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ABSTRACT

DATA DRIVEN LANDSLIDE HAZARD ASSESSMENT
USING GEOGRAPHICAL INFORMATION SYSTEMS
AND REMOTE SENSING

Stizen, Mehmet Liitfi

Ph.D., Department of Geological Engineering

Supervisor: Prof. Dr. Vedat Doyuran

January 2002, 196 pages

The purpose of this thesis is to generate and evaluate a concise system of data
driven landslide hazard assessment procedure. The Asarsuyu catchment area and Bolu
Mountain highway pass are selected for this purpose

In this study, three data domains, which are remote sensing products,
geological maps and topographical maps are used. The landslides of four different
historical periods are interpreted using aerial photographs. Land cover is extracted from
satellite images. Thirteen sets of parameter maps are produced from geological and
topographical maps and from remote sensing products. In order to store the information
of these parameter maps in a concise thematic database a 25x25 meter grid is overlaid
to the area. Two different sets of points are defined. First one representing the
properties of slided masses and the other set representing the conditions contributing to
the sliding phenomena. The information falling on these points are stored in five
separate thematic landslide attribute databases, as two main databases are Seed Cells
and Slided Mass Databases, with accessory three other as, Polystats, Fuzzystats and
photo-characteristics databases. Following the creation of the databases, the



information stored are evaluated and preliminary landslide generating decision rules are
extracted.

In conjunction with these preliminary results a hazard assessment procedure,
starting from the least detailed and simple ranging up to most complex statistical
analyses are initiated. Finally a relative accuracy assessment procedure is carried out
using the hazard maps produced. It is found that the most accurate, reliable and realistic
results concerning the landslide hazard assessment of Asarsuyu catchment are
obtained through logistic regression analyses.

The results of landslide hazard assessment of Asarsuyu catchment shows that:
the northern slopes of the Asarsuyu catchment is classified as very low hazard due to
the presence of low population, undisturbed dense forest land cover, being very distant
to E-5 highway and to the major active fault and the favorable lithological conditions.
The southeastern slopes especially the Bolu Mountain Highway pass are definitely on
very high hazard class due to the removal of lateral supports by E-5 highway cut slopes,
close location to active faults, high disturbance of the land cover, high traffic activity
along the highway resulting in extra vibration, and the presence of flyschoidal units

Keywords: Asarsuyu Catchment, Bolu Mountain, Geographical Information Systems,
Landslide Hazard Assessment, Logical regression, Remote Sensing
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COGRAFI BILGI SISTEMLERI VE UZAKTAN ALGILAMA
TEKNIKLERI KULLANILARAK
VERI KAYNAKLI HEYELAN AFETI TAYINI

S(izen, Mehmet Litfi

Doktora, Jeoloji Mihendisligi B&limu
Tez Yoneticisi: Prof. Dr. Vedat Doyuran

Ocak 2002, 196 sayfa

Bu galigmanin amaci, kisa ve 6z veri kaynakl bir heyelan afeti tayin yéntemi
gelistrmek ve degerlendirmektir. Bu amagla uygulama arazisi olarak Asarsuyu su
toplama havzasi ve Bolu Dagi otoyol gegisi segilmisgtir.

Bu calismada, uzaktan algilama driinleri, jeolojik haritalar ve topografik
haritalar, olmak (izere Ug veri alani kullaniimigtir. Hava fotograflar kullanilarak dért ayri
dénemin heyelan envanteri gikanlmigtir. Arazi kullanim haritasi igin ise, uydu
gorintdlerinden yararlanilmistir. Jeolojik ve topografik haritalardan ve uzaktan algilama
Urlinleri kullanilarak 13 ayn parametre haritasi Uretilmigtir. Bu parametre bilgilerini bir
veri tabanina aktarabilmek igin, 25x25 metrelik bir a§ arazi (izerine oturtulmustur. Iki ayr
takim nokta belirlenmistir. Bunlardan ilki kayan kditlelerin 6zelliklerini, digeri ise kaymaya
neden olan kosullari icermektedir. Bu noktalarda saklanan bilgiler, bes ayri veri tabanina
aktariimigtir. Bunlardan kayan kitle ve kék hiicre veri tabanlari iki ana veri tabanini
olusturmaktadir. Diger (¢ yardimci veri tabani ise, alansal (polystats), gekilsel
(fuzzystats) ve foto-karakteristik veri tabanlaridir. Veri tabanlarinin tiretimesinden sonra
heyelanlar hakkinda ilk karar verme kurallari elde edilmistir.



llk sonuglar 1si§inda en basit ve ayrintisiz analizlerden baglayarak, en
karmagik istatistiksel ybntemlere kadar uzanan bir heyelan afeti tayin y&ntemi
izZlenmigtir. En son olarak ise, gbreceli hata tayin -ydntemi kullanilmigtir. Bunlann
iIsidinda en makul ve gergede en uygun yétemin mantiksal regresyon oldugu sonucuna
varilmigtir.

Heyelan afeti tayininin sonuglarina gore, diigiik niifus yoguniugu, bozulmamig
arazi ortlisti, E-5 otoyoluna ile aktif fay hatlarina uzakli§i ve saglam kaya birimleri ile
Asarsuyu su toplama havzasinin kuzey yamaglari ¢ok dlsuk riskli afet alam olarak
belirlenmigtir. Glineybati yamaglari, 6zellikle Bolu Dag gegisi ise, E-5 yolunun yarmalar
nedeniyle yok olan yanal destekler, aktif faylara olan yakinligi, E-5 otoyolundaki yliksek
trafik yogunlugu ve flig litolojisinin varlii nedenyle gok yuksek riskli afet alani olarak
belirlenmigtir.

Anahtar Kelimeler: Asarsuyu Havzasi, Bolu Dagi, Cografi Bilgi Sistemleri, Heyelan
Afeti Tayini, Mantiksal Regresyon, Uzaktan Algilama
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CHAPTER1

INTRODUCTION

1.1 Purpose and Scope

Every year, thousands of people all over the world are loosing their lives in
natural disasters, which are quite costly to the world economy both in humilian affairs
and in economical aspects. Natural disasters have major direct and indirect economic
and socio-economic effects in addition to the physical destruction that may occur.
Furthermore, the impact of these disasters are higher in developing countries than in
developed countries due to the fact that the developed countries had already created
disaster mitigation and disaster preparedness programs.

Disasters are natural hazard events in which a natural phenomenon or a
combination of natural phenomena such as earthquakes, mass movements, floods,
volcanic eruptions, tsunamis etc., can cause many loss of lives and damage to the
property. Almost no portion of the earth’s surface is free from the impact of natural
hazards. Due to increasing population densities and uncontrolled or not well-planned
development, especially in developing countries, more and more people are affected by
disasters. High precipitation, the deficiencies of infrastructure and lack of disaster plans
and hazard maps are paid off by human lives in Turkey.

Disasters have both immediate and long-term implications. Plans formulated for
disaster prone areas should therefore cover both these contingencies. It should also be
remembered that a disaster might initiate a chain of severe hazards in addition to the
direct impact damage.

Over the past two decades, many scientists have attempted to assess landslide
hazards and produced maps portraying their spatial distribution. However, up till now
there has been no general agreement on the methods or even on the scope of these
investigations (Brabb, 1984, Carrara, 1983, 1989, 1993).

Despite the methodological and operational differences, all methods proposed
are founded upon a single basic conceptual model. This model requires first the

identification and mapping of a set of geological-geomorphological factors which are



directly or indirectly correlated with slope instability. It then involves both an estimate of
the relative contribution of these factors in generating slope failure, and the classification
of the land surface into zones of different hazard degree (Carrara, 1993).

Experience gained from hundreds of surveys carried out in different parts of the
world has demonstrated that well trained investigators are able to detect and correctly
map many or most of the landslides occurring in an area by applying aerial-photograph
interpretation techniques and systematic field checks (Rib and Liang, 1978). However,
old, dormant landslide bodies, are generally intensively modified by farming activity or
covered by dense vegetation and thus, they cannot be readily identified and correctly
classified. This introduces a factor of uncertainty that cannot be readily evaluated and
explicitly incorporated in the subsequent phases of the analysis, being largely
dependent on the skill of the surveyor, and the quality and the scale of aerial
photographs and base-maps used. There, onwards the power of spatial data
manipulation and use of multivariate statistics in a GIS environment arouses.

A further step towards hazard zonation would require the identification of the
conditions leading to the slope failure, their systematic and consistent mapping, and
evaluation of their relative contributions to the mass movements in the area. In fact, the
causes of each slope failure are many, complex and sometimes unknown. Conversely
the geological - geomorphological factors, which are both relevant to the prediction of
landslide hazard that are mappable at an effective cost over a wide region are not as
many yet (Carrara, 1989).

All these methods have significant advantages and drawbacks. The main
advantages of the geomorphological approach lie in the capability of a skilful surveyor to
estimate actual and potential slope failure, taking into consideration a large number of
factors detected in the field or on the aerial-photographs. In addition, local or unique
slope instability conditions can be identified and assessed. The major drawback of the
approach concerns the high subjectivity characterizing all phases of the
geomorphological investigation. The degree of uncertainty associated to the different
phases of the mapping operations cannot be evaluated. Likewise it is difficult or
sometimes impossible to compare landslide hazard maps produced by different
surveyors.

The purpose of this thesis is to generate and evaluate a concise system of
landslide hazard assessment procedure. With the intention of this goal few assumptions
are to be made such as, the rainfall and earthquake are considered as triggering factors
at which the outcomes of the system proposed should be considered with these
triggering events. Furthermore, due to the small size of the area the effects of both
precipitation and earthquake will be uniform through the study area, due to this fact they
are not considered for the analyses.



