caucasus represents a so-called continental collision belt 

between the Arabian and Eurasian plates. GPS measurements have shown that 

the Caucasus block moves at 13 mm/yr in an east-south direction relative to 

Eurasia and also has a rotational displacement component with respect to 

Eurasia (Reilinger et al. 2006). In addition to the seismic activity, the 

complicated lithological-tectonic composition of the region and with strong 

topographic reliefs underlines the relevance of exogenic processes, such as 

rainfall and erosion, accompanied by numerous landslides of different scales 

(Gracheva and Golyeva 2010b).  
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The analysis of the historical and instrumental seismological record shows that 

this region is of moderate seismicity. The possibility of extending the catalogue 

of strong events (instrumental records) until the beginning of 20th century is 

important for the seismic study of the region (van Westen et al. 2012). 

4.3. The Racha earthquake 2009 

On 7th September 2009 at 22:41 GMT or 8th September at 3:41 a.m. (local time), 

an earthquake with a moment magnitude Mw=6.0 occurred in northern Georgia 

(Global Centroid-Moment-Tensor (CMT) Project) at a depth of 13.4 km, with its 

epicenter at Lat=42.61, Lon=43.51. Within minutes, four aftershocks occurred 

with magnitude greater than 4. Other aftershocks followed, with some reaching 

magnitudes greater than 4 until 13th September 2009.  

The main shock epicenter was located ~80 kilometers north-east of the city of 

Kutaisi in the Oni district of the Racha-Lechkhumi region. The mainshock was 

felt in Tbilisi (155 km south-east of the event), the capital of Georgia, and in the 

west of Georgia (Gori and Zugdidi towns). There were no reports of human 

losses. However, the tremors damaged at least 200 buildings, with some roads 

blocked by rock falls and damage to service lines (information from the Seismic 

Monitoring Center in Tbilisi, www. seismo.ge).     

Focal mechanism solutions and the tectonic structure for the earthquake are 

available from the EMME (Earthquake Model of the Middle East Region, 

www.emme-gem.org), CMT (www.globalcmt.org ) and Geophysical Survey, 

Russian Academy of Science (www.ceme.gsras.ru) websites.  

Focal mechanism solutions were obtained from the arrival of P-waves 

(Fuenzalida et al. 1997). There are several minor variations in the avaliable 

solutions (Fuenzalida et al. 1997; Vakarchuk et al. 2013). On the basis of the 

available information, we gathered all the data came to follow characterization of 

earthquake mechanism. The type of motion was consistently defined as being 

thrust, roughly dipping to the northeast. Parameters from the CMT solution are 

strike=314°, dip=28°, slip=106°, with the moment tensor solution showing a pure 

thrust mechanism without a strike slip component. 

4.4. InSAR data and processing steps 

We combine radar images of the Racha region acquired at different time to 

obtain the two pass interferometric phase. Interferometric phase contains 

information about the difference between two independent time measurements 

http://www.emme-gem.org/
http://www.globalcmt.org/
http://www.ceme.gsras.ru/
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of the radar-to ground range (Hanssen 2001). Only the ascending track 

(eastward-viewing) of the ALOS satellite, L-band, are available for this area. 

Therefore only one line-of-sight (LOS) component of the deformation field is 

observable.  Hence, a three dimensional velocity field cannot be extracted from 

this data alone.  

 

Figure 4.2. InSAR processing steps to improve the signal to noise ratio. a) 

Single-look interferogram, b) multilook interferogram, c) unwrapped 

interferogram, and d) interferograms after applying orbital corrections.  

We processed eight pairs using seven SAR images. Four of the pairs covered 

the pre-seismic period, three pairs covered the co-seismic period, and only one 

covered the post-seismic. We formed single-look interferograms using whole 

ALOS PALSAR scenes in DORIS (Kampes and Usai 1999). The SRTM digital 

elevation model (DEM) was subtracted from each interferogram. Only the co-

seismic pairs clearly showed a deformation, which we expect is proof of 

deformation associated with the earthquake. 
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In general, the interferogram quality was found to be rather poor. To improve the 

quality of these interferograms, we applied a multilooking filtering approach, so 

that each pixel of an interferogram represents ~200 by 200 meters square on 

the ground. The adaptive filter was used to smooth the speckles in the 

interferograms (Principe et al. 1993). We used a two-dimensional phase 

unwrapping algorithm  to obtain unambiguous phase data. To remove the orbital 

contribution in the phase, we applied a wavelet multi-resolution analysis and 

robust regression (Shirzaei and Walter 2011) (Fig. 2(d)). Atmospheric delay was 

extracted using the phase-elevation ratio (Zebker et al. 1997) (Fig 3(g)). The 

phase-elevation correlation in the south of the image appears to be less 

pronounced, since the topography there is more gentle than in the north (Fig. 2). 

After these corrections and filtering procedures were applied, we observe some 

relevant signals that reflect a deformation field (Fig. 3(e-g)). Further evaluation 

of this deformation field was made in comparison with the dislocation model. 

4.5. Modeling 

We used a dislocation elastic half space model (Okada 1985) to evaluate the 

possible deformation from the 2009 Racha earthquake. The model calculates 

the deformation arising from a defined fault plane position and geometry. The 

model requires the following parameters: geometry of the fault plane (length and 

width), position of the fault in space (strike, depth, dip, coordinates of upper 

middle edge of fault) and the displacement components (strike slip and dip slip). 

We utilized the strike and dip from the above presented average focal 

mechanism solution. Other parameters were calculated based on the known 

moment magnitude and epicenter of the earthquake. For the first approximation, 

we assumed that the fault size was 10 by 10 km (Donald et al. 1994). Knowing 

the moment magnitude (Mw), we obtained an average displacement D =0.33 

meters from formula: 

  
  

  
 (1) 

where A is the fault area, μ is the rigidity constant (3*1011 dyne/cm2 ) and  M0 is 

the seismic moment, which we extracted from the formula (Hanks and Kanamori 

1979): 

   
 

      
      (2) 
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For the second step, we used the InSAR observations in an inverse modelling 

scheme where we estimated model parameters from observed InSAR data. We 

included a  possible geometry of fault, its depth and displacement in our 

estimation. The non-linear inverse problem is solved using a genetic algorithm 

(Shirzaei and Walter 2009).     

4.6. Results 

1.1.1.  InSAR 

All pre-seismic interferograms reveal a stable area where later an earthquake 

has occurred (Fig. 3 (a-d)). Three of those interferograms are spanning different 

time periods. Three co-seismic interferograms show a deformation signal 

around the fault zone area (Fig. 3 (e-g)). They are all time dependent since the 

second acquisition is the same for pairs. The deformation field is elongated 

along NW-SE and occurs in the region of the aftershocks following the 2009 

event. The long axis is about 15 km, parallel to the seismogenic fault 

constrained earlier (Gamkrelidze and Shengelia 2007). The maximum value of 

deformation is around 10 centimeters in LOS. The deformation is mostly due to 

uplift in the region north of the alleged fault (Fig. 1). The interferogram 

20090904-20091020 (yyyymmdd) is built from acquisitions 4 days before the 

earthquake and 42 days after (Fig. 3(f)). This interferogram is of good quality 

and it includes the phase changes associated with main event and aftershocks. 

We used this for our modeling.  

Unfortunately, there is only one post-seismic interferogram (Fig. 3 (h)) of a poor. 

However, it shows stability for the seismicly active area.  
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Figure 4.3. Pre-seismic, co-seismic and post-seismic deformation fields. The 

black dots are the epicenters of the main shock and the aftershocks with 

magnitudes greater than 4 (www.seismo.ge).     
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1.1.2. Okada model 

Our initial dislocation elastic half-space model is based on the main event focal 

mechanism, CMT solution: strike=3140 and dip=280 (Fig. 4(a)). The dip slip=0.34 

m was calculated from formula (1), with the assumption that the fault is a 

rectangle and has the parameters length=10 km, width=10 km. The depth (10 

km) and position is in the middle of the fault plane and was calculated based on 

knowledge of the earthquake‘s epicenter. The model generally reproduces the 

distribution of deformation, but has significant residuals when subtracted from 

the InSAR data (Fig. 4 (a)). 

Figure 4.4. a) Model based on the CMT solution (left), InSAR interferogram 

(middle) and residual (right) between the observations and model. b) Same as in 

the previous case, but with a different strike value. The black frames show the 

projection of fault plane.  