In landslide hazard analysis it is also aimed that, (a). data set should be easily
accessible and simple; (b). the system should be objective; (c). the system should be
data-driven with minimal expert interaction and (d). the system should be simple and be
easily implemented and used by novice users

The studies are initiated with an extensive review of the previous works carried
on Landslide Hazard Assessment, that is presented in Chapter 2. The definitions,
methodologies, contributions of remote sensing and review of available models in
geographic information systems are considered. The geology of Asarsuyu Catchment
constitutes Chapter 3 which is involved in regional geological setting, identification of
lithological units, the North Anatolian Fault Zone and the earthquakes of the region.
Types of input data and data production stage are given in Chapter 4. Every single
parameter map and the methodologies to create these maps are explained. A total 13
sets of parameter maps are produced and used. The foundations of landslide attribute
databases are also created in this chapter. Following the data production stages
landslide related databases are analyzed in detail in Chapter 5. The comparisons of
polystats and fuzzystats databases in 4 different periods, investigation of photo-
characteristics database and evaluation of the parameter map values of landslide
databases constitute the major issues. The core of this thesis is formed by the
investigation of the available and newly produced hazard assessment procedures,
which are presented in Chapter 6. Finally the results are discussed and conclusions are
given.

1.2. Geographical Setting

The study area is located in the northwestern part of Turkey, in the area
between Bolu and Diizce cities (Figure 1.1). The area is geographically defined as the
catchment of Asarsuyu stream (Figure 1.2). The extents of the coordinates of Asarsuyu
Catchment is defined as 4520500 N, 351500 E in the northwestern edge and 4506750
N, 372500 E in the southeastern edge in Universal Transverse Mercator projection with
36 North zone in European 1950 Mean Datum by International 1909/1924 / Hayford
1910 ellipsoid. The catchment is covered with six 1:25.000 scale topographical maps,
that are G26-a3, G26-b3, G26-b4, G26-c1, G26-c2 and G26-d2 sheets. The catchment
has an ellipsoidal form extending in east-west, having a maximum length of
approximately 20 kilometers and the approximate width is 10 kilometers, also covering
approximately 200 square kilometers.
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CHAPTER 2

BACKGROUND INFORMATION ON LANDSLIDE HAZARD AND USE OF REMOTE
SENSING AND GEOGRAPHICAL INFORMATION SYSTEMS IN LANDSLIDE
HAZARD ASSESSMENT

2.1. Definition of Landslide Hazard and Terminology

Mass movement is defined as “the outward and downward gravitational
movement of earth material without the aid of running water as a transporting agent” by
Crozier (1986), or “the movement of a mass of rock, debris or earth down a slope” by
Cruden (1991). These are the internationally accepted and most widely used definitions
of the phenomenon. Although they are slightly different from each other considering
beyond the scope of inclusion of water, they both point a mass transportation down the
slope in which a hazardous activity for humans can occur.

Rather than dealing with the types, activities and definitions, as they are defined
by the IAEG Commission on Landslides in the 1990’s, a more relational approach is
given by Soeters and van Westen (1996) “Slope instability processes are the product of
local geomorphic, hydrologic and geologic conditions; the modification of these by
geodynamic processes, vegetation, land use practices and human activities; and the
frequency and intensity of precipitation and seismicity”.

Mass movement or slope instability or landsliding are natural denudational and
degradational processes, unless they are affecting human life. Their interference with
ongoing human practices in the terrain makes it a landslide hazard. The general
accepted terminology in the world is followed below by Varnes (1984):

Natural hazard (H): The probability of occurrence of a potentially damaging phenomenon
within a specified period of time and within a given area (Figure 2.1).

Vulnerability (V): The degree of loss a given element or set of elements at risk resulting
from the occurrence of a natural phenomenon of a given magnitude. Scale is 0 (no
change) to 1 (total loss) (Figure 2.1).




Specific risk (Rs): The expected degree of loss due to a particular natural phenomenon.
It may be expressed by the product of H and V.

Rs=H*V

Elements at Risk (E): The population, properties, economic activities, including public
services and etfc. at risk in a given area.

Total Risk (Rt): The expected number of lives lost, persons injured, damage to property
or disruption of economic activity due to a particular natural phenomenon (Figure 2.1). It
is expressed as

Rt=E*Rs

Hazard Vulnerability

Risk

Figure 2.1. Graphical representation of hazard, vulnerability and risk

Based on the above definitions, hazard and risk information are generally
represented as discrete maps. The discrete classes represent equal probability classes,
which are inturn equal hazard or risk classes. The differentiation of hazard classes and
their groupings are called as “zonation”. The formal definition is as follows: “The term
zonation refers to the division of land into homogenous areas or user defined domains
and the ranking of these areas according to their degrees of actual or potential natural
hazards” (Varnes, 1984).

The natural hazard zoning/mapping constitutes the first and major task of the
earth scientists in natural hazard analysis (Figure 2.2). The zoning of a natural hazard is
the vital part of the study strategy in which the whole strategy will be based on. The
zonation activities are mutually dependent over some factors as shown in Figure 2.2.



These factors can be grouped into magnitude properties of the hazard, frequency of the
hazard and the spatial location of the hazard. The next step in hazard mapping is to
show the mapped hazard and to classify the hazard map into some homogenous areas
regarding the equal attributes of the hazard map.
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Figure 2.2. An overview of zonation activities

The natural hazard zoning is controlled mainly by two factors, such as: the scale
of the zoning or mapping and the knowledge type used in the hazard zoning.

2.1.1. Scale Factor in Analysis

Before starting to any data collection, an earth scientist working on a hazard
analysis project should have to answer a number of interrelated questions:

1. What is the aim of the study?
2. What scale and with what degree of precision must the result be presented?
3. What are the available resources in the form of money, data and manpower?



As the aim of the study would be previously defined, the scale and the precision
are the first parameters to be defined prior to the start of the project. Hence, the scale
factor should have to be determined at the first glance as it controls the type of the input
data, nature of the analysis and the output data of the project. The outcome precision is
also dependent on the scale chosen. Although the precision is dependent on scale, it is
also an independent parameter regarding the nature of the project. The necessary
adjustments should be made with the scale until the output precision and the desired
precision fulfills the project conditions. The resource analysis will be conducted after the
aim and scale is fixed.

The following scales of analysis, which were presented in the International
Association of Engineering Geologists (IAEG) Monograph on engineering geological
mapping (IAEG, 1976) can also be distinguished in general natural hazard zonation
(Figure 2.3).

2.1.1.1. National Scale (<1/1.000.000)

The national scale analysis is used only to outline the problem, give an idea
about the hazard types and affected hazard prone areas. They are prepared generally
for the entire country and the required map detail is very low, even in the best case
giving only data based on records in the form of an inventory. The degree of the hazard
is assumed to be uniform. These kinds of maps are generally prepared for agencies
dealing with regional (agricultural, urban or infrastructure) planning or national disaster
prevention / hazard assessment agencies.

2.1.1.2. Regional/Synoptic Scale (< 1/100.000)

The scale is still so small to use in any quantitative method, but these maps are
used for regional planning and in early stages of region wise planning activities. The
areas to be investigated are still large in the order of thousands of square kilometers and
the map detail is low again. Only simple methods are used with qualitative data
combination and the zoning is primarily based on regional geomorphological Terrain
Mapping Units / Complexes (TMU) or dependent on regional geological units.

2.1.1.3. Medium Scale (1/25.000 - 1/50.000)
These hazard maps are made mainly for agencies dealing with intermunicipal

planning or companies dealing with feasibility studies for large engineering works. The
areas to be investigated will have areas of several hundreds of square kilometers. At this



scale considerably more detail is required than at the regional scale. These maps do
serve especially for the choice of corridors for infrastructure construction or zones for
urban development. Statistical techniques are dominantly used in this scale.

1.National Scale
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Local Planning
Areas up to 200 sgkm
Statistical Methods

4. Large Scale
>1:10.000
Detailed Planning
Small areas
Stability analysis

Figure 2.3. The scales of analysis and minor details

2.1.1.4. Large Scale (> 1/10.000)

These hazard maps are produced generally for authorities dealing with detailed
planning of infrastructure, housing or industrial projects or with evaluation of risk within a
city or within a specified project area. They cover very small areas hence the
deterministic hazard analyses become available to be used. The detail level of the maps
is set into maximum. They are based on physical numerical models that require
extensive data collection in the field and laboratory surveys.



2.1.2. Knowledge Type Used

Prediction of landslide hazard for areas not currently subject to landslide hazard
is based on the assumption that hazardous phenomena that have occurred in the past
can provide useful information for prediction of future occurrences. Unlike general
educational geological phrases in this case “present is not key to the past but present
and past are the keys of future”, of which the real value of engineering and its futuristic
approaches are represented. Therefore, mapping these phenomena and the factors
thought to be of influence is very important in hazard zonation. In relation to the analysis
of the terrain conditions leading to slope instability, two basic methodologies can be
recognized (van Westen, 1993):

1. The first mapping methodology is the experience-driven applied-geomorphic
approach, by which the earth scientist evaluates direct relationships between
landslides and their geomorphic and geologic settings by employing direct
observations during a survey of as many existing landslide sites as possible.
This is also known as direct mapping technology.

2. The opposite of this experience-based, or heuristic approach is the indirect
mapping methodology, which consists of mapping a large number of parameters
considered to potentially affect landsliding and subsequently analyzing
(statistically) all these possible contributing factors with respect to the
occurrence of slope instability pnenomena. In this way the relationships between
the terrain conditions and the occurrence of the landslides may be identified. On
the basis of the result of this analysis, statements are made regarding the
conditions under which slope failures occur.

Another division of techniques for assessment of slope instability hazard was
given by Hartlen and Viberg (1988), who differentiated between relative and absolute
hazard assessment techniques.

1. Relative hazard assessment techniques differentiate the likelihood of occurrence
of mass movements for different areas on the map without giving exact values.

2. Absolute hazard maps display an absolute value for the hazard such as a factor
of safety or a probability of occurrence.
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Furthermore the hazard assessment techniques can also be divided into three
broad classes based on use of statistical methods (Carrara, 1983; Hartlen and Viberg,
1988; Soeters and van Westen, 1996).

1. White box models: based on physical models (slope stability and hydrologic
models), also referred to as deterministic models

2. Black box models: not based on physical models but strictly on statistical
analysis

3. Gray box models: partly based on physical models and factual data and partly
on statistics.

2.2, Use of Remote Sensing in Landslide Hazard Assessment

The phenomenon, landslide is affecting the earth’s surface, hence it also falls in
to the research and application areas of both aerial and space born remote sensing. The
nature of this phenomenon as it is occurring at the surface of earth lets earth scientists
to exploit this fact using remotely sensed data. On the other hand, again the nature of
this phenomenon limits the applications, as being dynamic and sometimes being quite
small in terms of conservative remote sensing language. Furthermore they reveal very
small information when they are observed in planar 2-D, however, they contain large
amounts of data when explored in 3-D. Basing on this fact the use of stereo-remote
sensing products seems to be indispensable, which reveals the true morphodynamical
features of the landslides. These information are providing the diagnostic information
regarding the type of the movement (Crozier, 1973). The general application fields of
remote sensing in landslide business are monitoring the change of landslide activities
through time (change detection) and mapping out where the hazard occurs.

Plenty of researchers have tested the usage of remote sensing products through
the last 30 years. Two major groupings could be made upon the investigation of these
researches. These are aerial photography and space-born sensor images.

Numerous applications have been carried out which generally define the
landslide areas. Chandler and Moore (1989), Chandler and Brunsden (1995) and
Fookes et al. (1991) give excellent applications for photogrammetry. For single
landslides and for smaller areas, a monitoring scheme is best applied with this technique
with large accuracies. In opposition, the applicability of this technique limits the extents of
the interest area as the larger areas could be accomplished by classical aerial
photographical studies easily. For stereographical aerial photography Rengers (1986),
Sissakian (1986) and Mollard (1986) could be counted as single application manuscripts.
However, studies with landslides and aerial photographs are as old as the applications of

1



first stereographical aerial photographs, resulting in plenty of textbooks and textbook
sections.

The landslide information extracted from the remotely sensed products is mainly
related with the morphology, vegetation and the hydrological conditions of the slope. The
slope morphology is best examined with stereographical coverages. Generally the
identification of the slope instabilities are indirect, they are identified by associated
elements with slope instability process. The advantages of aerial photographs can be
listed as:

They provide quite older coverages before digital world starts
The flight coverages are flexible for new missions

The spatial and temporal resolution are very high
Stereoscopic coverage

Most of the geoscientist are familiar

I O

Every country have at least one full coverage of their land due to military reasons
The disadvantages are as follows:

Low spectral resolution

The nature of photograph as hardcopy
Presence of distortions in the images
Absence of coordinate information

Orthorectification is needed to remove distortion and add coordinate information

S T o

The resultant map is dependent to the experience of interpreter

The applications with space born images are quite new compared to the others.
Furthermore, they are generally defining the landslides indirectly by mapping out other
parameters such as land cover. Some examples from the literature could be said of
Gagon (1975); Mc Donalds and Grubbs (1975); Sauchyn and Trench (1978), Stephens
(1988); Huang and Chen (1991) and Vargas (1992).

In comparison to the aerial photographs, the advantages of satellite images are:

Getting the bigger picture
Larger spectral range
Easily accessible

No distortion

Only georeference is needed to transfer the coordinates

S
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The disadvantages are:

Low spatial resolution
More expensive than aerial photographs of the same resolution
Limited stereo capability

PN

Limited number geoscientists are familiar

Although there are plenty of disadvantages of aerial photographs, they are the
most frequently used medium in landslide projects as they have cheaper high-resolution
images. The spatial resolution nearly controls everything in landslide hazard
assessment. The comparison of spatial resolution of photographic and non-photographic
remote sensing product requires the concept of Ground Resolution Cell (GRC) defined
by Strandberg (1967) and introduced to landslides first by Rengers et al. (1992).
Strandberg (1967) suggested that the formula for GRC is in relation to scale as:

GRC=S/1000R

Where GRC is ground resolution cell in meters, S in the scale number of
photograph and R is the resolution of photographic system (line pairs/mm, normally 40 in
conventional systems)

Soeters and van Westen (1996) figured out the necessary minimum number of
GRC’s namely the pixels in the images, in order to identify and interpret the landslides,
which is presented in Table 2.1. They also exploited this information and created a
comparison table of photographic images with non-photographic ones that is also
presented in Table 2.2.

Table 2.1. The number of GRC needed to identify and interpret object of varying contrast
in relation to its background (Soeters and van Westen, 1996).

20-30

40-50

80-100 120-140

1000-1200 1600-2000
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Table 2.2. Minimum object size needed for landslide Identification or Interpretation
(Soeters and van Westen, 1996).

160000 288000 7040000 11520000
30 22500 40500 990000 1620000
20 10000 18000 440000 720000
10 2500 4500 110000 180000
1 25 45 1100 1800
0,3 6,5 11,5 300 450

Basing on the above facts, aerial photography is still indispensable in the
landslide hazard zonation activities. However, remote sensing is depicting an important
role in landslide hazard assessment, though, this role is not the primary role in the game.

2.3. Geographical Information Systems and Landslide Hazard Assessment

A GIS is defined as a “powerful set of tools for collecting, storing, retrieving at
will, transforming, and displaying spatial data from the real world for particular set of
purposes” (Burrough, 1986). A more specific definition is given by Bonham-Carter (1996)
as follows: “a geographic information system, or simply GIS, is a computer system for
managing spatial data. The word geographic implies that the locations of the data items
are known, or can be calculated, in terms of geographical coordinates. The word
information implies that the data in GIS are organized to yield useful knowledge, often as
colored maps and images, but as also statistical graphics, tables and various on-screen
responses to interactive queries. The word sysfem implies that a GIS is made up from
several interrelated and linked components with different functions. Thus, GIS has
functional capabilities for data capture, input, manipulation, transformation, visualization,
combination, query, analysis, modeling and output.”

These international valid definitions of GIS directly oppose to the belief that GIS
is only a CAD software or only a drawing tool. CAD can only constitute a small portion of
the whole integrated system, in which an ideal GIS and its possible components are
shown in Figure 2.4,

14
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Figure 2.4. GIS and its related software systems as components of GIS (modified from

Bonham-Carter, 1996)

Generally a GIS consists of the following phases (Figure 2.5).

GEOGRAPHICAL
INFORMATION
SYSTEMS
(GIS)

{

Data collection

Data input and verification E

i

Data storage, database manipulation and data manage!

SR ST

Data transformation and ana!ysis

Data output and presentation

Figure 2.5. The phases of a GIS

A GIS if based over the former components should answer the following

guestions (Figure 2.6):

More and more the products of mapping and inventory are being stored in data

banks for their ultimate retrieval or combination with data from other sources. Often they

are incorporated is GIS or LIS (Land Information Systems) which serve as a base for

15

B TSI GG TV KR
!_!» u.,:..wl." A‘SVOH l,!‘ 3 &'i A>!f- pi ]m



programmable data manipulation and selective information extraction for planning and
project assessment.

GEOGRAPHICAL
INFORMATION
SYSTEMS
(GIS)

Location  Where it is? ﬁ

Condilion  Whatisat.... ?

Trands What has changed since....

i

Patterns What spatial pattern exists ....?7 ﬁ

Modeling Whatif .2 H

Figure 2.6. The questions of a well-built GIS should answer.

The development of GIS and LIS systems is of considerable interest in the
context of satellite surveying, change detection and monitoring. The flexibility of digital
data processing, combined with quick input of new data (possible from updating on the
basis of satellite remote sensing records) offers new possibilities to the surveyor,
cartographer and planner,

It is clear that in a rapidly developing society, change detection is of great
importance. In modern society, mapping suffers from high rate of change: change in
land use in rural and urban areas; change in requirements for maps and inventories;
change in concepts in the various disciplines of earth and social sciences, leading to
different interpretations of the same data and change in the economical and technical
factors on which mapping methods were based.

In order to refine the discussion around landslide hazard one can say that, the
occurrence of slope failure depends generally on complex interactions among a large
number of partially interrelated factors. Analysis of landslide hazard requires evaluation
of the relationships between various terrain conditions and landslide occurrences. An
experienced earth scientist has the capability to mentally assess the overall slope
conditions and to extract the critical parameters. However, an objective procedure is
often desired to quantitatively support the slope instability assessment. This procedure
requires the evaluation of the spatially varying terrain conditions as well as the spatial
representation of landslides. A GIS allows for the storage and manipulation of
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information concerning the different terrain factors as distinct data layers and thus

provides an excellent ool for slope stability hazard zonation.

The advantages of GIS for assessing landslide hazard include the followings:

1.

A much larger variety of hazard analysis techniques become attainable.
Because of the speed of calculation, complex techniques requiring a large
number of map overlays and table calculations become feasible.

It is possible to improve models by evaluating their results and adjusting the
input variables. Users can achieve maximum results by a process of trial and
error, running the models several times, whereas it is difficult to use these
models even once in the conventional manner. Therefore, more accurate resuits
can be expected.

The disadvantages of GIS for assessing landslide hazard include the followings:

1.

A large amount of time is needed for data entry. Digitizing is especially time
consuming

There is a danger in placing too much emphasis on data analysis as much as
the expense of data collection and manipulation based on professional
experience. A number of different techniques of analysis are theoretically
possible, but often the necessary data are missing. In other words, the tools are
available but cannot be used because of the lack or uncertainty of the data.

2.3.1. Phases of Natural Hazard Analysis in GIS

The following phases can be distinguished in the process of a hazard analysis

using GIS (van Westen, 1993); there is a logical order in the sequence though

sometimes they may be overlapping. The time schedule of these phases is listed in
Table 2.3.

1. Choice of the working scale and the methods of analysis which will be applied
2. Collection of existing maps and reports with relevant data

3. Interpretation of images and creation of new input maps

4. Design of the database and definition of the way in which the data will be
collected and stored.

5. Fieldwork to verify the photo-interpretation and to collect relevant quantitative data
6. Digitizing of maps and attribute data

7. Validation of the entered data
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8. Manipulation and transformation of the raw data to a form which can be used
in the analysis |

9. Analysis of data for preparation of hazard maps.

10. Evaluation of the reliability of the input maps and inventory of the errors
which may have occurred during the previous phases

11. Final production of hazard maps and adjoining report

Table 2.3. Time schedule comparison of phases of landslide hazard assessment of
conventional methods and GIS based methods based on scale (numbers are in percents
of the total project time) (van Westen, 1993).