The shallowest edge of the fault, however, is not identical to the main orientation 

of the deformation from the InSAR observations in modeling case (a) (Fig. 4 

(a)). We found that the modeled deformation of a fault oriented 2880 from north 

clockwise better fits the deformation observed in the InSAR results. This trend is 

also in agreement with the 1991 Racha earthquake, the same fault ruptured, 

b) Strike=2880 

a) Strike=3140 meter 
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either directly at or very close to the current earthquake rupture zone, as will be 

further discussed below. 

4.7. Discussion 

Using satellite radar interferometry, we investigated the displacement 

associated with the 2009 Racha earthquake. We assessed the ALOS radar data 

catalogue and processed data that covered the earthquake area and period 

surrounding.  

We used inverse modeling to check our hypothesis about a shallow fault. We 

inverted using only the InSAR data and assumed a fixed potential mechanism 

suggested by the CMT focal mechanism solution. Repeated source 

optimizations however, failed to result in consistent source parameters meaning 

that the results are unstable. To understand the mechanism of the fault, we had 

to consider the rupture geometry within the context of previous earthquakes. For 

this reason, we will now briefly review the 1991 Racha earthquake, and the 

associated post-seismic deformation.  

The 1991 Racha earthquake (Mw=6.9) was the strongest instrumentally 

recorded event in the Caucasus region (Fuenzalida et al. 1997). The Harvard 

CMT solution presented a double-couple focal mechanism equivalent to a pure 

thrust fault (Fuenzalida et al. 1997). The main parameters of the main shock and 

the largest aftershock (Mw>5.5) are given in Table 1. The aftershock 

distributions allowed two main branches, to be distinguished one trending N3100 

and the other N1050. 

A comparison of the epicenters from the 1991 and 2009 events reveal the same 

latitude and a difference of only 0.10 in longitude. Also, as we described before, 

the deformation InSAR trench fits well with a model with a strike =2880 (Fig.4 

(b)). This strike presents the Harvard CMT solution for the 1991 Racha 

earthquake (Fuenzalida et al. 1997). Therefore, the interesting question is if the 

2009 earthquake occurred on exactly the same fault as the 1991 earthquake 

and, if yes, did the 2009 earthquake fill a seismogenic gap? Answering this 

question is challenging, however, because of the complexity in the rupture 

geometries and dynamics of these events (Fuenzalida et al. 1997; Vakarchuk et 

al. 2013). 
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Table 1. Data from Global CMT catalog 

Date Lat Lon Mw Strike Dip Slip 

29.4.1991 42.6 43.61 6.9 288/87 39/53 106/77 

29.4.1991 42.38 43.75 6.1 261/62 41/50 104/78 

3.5.1991 42.54 42.94 5.6 315/87 47/55 127/57 

15.6.1991 42.58 43.07 6.2 138/16 49/58 44/130 

 

The fault system for the 1991 Racha earthquake was formed by four subsources 

using body wave inversion (Fuenzalida et al. 1997). One subsource significantly 

dominates the others. Therefore, the model presents a simple single rupture 

pattern (Vakarchuk et al. 2013). Based on observations of separate clusters of 

aftershocks (Arefiev et al. 2006), the model with three complex subsources was 

created (Vakarchuk et al. 2013). Two subsources were presented with a thrust 

type of motion. The reverse type of motion was included also for one subsource. 

It is possible that the use of a simple model leads to instability in our case.  

The hypocentral depth of the 2009 earthquake was proposed to be at 7 km 

instead of 15 km, according to CMT catalog (Vakarchuk et al. 2013). Also, 

based on InSAR data, we can assume that the fault plane may be shallower to 

the surface. 

Although surface faulting was not observed (Arefiev et al. 2006), a large number 

of landslides were activated during and after the Racha 1991 earthquake 

(Jibson et al. 1991). The distribution of the strongest co-seismic deformations in 

the Racha earthquake 1991 area (Jibson et al. 1994; Arefiev et al. 2006) has a 

similar location to the observed InSAR co-seismic deformations associated with 

the Racha 2009 earthquake.  