2.3.2. GIS Based Landslide Hazard Zoning Techniques

An ideal map of slope instability hazard should provide information on the spatial
probability, temporal probability, itype, magnitude, velocity, runout distance and
retrogression limit of the mass movements predicted in a certain area (Hartlen and
Viberg, 1988). A reliable landslide inventory defining the type and activity of all
landslides, as well as their spatial distribution, is essential before any analysis of the
occurrence of landslides and their relationship to environmental conditions are
undertaken. Even the inventory of historical periods are of great use in the final analyses.
The differentiation of slope instability according to type of movement is important, not
only because different types of mass movement will occur under different terrain
conditions, but also because the impact of slope failures on the environment has to be
evaluated according to type of failure.
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2.3.2.1. Trends in Landslide Hazard Zonation

A large amount of research on hazard zonation has been done in last 30 years,
as the consequence of an urgent demand for slope instability hazard mapping.
Overviews of the various slope instability hazard zonation techniques can be found in
Hansen (1984), Varnes (1984), Hartlen and Viberg (1988). The general trends in
landslide hazard zonation are given in Table 2.4. The distribution analyses and
qualitative analyses are generally used for very large areas with very low detail such as
national hazard maps. The deterministic and frequency analyses are used generally for
very small areas such as specific large engineering projects like dams, nuclear power
plants, highway strips, open pit mine slopes and spoils. Monitoring and laboratory
analyses are indispensable for these analyses. Good reviews of these initial
deterministic methods can be found in Lambe and Whitman (1969), Hoek and Bray
(1981), Graham (1984), Bromhead (1988) and Anderson and Richards (1987). The
limited GIS examples of these methods could be cited as Ward et al. (1982), Okimura
and Kawatani (1986), Mulder and van Asch (1988), Mulder (1991) and Hammond et al.
(1992). The statistical analyses have the most flexibility in scale and in data type and will
be investigated in detail in the following sections.

Table 2.4. The trends in landslide hazard zonation (van Westen, 1993).

| Direct mapping of mass movement features resulting in a
map, which gives information only for those sites where
landslides have occurred in the past.

i Direct, or semi-direct, methods in which the geomorphological
map is re-numbered to a hazard map, or in which several
maps are combined into one using subjective decision rules,
based on the experience of the earth scientist.

Indirect methods in which statistical analyses are used to
| obtain predictions of the mass movement hazard from a
| number of parameter maps.

Indirect methods in which parameter maps are combined in
slope stability calculations.

Indirect methods in which earthquake and/or rainfall records
or hydrological models are used for correlation with known
landslide dates, to obtain threshold values with a certain
frequency.
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2.3.2.2 Direct Mapping in Landslide Hazard Analysis
2.3.2.2.1 Landslide Distribution Analysis

The most straightforward approach to landslide hazard zonation is a landslide
inventory, based on any or all of the following; aerial photo interpretation, ground survey,
and a database of historical occurrences of landslides in an area. The final product gives
the spatial distribution of mass movements, which may be represented on a map either
as affected areas to scale or point symbols (Wieczorek, 1984).

Such mass movement inventory maps are the basis for most other landslide
hazard zonation techniques. However, they can be used as an elementary form of
hazard map because they display the location of a particular type of slope movement.
They provide only information for the period shortly preceding the date that aerial
photographs are taken or the fieldwork conducted. They provide no insight into temporal
changes in mass movement distribution. Many landslides occurred some time before
photographs are taken my have become undetectable. Therefore, a refinement is the
construction of landslide activity maps, which are based on multitemporal aerial photo
interpretation (Canuti et al., 1979, 1985, 1986). Landslide activity maps are
indispensable to study the effects of temporal variation of a factor such as land use on
landsliding. Landslide distribution can also be shown in the form of a density map
(Wright et al, 1974). The resulting density values are interpolated and used as landslide
isopleths. They can also be used to cite out the current situation of the landslide density
per terrain mapping unit or catchment or a predefined geological unit. This method may
also be used to test the importance of each individual parameter for predicting the
occurrence of mass movements. if the method is used to test the importance of specific
parameter classes, the user decides, on the basis of his/her field experience, which
individual maps or combination of parameter maps will be used. The method is most
appropriate at medium or large scales. At the regional scale the construction of a mass
movement distribution or activity map is very time consuming and too detailed for
procedures of general zoning.

However, the selection of terrain mapping unit and the conversion of continuous
parameter maps into discrete parameter maps involve a quite large subjectivity into the
analysis. Furthermore, this analysis should have to be done for each parameter map and
for different parameter classes. The effects of the separate parameters with respect to
each other are not implemented, hence it is still expert dependent who will be on the
charge to define the parameter classes and the parameter maps to be used. The

analysis is similar to general bivariate analyses, but does not end up with a hazard score
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of any sampling frame in the area. Basically, a simple density per kilometer or per
sample area will provide much more objective results about the factual data.

2.3.2.2.2 Heuristic Approach (Geomorphic Analysis)

In heuristic methods the expert opinion of the earth scientist making the survey
is used to classify the hazard. These methods combine the mapping of mass
movements and their geomorphologic setting as the main input factor for hazard
determination.

The basis of geomorphic analysis was outlined by Kienholz (1977), who
developed a method for producing a combined hazard map based on the mapping of
“silent witnesses” (Stumme Zeugen). The geomorphic method is also known as the
direct mapping method. The hazard is determined directly either in the field or by photo
or satellite image interpretation by the earth scientist. The process is based on individual
experience and the use of reasoning by analogy. The decision rules are, therefore,
difficult to formulate because they vary from place to place, yielding as unformalized
applicable rules that vary from polygon to polygon. This method is totally subjective and
dependent on the skill and experience of the earth scientist. However, GIS serves as an
undeniable tool for reproduction and querying the entered data. This method can be
applied at all scales in a relatively short period. Some examples of geomorphic analyses
can be found in Carrara and Merenda (1974), Brunsden et.al. (1975), Stevenson (1977),
Malgot and Mahr (1979), Kienholz (1977,1978,1980,1984), Kienholz et al. (1983,1988),
Grunder (1980), lves and Messerli (1981), Rupke et al. (1987,1988), Perrot (1988),
Hermelin (1990,1992), Hearn (1992) and Seijmonsbergen (1992). A weighting scheme is
also present in this type of analysis, however this weighting scheme is also quite
subjective and “blind weighting” is suggested for this type of weighting by Gee (1992).

2.3.2.3. Indirect Mapping in Landslide Hazard Analysis

2.3.2.3.1. Statistical Methods in Landslide Hazard Analysis

Aiming at a higher degree of objectivity and better reproducibility of the hazard
zonation, which is important for legal reasons, statistical techniques have been
developed for assessment of landslide hazard.

In statistical landslide hazard analysis the combinations of factors that have led
to landslides in the past are determined statistically, and quantitative predictions are
made for areas currently free of landslides but where similar conditions exist.
Furthermore, overlying of parameter maps and calculation of landslide densities form the
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core of the analysis. Most of the analyses are based on the relationship between the
landslide densities per parameter class compared with the landslide density over the
entire area. Each method has its own specific rules for data integration required to
produce the total hazard map. Two different statistical approaches are used in landslide
analyses: bivariate and multivariate approaches.

Although the statistical techniques can be applied at different scales, their use
becomes quite restricted at the regional scale, where an accurate input map of landslide
occurrences may not be available and where most of the important parameter cannot be
collected with appropriate accuracy. At large scales, different factors will have to be
used, such as water table depth, soil layer sequences and thicknesses. These data are
very difficult to obtain even for relatively small areas. Therefore, the medium scale is
considered most appropriate for this technique.

2.3.2.3.1.1. Bivariate Statistical Methods in Landslide Hazard Analysis

In this method, overlay of parameter maps and calculations of landslide
densities form the core of the analysis, the importance of each parameter, or specific
combinations of parameter can be analyzed individually. Using normalized values
(landslide density per parameter class in relation to the landslide density over the whole
area), a total hazard map can be made by addition of the weights for individual
parameters. The weight values can also be used for design decision rules, which are
based on the experience of the earth scientist. It is also possible to combine various
parameter maps into a map of homogenous units, which is then overlaid by the landslide
map to give a density per unique combination of input parameters.

It should be stressed that the selection of parameters has also an important
subjective element in this method. The following GIS procedures are used (van Westen,
1993).

Classification of each parameter map into a number of relevant classes.

2. Combination of the selected parameter maps with landslide map via map
overlay

3. Calculation of weighting values based on the cross table data
Assignment of weighting values to the various parameter maps or design of
decision rules to be applied to the maps, and classification of the resulting
scores in a few hazard classes.

As it is seen from the procedure list the first and the last item contains quite

large subjectivity, it is not clear to how to divide the parameter maps into classes and
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how many classes should there be? Furthermore, the division of the final hazard map
into hazard classes inherits the same problem. This problem limits these methods, as
the start and the end directly depends on the expert, which means a degradation in the
final hazard map and also limits the reproducibility of the hazard maps under different
conditions.

The medium scale is most appropriate for this type of analysis. The method is
not detailed enough to apply at the large scale, and at the regional scale the necessary
landslide occurrence map is difficult to obtain.

Bivariate statistical analysis deals with one dependent variable (in this case the
occurrence of mass movements) and one independent variable. The importance of each
factor is analyzed separately. Specific combinations of variables can also be tested by
treating the combination map as a new variable. The methods are based on the
assumption that the important factors leading to mass movements can be quantified by
calculating the density of mass movements for each variable class. However, the new
parameter map production as crossing the available parameter maps in fact carries this
bivariate analysis procedure into somewhat multivariate domain; as the factor analysis in
the multivariate domain also bases its core on new parameter maps with different factor
loadings from the initial parameter maps.

In bivariate statistical analysis, each factor map is combined with the landslide
distribution map, and weighting values based on landslide densities are calculated for
each parameter class. Several statistical methods have been applied to calculate
weighting values; these have been termed the landslide susceptibility method (Brabb,
1984; van Westen, 1992, 1993), Information value method (Kobashi and Suzuki, 1988,
Yin and Yan, 1988), weight of evidence modeling method (Spiegelhalter, 1986; Bonham-
Carter, 1996). Furthermore, there still exist not enough exploited methods as Bayesian
combination rules, certainty factors, Dempster and Shafer belief method and fuzzy logic.
The three of the methods will be further investigated in the following sections, which are
landslide susceptibility analyses, information value analyses and weights of evidence
methods. The first two of them depend on the density of landslides in parameter classes;
even though they result in approximately same hazard maps, the calculation schemes
are different from each other. The weights of evidence method utilize the usage of binary
dumb variables, and again based on the probability of occurrence of landslides in
parameter classes. However, the usage of binary dumb variables turns a simple GIS in
to a small scale chaos especially in landslide hazard projects. As this method is first
created to assess the locations of ore deposits, the variables of its initial version were
well defined and directly depend on factual data, where all of the answers of “what if?”
guestions were known.
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2.3.2.3.1.1.1. Landslide Susceptibility Analysis

A simple and useful method in statistical analysis to determine the importance of
different variables for the occurrence of mass movements is the use of pair wise map
crossing. In order to evaluate the importance of the individual maps, a cross between
these maps and a landslide occurrence map is prepared. For each variable class and
landslide type, two types of densities can be calculated.

1. Area density: the density expressed as the number of pixels with landslides divided by
the total number of pixels within the variable class. This can be displayed as a
percentage or permillage contents.

Npix(SX,;
D, =100022%(5%)
Npix(X;)
where D, Areal density per millage

Npix(SX,) : number of pixels with mass movements within variable
class X;.

Npix(X;) : number of pixels within variable class X;.

2. Number density: the density expressed as the number of landslide occurrences per
square kilometer of the area of the variable class.

S LAV (SX))
number’_Area(‘Xvi) umoer i

where D : Number Density (Number/km?)

Number

Area(X,) : Area in square meters of variable class X;.

Number(SX,) : Number of mass movements within variable class X;.

To evaluate the influence of each variable, weighting factors should have to be
introduced, which compare the calculated density with the overall density in the area.
The formula for the density-based area is:

Npix(SX) _, D Npix(SX,)

W,., = 1000 -
area Npix(X;) D" Npix(X,)
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and for the density based on number/km?

1*10° 1*10°

=——"Ni )" )
Woamier Area(X;) umber(SX;) Y Area(X;) 2, Number(SX,)

2.3.2.3.1.1.1.1. Production of the Susceptibility Map

The weight values for the variable classes are added to produce a hazard map.
With the number of input maps and different combinations of type and activity, a number
of different susceptibility maps can be made. The optimal combination of variables is
generally a problem, however selection of a small set of maps incorporate the most
relevant variables. Two methods have been applied in literature. First method is
selection of maps based on field experience in which the variables that are considered,
on the basis of field experience, to be relevant for the occurrence of mass movements
are selected and summed. The other method is called the stepwise map combination,
adding the various input maps one by one. After the addition of another map, the
resulting scores are analyzed by crossing with the map showing active landslides. The
percentage of pixels with landslides and a total score larger than zero is calculated
(correctly classified pixels). If this percentage decreases after the addition of another
map, such a map is rejected. If the percentage increases, the map is included (van
Westen, 1993). However, the sequence of this summation changes everything which is
a major drawback of this method and needs to be justified.

2.3.2.3.1.1.2. Information Value Method

The use of a combination of numerical variables (such as slope angle values)
and alphanumerical variables (such as lithological variables) in a statistical analysis is
generally problematic. This can be solved by treating each variable class as a separate
variable, which can only one of the two states: present (1) or absent (0). It can be
determined whether a variable class is present or absent. The information value method
can be applied both to land units as well as on a pixel basis. The hazard information
method, developed by Yin and Yan (1988) is based on the following simple formula for
calculating the information value }; for variable X;:

S,/N,
Ii = log—‘#]&—
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where:

S;: the number of land units or pixels with mass movements and the presence of
variable X;,

N;: The number of land units or pixels with variable X;

S: The total number of land units or pixels with mass movements

N: The total number of land units or pixels.

The degree of a hazard for a land unit or pixel j is calculated by the total
information value |;

I] = z XIJ IJ
i=0
where:
m : number of variables,
Xy : 0, if the variable X; is not present in the land unit or pixel j and 1, if the

variable is present.

For the assessment of precision of the classification, Yin and Yan (1988)
presented the following equation

in which:
A precision of the predicted result
N: total number of terrain units (catchments in this case) in this area
N;: total number of units with landslides
M: number of terrain units predicted as unstable
M number of terrain units predicted as unstable which have landslides.

The information value method applied on a pixel basis is in fact very similar to
the susceptibility determination. The only difference is that in the information value
method the log value of the quotient of class density over map density is entered,
whereas in the susceptibility method the difference in densities was used. The
information values are always smaller than the weight values.
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2.3.2.3.1.1.3. Weights of Evidence Modelling

This method was developed at the Canadian Geological Survey (Agterberg et
al., 1990; Bonham-Carter et al, 1990) and was applied to the mapping of mineral
potential. Sabto (1991) applied the method for landslide hazard analysis. The method
consists of reducing each set of landslide-related factors on a map to a pattern of a few
discrete states. In its simplest form, the pattern for a feature is binary, representing its
presence or absence within a pixel. According to Bonham-Carter et al. (1990), the first
step is determining the prior probability of landslides, which is given by the density of
pixels with landslides within the study area.

P = Npix(slide)
Prior = Npix(total)

in which
Poprior : prior probability,
Npix (slide) : the number of pixels with a landslide occurrence,
Npix (total) : the total number of pixels in the map

for mathematical reasons it is more convenient to use the odds (O):

0 _ Pprior _ Nplx(SlldeS)
prior = 1_ P Npix(total) — Npix(slides)

prior

Considering the relationship between a binary variable map (b;) and a landslide map (S),
the following combinations are possible:

B;: Npix(B,. ) / Npix(total)

BT.: Npix(total) — Npix(Bi ) / Npix(total)

four combinations of B; and S are possible in the map: B;(S, EOS, B,.ﬂ§,

BNS.

The conditional probability of choosing a pixel with a landslide, given that the cell
contains pattern B,, is:
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P{s|B,} = %{j—s

1

and the three other conditional probabilities are:

poin) =205 pisa)- P05 o) - E00

According to Bayes rule:

PSB——{——|§}— —_ P{Bls}ris}
b A=)

Bonham-Carter et al. (1990) defined positive and negative weights (W,.+ and
W.”), which combine these conditional probabilities:

W' =log, LB’@ and W, =log, ———v
P{B/s} P{Bs}

In GIS the method can be implemented rather easily. It is considered as the
simple crossing of a binary landslide map with a binary variable map. The four possible
resulting combinations are given Table 2.5.below.

Table 2.5. The possible combinations after map crossing
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The weights of evidence can be written in numbers of pixels as follows:

Npix, Npix,
+ Npix, + Npix, - Npix, + Npix,
W =log, Npix;, W =log, Npix,
Npix, + Npix, Npix, + Npix
3 4 3 4

If more binary maps are used, the weights can be added, provided that the
variable maps are conditionally independent with respect to landslide occurrence. The
logarithm of the posterior odds can be calculated as follows:

log, O{S|B* NBENBE........B | = S W +log, 0., {8}

and the posterior probability as:

5 o
" (1+0)

P{s}

The contrast C=W"* -W" gives a useful measure of the correlation between the
variable map and the landslide occurrence. C becomes zero when a map has a
distribution which is spatially independent of the points.

The main assumption for univariate statistical methods is that the maps should
be conditionally independent. To test this independence a pairwise test can be executed
(Bonham-Carter et al, 1990). All possible pairs of variable maps should be evaluated
separately. The pairwise test includes the calculation of observed and expected
frequencies of landslides. Therefore, the maps are crossed pairwise, and the resulting
cross map is then crossed again with the mass movement map. The combinations
obtained from crossing two binary maps and a landslide map is given in the Table 2.6.

Table 2.6. The possible combinations after crossing of two binary maps
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Using the weight of evidence modeling, the logarithm of the odds for each
unique overlap of two variable classes, is calculated by:

The predicted number of pixels in each unique overlap can be calculated using:
m; = P, Npix,

in which :
m; : the number of predicted landslides for the overlap of two classes
P, : The calculated probability for the overiap of the two classes
Npix; : The number of pixels in each overlap (for B, ﬂB2 this will be Npix; +

Npixs)

The conditional independence is tested with the following formula:

2 3 m
G = —22 X, logx—
i=1 i

4

in which
x;: the number of mass movement occurrences for the overlap of two classes

(for B; (1B, this will be Npix1)

The function G* has a ;(2 distribution with 2 degrees of freedom (Bonham-

Carter et al., 1990). On the basis of the result of the ;(2 test the selection of the variable

maps is made. The weight of evidence values are added and the posterior probability is
calculated. After classification of the posterior probability, the expected number of
landslide occurrences per probability class is calculated for each class and compared

30



with the observed number of occurrences per probability class. The expected frequency
per class is given by:

fio = PNpix,
in which
fl.(e) : expected number of occurrences per probability class i
P : the probability per class i

Npix; :the area (in pixels) of probability class i.

By crossing the predictor map with the mass movement map the actual number

of mass movements can be calculated, and the ;(2 test can be applied

) (f,-(o) ~ Jio )2
T

where, f;(o) is the observed frequency of landslides.

2.3.2.3.1.2. Multivariate Statistical Methods in Landslide Hazard Analysis

Multivariate statistical analyses of important causal factors controlling landslide
occurrence may indicate the relative contribution of each of these factors to the degree
of hazard within a defined land unit. The analyses are based on the presence or absence
of stability phenomena within these units (van Westen, 1993).