Limitations of the herein discussed results mainly may come from the quality 

and quantity of the InSAR data. Only one viewing component was available, and 

a small amount of radar data has been archived by the space agency. However, 

despite this, the presented InSAR results allow to develop a general concept 

about the displacement occurrence and are the only geodetic source available 

for the studied event. 

4.8. Conclusion  

Central Georgia repeatedly suffers from earthquakes and landslides. Here, we 

investigate the recent 2009 Racha earthquake. We investigated ALOS satellite 
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radar images, acquired in ascending mode for the period before, during and 

after the earthquake. We generated two-pass interferograms and after filtering 

could identify a significant signal that might reflect the co-seismic displacement 

field. Through inversion modeling we could locate the geodetic source, and 

model the displacement signal. Results suggest that the Mw 6.0 Racha 2009 

earthquake allegedly occurred on the same fault as the Mw7.0 1991 event.  

Our research demonstrates the good possibility of InSAR L-band  to observe 

deformation arising from small tectonic events and provide new insights into the 

tectonic processes of the Caucasus based on radar remote sensing data. Also, 

InSAR data has the potential to allow us to learn more about the rupture process 

of earthquakes in the years after. 

The main deformations were rock avalanches and landslides for both 

earthquakes. Thereby, the mapping of the deformation zone after an earthquake 

leads to resolving the distribution density of landslides in the Racha area. 

If additional descending and high quality co-seismic InSAR data existed, we 

would have been able better determine the focal mechanism, and constrain it in 

three dimension.   

4.9. Outlook  

We are going to develop inverse modeling for InSAR data and constrain 

complex fault systems which were described above (Fuenzalida et al. 1997; 

Vakarchuk et al. 2013). 
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5. Conclusions  

This work set out to examine the occurrence of landslides in central Georgia and 

associated interdependencies (earthquakes, an thropogenic activities, etc.). To 

this aim, we have used InSAR methods and inverse modeling, and found them 

to be very useful tools for evaluating source parameters. Similar tools were used 

to define earthquake locations and to map the resulting surface deformations. 

Moreover, the additional avalibility of ground observations improves and clarifies 

the knowledge of geological processes of an earthquake and landslide related 

processes.  

In this thesis, we used InSAR in combination with optical data to detect, map, 

monitor and investigate landslides in an area that has not been monitored in 

detail previously. Our research has shown the possibility and limitation of 

different radar techniques to detect and monitor landslides with different rates. 

Also, we estimated the velocity and undertook source modeling to invert radar 

interferometry results for a previously unknown landslide. The output data in the 

form of velocity, depth of a sliding surface and the volume involved can be used 

to improve landslide inventory maps and hazard evaluation for a particular 

investigated landslide. Our research shows the value of remote sensing for the 

detection and study of landslide over the Caucasus region, an area where the 

ground monitoring systems are quite poor. 

In the following paragraphs, we summarise the conclusions of this work, 

covering the detection, monitoring and study of landslides using remote sensing 

data and inverse modeling in central Georgia. We also describe our conclusions 

concerning the 2009 Racha earthquake the observed deformation due to this 

earthquake and model.      

5.1. Landslide detection and monitoring using InSAR methods 

The detection and monitoring of landslides is often a difficult task due to the lack 

of scientific expertise, cost of instrumentation or difficult access. Some of the 

difficulties could be reduced by using remote sensing methods. The main 

advantage of remote sensing is the wide coverage and possibility to survey data 

in archive and follow the evolution of the process from the past to the present. 

The activity of a landslide can be extracted by the use of radar images, and by 

InSAR methods specifically. 
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We presented different InSAR methods to detect and monitor landslide. In 

particular, we showed that it is important to use a combination of different InSAR 

methods to study landslides within different regimes. Nevertheless, a fast 

landslide is not detectable by using InSAR methods. This is because the loss of 

coherence between acquisitions. 

The product from InSAR methods is the spatial and temporal evolution of a 

landslides displacement and can be used to characterize the geometry of the 

landslide slip surface. We introduce a chart to calculate landslide volume based 

on InSAR output and inverse modeling. The modeling provides the location and 

proportions of the landslide slip surface. The volume formula for a rotational 

landslide was extended to a translational-rotational landslide.   