Multivariate statistical analysis models for landslide hazard zonation were
developed in Italy, mainly by Carrara (1983, 1988) and his colleagues (Carrara et al.,
1990, 1991, 1992). In their applications, all relevant factors are sampled either on a
large-grid basis or in morphometric units. For each of the sampling units, the presence
or absence of landslides is also determined. The resulting matrix is then analyzed using
multiple regression or discriminant analysis. With these techniques good results can be
expected in homogenous zones or areas with only a few types of slope instability
processes. When complex statistics are applied, as was done by Carrara (1983, 1988)
and his colleagues (Carrara et al., 1990, 1991, 1992) or by Neuland (1976) or by
Kobashi and Suzuki (1988), subdivision of the data according to the type of the landslide
should be also made as well. Therefore, large data sets are needed to obtain enough

cases to produce reliable results. The use of complex statistics implies laborious efforts
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in collecting large amounts of data, because these methods do not use selective criteria
based on professional experience. Multivariate statistical analyses of important factors
related to landslide occurrence give the relative contribution of each of these factors to
the total hazard within a defined land unit. The analyses are based on the presence or
absence of mass movement phenomena within these land units, which may be
catchment areas, interpreted geomorphic units, or other kinds of terrain units.

The following GIS procedures are used to evaluate multivariate statistics in
landslide hazard zonation:

1. Determination of the list of factors that will be included in the analysis. As many
input maps are of alphanumeric type, they must be converted into numerical
maps. These maps can be converted to presence/absence values for each
landunit or presented as percentage cover or the parameter classes can be
ranked according to increasing mass movement density. By overlaying the
parameter maps with the land-unit map, a large matrix is created.

2. Combination of the land unit map with the mass movement map via map overlay
and dividing the stable and unstable units into two groups.

3. Export of the matrix to a statistical package for subsequent analysis.

Importation of the results per land-unit into the GIS and recoding of the land
units. The frequency distribution of stable and unstable classified units is
checked to see whether the two groups are separated correctly.

5. Classification of the map into a few hazard classes.

Two types of multivariate analyses have been conducted in the literature
extensively, multiple regression and discriminant analyses. There exists plenty of other
statistical methods, such as logistic regression or analysis of the parameter maps prior
to bivariate analyses by factor analyses. However, these methods require more than
entry level statistics and the data manipulation should be done very carefully, as within
these methods data manipulation is not a speculative event. Although the multiple
regression and discriminant analyses constitute some part of the landslide hazard
analysis literature some real big drawbacks are introduced, as the data used for these
analyses should have to be distributed normally, which is quite impossible when dealing
with natural data. Especially when the data sets of distance to some object is used.
Several normality conversion tables could have been used in order to convert the data
into normal distribution such as log-log or log-normal coversions, however, these
conversions do inherit some critical biases to the natural distribution of the data. Some
authors have tried to exploit the data via using dummy binary variables but this had
increased the complexity of the data structure and limits the flexibility of the statistical
system. Examples of these dummy variables could be seen in Carrara et al. (1990,
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1991, 1992) and in Chung et al. (1993). On the other hand, the use of binary logical
regression, which is free of data distribution issues, are not so well exploited in the
literature only few examples in the last few years are observed, such as: Atkinson and
Massari (1998), Dai et al. (2001) and Lee and Min (2001). It is also seen from this fact
that logical regression is quite new in this area. In the next sections, only multiple
regression and discriminant analyses will be introduced, the application of logical
regression and tidbits will be explained in the application chapters.

Although these techniques can be applied at different scales, their use becomes
quite restricted at the regional scale, where an accurate input map of landslide
occurrences may not be available, and where most of the important parameters cannot
be collected with satisfactory accuracy. At large scales, different factors will have to be
used (such as water-table depth, soil layer sequences and thickness). These data are
very difficult to obtain even for relatively small areas. Therefore, the medium scale is
considered most appropriate for these sets of techniques.

2.3.2.3.1.2.1. Multiple Regression

The most common and well-known multivariate statistical method used in earth
sciences is multiple regression. It is used to correlate landscape factors and mass
movements, according to the following linear equation.

Y=b,+b X, +b,X,+.......... +b, X

The dependent variable Y represents the presence (1) or absence (0) of a mass
movement. It can also be expressed as the percentage of a terrain unit covered by
landslides. The variables X-X, are the independent variables, such as slope class,
geological units, etc. the symbols by-b, are the partial regression coefficients. The
standardized partial regression coefficients, which are the partial regression coefficients
expressed in units of standard deviation, indicate the relative contribution of the
independent variables to the occurrence of landslides (Davis, 1986). The following
statistics are used to evaluate the result of a calculation.

R*: amount of variance accounted for by the model. It adjusts for the
number of independent variables in the regression

SE:  standard error of estimate. The square root of the residual mean square
error. It measures the unexplained variability in the dependent variable.

MEA: absolute mean error. The average of the absolute values of the

residuals, which is the average error one can expect in a prediction.
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The use of terrain units for the sampling of variables in multiple regression analysis
is welcomed with a number of problems.

Sampling method

Size of terrain unit

Resultant maps

Sample areas / Prediction areas

o DD =

Complexity of the study areas

In order to avoid these cited problems, generally a pixel based approach is used,
even in this approach the data requirements of normal distribution could not be
achieved. A series of assumptions are made about the assumption of the data normality
which in fact degrades the efficiency of the whole system.

2.3.2.3.1.2.2. Discriminant Analyses

A second type of multivariate analysis is discriminant analysis. The objective of
the analysis is to find the best discrimination between two groups: units or pixels with

and those without mass movements. The analysis results in a discriminant function:
D, =B, +B X, +B,X,+...... B X,

where X; are the values of the variables and B; the calculated coefficients. Before any
further analysis can be performed, the success of the formula in separating the two
groups must be tested. For this purpose three tests can be used.

1. the variability between the two groups and within the groups, and the total
variability of the data, are calculated. The ratio of the variability between the two
groups and the variability within the groups is called the eigenvalue. it should be
maximized for a good discriminant function.

2. the ratio of the variability between the two groups and the total variability is called
“Wilk's 4”. A small value indicates strong variation between groups and less
variation within groups. A Wilk's A of 1 indicates that there is equally great
variation within groups as between groups (i.e. that the function does not

discriminate)

3. the ;(2 test to determine if the two groups are significantly different.
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Furthermore, as the slope stability depends on several factors acting at the
same time, some efforts have been directed towards the acquisition of simply and
quickly determined parameters. Stevenson (1977) using scored factors proposed a
method to evaluate relative landslide risk in clayey slopes.

Discriminant analysis provides a more accurate stability assessment. A classical
work using statistical techniques is that from Jones et al. (1961) on landslides in
Pleistocene terrace deposits of Colombia river. A total of 160 slump-earthflow movement
and additional 160 stable slopes were considered. Qualitative and quantitative factors
influencing sliding were searched. A final analysis using the discriminant - function
method was performed considering as influencing factors: original slope (X1),
submergence percentage (X2), terrace height (X3) and groundwater (X4).

2.3.2.3.2. Knowledge Driven Methods in Landslide Hazard Analysis
2.3.2.3.2.1. Qualitative Map Combination

To overcome the problem of the “hidden rules” in geomorphic mapping, other
gualitative methods based on qualitative map combination have been developed. In
gualitative map combination, the earth scientist uses the expert knowledge of an
individual to assign weighting values to a series of parameter maps. The terrain
conditions at a large number of locations are summed according to these weights,
leading to hazard values that can be grouped into hazard classes. The problem with this
method is in determining the exact weighting of the various parameter maps. Often
insufficient field knowledge of the important factors prevents the proper establishment of
the factor weights, leading to unacceptable generalizations (Soeters and van Westen,
1996).

2.3.2.3.2.2 Favourability Functions

In order to achieve the minimum common factors of expert knowledge
dependency and the information derived from the original data, the geographical
database is designed under the envelope of some data and expert knowledge
dependent functions. This is also used to decrease the subjectivity of expert knowledge
and not to deal with the redundant information yielding from pure statistical analyses. In
favourability analyses, the data layers are first divided into a number of expert designed
classes such as geological, geomorphological or slope classes and etc. For data
integration (numeric and alphanumeric databases) each layer is transformed into a
number between o and B, where o. and p are known constants such as 0 and 1 or -1 and
+1. This transformation is the basic step of forming a probabilistic favourability function
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from a class to the interval a and B. After completion of this stage, some previously
defined decision rules are applied to let the expert earth scientist decide about the factor
probability and favourability of the current situation such as standard probability
measures, certainty factor, Dempster-Shafer belief method and fuzzy logic interpretation
(Soeters and van Westen, 1996; van Westen, 1993).

2.3.2.3.3. Deterministic Modeling in Landslide Hazard Analysis

The methods described so far give no information on the stability of a slope as
expressed in terms of its factor of safety, in order to obtain this information these kinds
of slope stability deterministic models are necessary.

Despite problems related to collection of sufficient and reliable input data,
deterministic models are increasingly used in hazard analysis of larger areas, especially
with the aid of GIS techniques, which can handle the large number of calculations
involved in determination of safety factors over large areas. Deterministic methods are
applicable only when the geomorphic and geologic conditions are fairly homogeneous
over the entire study area and the landslide type is simple. The advantage of these white
box models is that they are based on slope stability models, allowing the calculation of
guantitative values of stability (safety factors). The main problem with these methods is
the degree of simplification which is required in the acceptance limits of the
assumptions. A deterministic method, usually applied for translational slides is the infinite
slope model. These deterministic models generally require the use of ground water
simulation models. Stochastic methods are sometimes used to select input parameters
for the deterministic models (Mulder and van Asch, 1988; Mulder, 1991; Hammond et al.
1992).

The result is a map showing the average safety factor for a given magnitude of
groundwater depth and seismic acceleration. The variability of the input data can be
used to calculate the probability of failure in connection with the return period of
triggering events. Generally the resulting safety factors and probability factors should not
be used as absolute values unless the analysis is done in a small area where all the
parameters are well known. Normally they are only indicative and can be used to test
different scenarios of slip surfaces and groundwater depths. The method is applicable
only at large scales over small areas. At regional and medium scales, the required
detailed input data, especially concerning groundwater levels, soil profile, and
geotechnical descriptions, usually cannot be provided.
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2.3.2.3.4 Landslide Frequency Analysis

The probability of mass movement occurrence at a certain place within a certain
time period can only be determined when a relationship can be found between the
occurrence of landslides and the frequency of triggering factors, such as rainfall or
earthquakes. The most promising technique is the calculation of antecedent rainfall,
which is the accumulated amount of precipitation over a specified number of days
preceding the day on which a landslide occurred (Crozier, 1986).