We focused our study on active landslides whose displacement rates may 

increase due to different triggering factors, such as regional earthquakes, mining 

activity and rainfall. We employed all available information to determine a link 

between acceleration in a landslide’s movement and possible reasons for this. 

However, a solid database for assessing meteorological forcing was not 

available to us.  

The combination of remote sensing and other data such as ground observations 

and geological analysis may allow an expansion of possible analysis. However, 

ground data collection is not a trivial task for areas where there are private 

mining companies (as in our case of landslide study). Also, the lack of 

geological data does not allow us to make more realistic models for this area. 

However, the present work can be used as guide to detect and investigate a 

landslide remotely for a relatively low cost. 

5.2. Deformation in Racha region due to earthquake 

Ground deformation of the order of 10 cm relative to the line-of-sight was 

inferred from the InSAR observations associated with the 2009 Mw=6.0 Racha 

earthquake. This deformation is in general agreement with a simple elastic 

dislocation model, which was calculated based on information about the 

earthquake’s focal mechanism solution derived from waveform data. InSAR data 

can clarify the presented uncertainties of the source models for the Racha 

region and local tectonic settings.   
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6.    Outlook 

Although the lack of geodetic data in Georgia does not allow us to construct a 

more precise model for landslides and the 2009 earthquake, ongoing ground 

truth studies in Georgia and the present and future satellite missions (TerraSAR-

X, Alos-2, Sentinel-1) should bring additional information and expand and clarify 

the presented concepts for landslides and earthquake. To this aim, we also 

tested the ability of higher resolution TerraSAR-X data applied to landslides, and 

compare results to those from the ALOS L-band data. The results in general 

agree, but the quality improves. Also, it is very important to establish a link 

between present and past data in order to interpret the evolution of natural 

processes, which requires more work in the future.  

6.1.  Integration of InSAR results from TerraSAR-X with ALOS 

(PALSAR) data for landslide area, case study from Sachkhere 

region, Georgia  

Landslides are complex phenomena. Each zone within the landslide may have a 

different behavior, especially if the landslide extends several hundred meters or 

more. Interferometric Synthetic Aperture Radar (InSAR) is a good technique to 

detect deformation that covers areas of several kilometers. 2-pass 

interferometry, persistent scatterer interferometry (PS-InSAR) and the small 

baseline subset (SBAS) approaches were used in this work to study landslide 

behavior in more detail. In our work, we used two different types of SAR (ALOS 

and TerraSAR-X) imagery to identify the stability of landslide-prone areas. 

Interferograms from TerraSAR-X imagery may detect faster ground movements 

easier due to the short repeat cycle (11 days) with a higher accuracy, because 

of the short wavelength (3.1 cm) and the high spatial resolution (1m).  L-band 

InSAR generates better results in vegetated areas due to the long wavelength 

(23.6 cm) and has a good ability to form long-term interferograms.  

Interferograms from descending TerraSAR-X imagery (observations are made 

from the east) show one part of the landslide, which moves several centimeters 

per month. By stacking ascending ALOS data (observations are made from the 

west) of a long time interval (2007-2010), we detect a different part of the same 

landslide moving at several millimeters per year. We observed that the 

combination of imagery with different wavelength and different methods, provide 

a wide picture of the velocity field in different parts of the landslide. 
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Figure 6.1. Example of TerraSAR-X wrapped interferogram (13.03.2012-

11.04.2012) in the left and same unwrapped interferogram in the right. 

 

 

Figure 6.2. (a) Three dimensional views of the landslide area (within the margin 

contour) presented together with a ASTER DEM, QuckBird satellite images and 

polyline of the river system (blue curves).  (b-c) Velocities derived from stack (b) 

and time series (c) InSAR L-band (ascending) images between July 2007 and 

June 2010. (d) TerraSAR-X data presents displacement map from the 

descending track between 31 March 2012 and 4 April 2012. The highest 

displacement from TerraSAR-X data can be attributed to seasonal variation then 

when in case L-band, the average velocities covered three years were 

presented.  
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descending track between 31 March 2012 and 4 April 2012. The highest 

displacement from TerraSAR-X data can be attributed to seasonal variation then 

when in case L-band, the average velocities covered three years were 

presented.  
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