The method is most appropriate at medium and large scales. At regional scale, it
may be difficult to correlate known landslides at one location with rainfall records from a
different location in the area. The spatial component is usually not taken into account in
this analysis and therefore the use of GIS is not crucial, however GIS can be used to
analyze the spatial distribution of rainfall.

2.3.2.4. Accuracy and Objectivity

The most important question to be asked in each landslide hazard study relates
to its degree of accuracy. The terms accuracy and reliability are used to indicate whether
the hazard map makes a correct distinction between landslide free and landslide prone
areas. The accuracy of landslide prediction depends on a large number of factors the
most important of which are:

accuracy of the models
accuracy of the input data

experience of the earth scientist

Hw N =

size of the study area

The context of accuracy is a fatal section in disaster management, as the wrong
decision of landslide free areas will cause loss of lives, which discloses to the aim of
hazard and risk assessment. This fatal section can be checked out by some statistical
analyses and trying to find out the possible error component, furthermore the error
component should have to be put in all of the maps produced and the knowledge that
are made public accessible.

Related to the problem of assessing the accuracy of hazard maps is the
question of their objectivity. The terms objective and subjective are used to indicate
whether the various steps taken in the determination of the degree of hazard are
verifiable and reproducible by other researchers or whether they depend on the personal
judgement of the earth scientist in charge of the hazard assessment.
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Objectivity in the assessment of landslide hazard does not necessarily result in
an accurate hazard map. For example, if a very simple but verifiable model is used or if
only a few parameters are taken into account, the procedure may be highly objective but
produce an inaccurate map. On the other hand, subjective studies, such as detailed
geomorphic slope stability analyses, when made by experienced geomorphologists may
result in very accurate hazard maps. Yet, such a good, but subjective assessment may
have a relatively low objectivity because its reproducibility will be low. This means the
same evaluation made by an other expert will probably yield another result, which can
have clearly undesirable legal effects (Soeters and van Westen, 1996; van Westen,
1993).

2.3.2.5. Evaluation of Methods via Scale Factor

Any hazard evaluation involves a large degree of uncertainty. Prediction of
natural hazards such as landslides, which are caused by interaction of factors which are
not always fully understood and sometimes unknown, confronts earth scientists with
especially large problems. However, the use of statistics indeed will increase the
accuracy of the input data, this minor improvement will reduce the degree of uncertainty
in the assessment. On the other hand the use of multivariate statistics in GIS will yield in
assembling factor maps, that could not be done only on statistical packages. This
assemblage is routing the earth scientists, to use GIS which confronts the user to more
complex and more variable dominated platforms. More onwards, the used models have
to be improved by the availability of huge amount of data and availability of adequate
type and method of handling. Based on this knowledge, the available methodologies in
landslide hazard zonation can be classified and rated as follows in correspondence to
the analysis of scale factor (Table 2.7).
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Table 2.7. Classification of Methods based on scale factor (Soeters and van Westen,
1996, van Westen, 1993).(the first number indicates the feasibility 1:Low, it would take
too much time and money to gather sufficient information in relation to the expected
output; 2: Moderate: a considerable investment would be needed, which only moderately
justifies the output; 3: good, the necessary input data can be gathered with a reasonable
investment related to the expected output. The second number indicates the usefulness
1:0f no use, 2: of limited use, 3: useful).

Intermediate

2/3 3/12 3an Intermediate/high
1/3 3/3 3/3 Intermediate/high
2/3 32 3/3 High

3/3 3/3 3/3 very low

3/3 3/2 31 high

113 3/3 32 high

m 3/3 312 high

i 3/3 312 high

1/2 312 3/2 high

1M 1/2 2/3 high

2/2 3/3 3/2 Very low
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CHAPTER 3

GEOLOGY OF THE ASARSUYU CATCHMENT

3.1. Geology
3.1.1. Regional Geology and Previous Works
The study area is located in northern Central Anatolia, within the North

Anatolian Fault Zone (NAFZ), and it is mainly comprised of Paleozoic

metamorphic/intrusive basement and its covering Mesozoic and Tertiary flyschoidal

deposits (Figure 3.1) in the Pontide Tectonic unit of Ketin 1966.

= =
\\\\\\&\\\\\X\\\\\ e

== E=— Sillurian-Devonian rocks
B2 Paleozolc rocks
2% Granite
Fault
=+ Probable Fault

"

__——\<___
___——_—\\\\\\\

Figure 3.1. Regional geological map of the study area and its environs (modified from
Tokay,1964).

.

S

.

40



The study area is hosting the main state highway connecting the capital city

Ankara to the biggest metropolitan area Istanbul. The presence of the Anatolian

highway and the problems associated with the construction of Bolu Tunnels attracted

the attention of the scientists and hence a number of studies had been carried out

concerning the geology, NAFZ and engineering geological problems of this region.

Hereforth, a brief summary will be given about the previous works of the study area in

table form (Table 3.1). The citations would be made in the appropriate parts in the

following sections with detailed explanations when needed.

Table 3.1. Previous studies performed in the study area and its near vicinity

0 L
Blumenthal
(1948)

Regional

First definitions of tectonic units

Ketin (1955)

Akgakoca-Diizce

First sub-division of Paleozoic
Massifs

Uysalli (1959)

Bolu-Merkesler

Coal Resources

Abdilselamoglu
(1959)

Mudurnu-Géynuik

Definition of Paleozoic and
mesozoic formations

Ketin (1967)

Bolu-Gerede-
Mengen-Yigilca

Paleozoic Units

First defined the age of the

Northern Slopes of .
Batum (1968) conglometares that overlie Bolu
YU e massif as Sillurian
Goziibol (1978) Dom‘r’é’l:’r:[‘:gam Geology/NAFZ
Goérmus (1980) Yigilca Stratigraphy/Tectonics

Geological evolution, relations of

Y'Ir(nfgz?; al. Abant-Dokurcun metamorphic rocks and the
ophiolitic rocks in area.
Gormus (1982a) Yidilca Stratigraphy
Gormis (1982b) Yidilca Tectonic and evolutionary model
Kaya (1982) Ereglil-\;l{éﬁgze:]-Bolu- Stratigraphy-Tectonics
Kaya & Dizer
(1981-1982a) Mengen Coal Resources
Kaya & Dizer Stratigraphy of Mesozoic and
(1981-1982b) North Bolu Tertiary sequences
Cerit (1983) Mengen Geology
Serdar & Demir Bolu-Mengen-
(1983) Devrek Petroleum Resources
Oztiirk et al. . Stratigraphy of north and south of
(1984) Abant-Yenigaga NAFZ
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Table 3.1. (continued)

Aydin et al. Camdag- . . .
(1987) Stinnicedag Complete stratigraphic outline.
Stratigraphy of Mesozoic and
Kaya et al. (1986) Yidilca Tertiary sequences
Cerit (1990) Bolu Massif Geology and tectonics
Erendil et al. . .
(1991) Bolu Massif Economical resources
Yalgin & Cerit . Investigated the metamorphism by
(1991) Bolu Massif using clay mineralogy
Koral et al. (1994) Asarsuyu Microfabric srt:c?lé in Paleozoic
Gedik & Alkag . I .
(1996) Bolu Region Carbondioxide potential
Soézen et al. . Geochemistry/Economical
(1996) Diizce and Devrek resources
Gller (1999) Bakacak Geology of gypsum
Ustabmer & ; . .
Rogers (1999) Bolu Massif Geochgmlstry - Evolution model
Orkan et al. Y ~ |Elementary landslide susceptibility
(1977) Highway Route map
Canik (1980) Bolu Hydrogeology
Aktimur et al. Bolu Landuse pattern and NAFZ related
(1983) problems
Bolu Mountain Engineering geology of Highway
DRI G Highway Pass pass and Bolu Tunnel
Stability and nature of the
Dalgig et al(1995) Asarsuyu Yumrukaya landslide
Dalgl((;18é§5i;zﬂbol Bolu Tunnel Stability problems in Bolu Tunnel
Enginering geology of the
Astaldi (1995) Asarsuyu Asarsuyu region for Bolu Tunnel
construction
lithology and the fracture pattern in
Dalgig (1997) Bolu Tunnel the Bolu Tunnels
Simgek & Dalgig Diizce consolidation properties of the
(1997) clays at Diizce
Aydan & Dalgig Prediction of Deformation inside
(1998) Boiu Tunnel the Bolu tunnel
slope stability problems in the
Dalgig (1998,a) Asarsuyu Asarsuyu valley
Daigig (1998,b) Asarsuyu Selectlon(g;rrnij::ed Rock
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Table 3.1. (continued)

Bolu Mountain

Investigated two landslides in the

Igin (1999) Highway Pass | highway by insitu instumentation
Deformations in the Bolu Tunnels
Ug::;bdﬁrgz%roz’;d Bolu Tunnel | after the 12. Nov 1999 Diizce
earthquake
Interdisciplinary study concerning
the geological, engineering
Aydan et al. (2000) Dizce geological, seismological and
geotechnical aspects of Diizce
earthquake
Engineering report regarding both
SucL(lgg(I)%)e tal. Regional the Marmara and Diizce
- earthquakes
Ketin (1969) Regional First definition
Ambraseys (1970) Regional Characteristic features
Tokay (1973) Gerede-ligaz Characteristics
Mudurnu-
Goztibol (1978) Dokurcun- Structural properties of the NAFZ
Abant
Sengér & Canitez . Characteristics + evolutionary
(1982) Regional model
Oztiirk et al. (1984) ADETL Paleo and Neo-tectonic structures
i Yenicaga
Nurlu(1993) Bolu-Sapanca RS
Closing-up Structures-effect of
| Neugebauer (1994) Abant bends in NAFZ
Pattern of faulting in the area, also
Bolu Tunnel — e ’
’ deformation in the area gathered by
Astaldl (1995) Aiaar"s:yu GPS measurements and evaluated
Y together with microseismic data.
Neugebauer (1995) Adagzlz;\rl - Kinematics of NAFZ
Saroglu et al. Gerede-
(1995) Eskipazar
Neugebauer et al. Abant-Sapanca Overstep in NAFZ
(1997)
. Slip distributions of Diizce
Akylz et al. (2000) Diizce Earthquake
Golclk-
Taymaz (2000) Sapanca- Seismotectonics
Diizce

3.1.2. Stratigraphy

The basement of the Asarsuyu catchment is composed of pre-Devonien

Yedigéller Formation, an assemblage of metadiorite-metagranite and amphibolite—

amphibolite gneiss (Figure 3.2). Following in the sequence lkizoluk Formation and its

Gatak member forms the Devonien which tectonically overlies the underlying Paleozoic
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basement. Upper Cretaceous is characterized by Abant Complex and Elmalik Granite,
which again have a tectonic contact with underlying sequence. Starting from Upper
Cretaceous to Pliocene a carbona-clastic sequence (flysch) is seen in the area, which is
represented by Atyayla, Bayramiglar, Findicak and Apalar Formations. Plio-Quaternary
period is represented by Asarsuyu formation, which is a combination of terrace
conglomerates and alluvial fill deposits in the Asarsuyu valley itself. Finally, Quaternary
alluvial fill and slope debris cover unconformably the whole sequence in the Asarsuyu
catchment.

3.1.2.1. Yedigdiler Formation

Yedigdller Formation is the core of the Bolu massif and composed of Paleozoic
magmatic rocks. The formation has widespread outcrops in the eastern and northern
slopes of the Asarsuyu catchment (Figure 3.3) The formation is first named by Aydin et
al. (1987).

The main lithologies of the formation are amphibolite, gneiss (metagranite),
metadiorite and meta-quartzdiorite. Also very small unmappable aplite, andesite, basalt
and diabase dikes are common. Some of these are mylonitized by regional paleo and
neotectonic events. The unit is in general affected from the regional metamorphism, and
show cataclastic deformation in the vicinity of the fault zones. This formation can be
divided into two as one having greenschist metamophism and having no metamorphism.
The greenschist facies of this formation generally have a medium degree of weathering
resulting in a thin residual soil cover (1 - 3 meters).

The lower boundary of the formation cannot be seen in the catchment; however
its upper boundary is tectonic with the overlying Devonian lkizoluk Formation, which is
not observed in the study area.

This formation comprises the southwest part of the Bolu Massif. Blumenthal
(1948) assigned Paleozoic age to the metamorphics in the area. Ketin (1967) indicated
that the age of the assemblage of amphibolite, gneiss and basic rock in Bolu-Gerede-
Mengen-Y1gilca area is Cambrian. Erendil et al. (1991) assigns the name Bolu Granitoid
to the formation and cites that the age should be Pre-Late Ordovician. While Canik
(1980), Aydin et al. (1987) and Cerit (1990) suggest Pre-Cambrian age. Based on these
literature arguments, the age of the Yedigdller Formation is assigned as Pre-Devonian.
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Figure 3.2. The generalized columnar section of the study area, (not-to-scale) (modified
from Erendil et al. ,1991).
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Figure 3.3. The geological map the study area (modified from Erendil ef al. ,1991).



3.1.2.2. Kocadere Formation

This formation generally crops out as a rim to the Yedigéller Formation. The
outcrops of this formation is seen only in the eastern part of the catchment at northern
slopes of Asarsuyu river. The formation is defined by Erendil et al. (1991).

Kocadere Formation is composed of massive to thick bedded purplish grey
polygenetic conglomerates and sandstones (greywacke). Limited mudstone and
siltstone bands are also observed. Conglomerates are poorly sorted, and their
components are derived from underlying metamorphics, and magmatic rocks, the matrix
is composed of chlorite, quartz and serrisite (Erendil et al., 1991).

The lower boundary of the formation is tectonized and obscured. Its upper
boundary is conformable with the Aksudere Formation.

The equivalent of this formation, the Kurtkéy Formation of Istanbul (Kaya, 1973)
is given an age of Ordovician. The other possible equivalents of this formation,
“Hamzafakili sandstones” (Tokay, 1952), Isigandere Formation (Gérms, 1982 a, b) and
“purple arkoses and conglomerates” (Batum, 1968) are aged as Late Silurian. Based on
these ages, Erendil et al. (1991) assigns Late Ordovician-Early Silurian age to Kocadere
Formation.

3.1.2.3. Aksudere Formation

Aksudere Formation is seen in the northern slopes of Sarigokek village and at
the eastern parts of the catchment at southern part of Asarsuyu river near Asagibakacak
settlement and in between the two major landslides near Bakacak village. The formation
is defined by Erendil et al. (1991).

Aksudere formation is represented by phyliites, shale, recrystallized limestone,
dolomitic limestone and marls. The phyllites show significant schistosity and the main
constituents are quartz, serrisite muscovite, chlorite, epidote and feldspars. They also
host some embedded massive recrystallized limestone blocks. Phyllites and
recrystallized limestones alternate with shales, siltstones, sandstones, dolomitic
limestones and marls as thin to medium beds. The uppermost levels of this formation is
characterized by the dominance of recrystallized limestones. The formation forms a
gentle rolling topography, as it is composed of easily erodible lithologies. The main
colors observed in this formation are dark grey, beige, bluish-greenish grey and brown.

The lower boundary is conformable with Kocadere Formation and its upper
boundary is also conformable with Kirdoruk Formation. However, the Kirdoruk
Formation does not outcropping in the Asarsuyu catchment. According to Erendil et al.
(1991), the observed thickness of Aksudere Formation is about 1500-2000 meters.
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Gormus (1982, a) stated that the equivalent of lower facies of Aksudere
Formation is Kocadere formation which is Lower Devonian. The Devonian aged Kartal
formation of Kaya (1973) can also be correlated with Aksudere formation. Dalgi¢ (1994,
a,b) grouped the Kocadere and Aksudere formations under ikizoluk formation and
assigned an age of Devonian. Furthermore, he subdivides the uppermost section of
Aksudere formation, the recrystallized limestones as Catak Member in Ikizoluk
formation. Erendil et al. (1991) assigned an age of Middle Silurian to Middle Devonian.

3.1.2.4. Buldandere Formation

Erendil et al. (1991) uses this formation name to cover all of the Upper

Cretaceous-Paleocene cover units, that overlie the Paleozoic Bolu Massif.

3.1.2.4.1. Findiklidere Member

Findiklidere member comprises the middle levels of Buldandere Formation
outside of the Asarsuyu catchment. The member is first defined by Erendil et al. (1991).
Findiklidere member has widespread outcrops in the southern slopes of the catchment.

The lithology of the Findiklidere member consists of beige-white turbiditic
limestones, greenish grey sandstone, siltstone, marl and limestone alternations,
greenish purplish conglomerates, mudstones and massive to medium to thick bedded
gypsums. The gypsum occurrences are generally observed near the summit of Bolu
Mountain and near Dipsizgél and Yukariagma villages. There are also some rock
quarries opened for gypsum production in these localities. Gypsums outcrops have
significant karstic dissolution features, such as siphons going up to tens of meters in
depth. The association of these layers resembles an Upper Cretaceous flyschoidal
sequence.

The lower boundary of the member in the study area is unconformable with the
Aksudere Formation, while its upper boundary is conformable with Eocene Gaycuma
Formation. The thickness of the formation is estimated by Erendil et al. (1991) as 600
meters.

For the age of this member Erendil et.al. (1991) give a long list of fossils and
assign Campanian - llerdian age. Similar formations are named and aged as:
Cretaceous Flysch (Abdiilselamoglu, 1959), Gékveren Formation — Eocene (Goztibol,
1978 and Yilmaz et al., 1981), Sarikaya Formation — Upper Cretaceous/Paleocene
(Gormis, 1980), Akveren Formation — Campanian/Lower Paleocene (Aydin et.
al.,1987), Findicak Formation — Upper Cretaceous/Paleocene (Dalgig, 1994, a,b).
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3.1.2.4.2. Gaycuma Formation

This formation seems like the continuation of the cover units of the Bolu Massif
and Findiklidere member. It crops out at south of the Kaynagli town at Akmese and
Turbe hills, also in the north of Yérikler village. The formation is first named by Saner et
al. (1979). The main lithologies of the formation is alternation of turbiditic sandstone and
siltstone, calcareous mudstone, mudstone and marl with gypsum intercalations.

The lower boundary of this formation is conformable with Findiklidere member,
while its upper boundary is not seen in the Asarsuyu catchment. The age of this
formation is assigned by Erendil et al. (1991) as Eocene and is supported by both
literature and fossil records. Dalgig (1994) defined another member in the Asarsuyu
catchment as Agma member, for which the age of Late Eocene was assigned and the
dominant lithologies are defined as alternations of argillaceous limestones, gypsums,
calcareous mudstones and clayey gypsums, which are similar to Findiklidere member of
Erendil et al. (1991).

3.1.2.5. Asarsuyu Formation

Minor differences and the spatial orientation of the outcrops led Dalgig (1994,
a,b) to differentiate this formation from Quaternary alluvium. The Asarsuyu Formation
crops out near Elmalik village and near the Asarsuyu portal of the Bolu Tunnels. Main
lithologies of this formation include alternation of clayey silt, sandy silt and sand with
cobbles.

The Lower boundary is unconformable with the older formations and its upper
boundary is again unconformable with Quaternary alluvium. The age of Plio-Quaternary
is based on palynological data by Astaldi (1990).

3.1.2.6. Quaternary Deposits
The Quaternary deposits are characterized by the active alluvium in the

Asarsuyu valley, the terrace deposits in the northern margins of the Kaynasli plain and
the slided mass of the to huge landslides in the southern slopes of Asarsuyu valley.
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3.2. Tectonism of the Asarsuyu Catchment

The Diizce-Bolu region is one of the most tectonically active regions of Turkey.
During complex tectonic evolution of the area, the catchment had been subjected to
different regimes and different deformations which are reflected in the current outcrops
and topography. The active faults, belonging to the North Anatolian Fault Zone, and the
older thrust faults are the major large scale structural features and form the main
tectonic elements of this catchment. The thrust faults are believed to act in the
compressive regime after Late Cretaceous and ceased in Late Miocene (Yilmaz et al.
1981; Dalgig, 1994) and classified as Paleotectonic features. The deformation of the
region took the form of lateral strike-slip faulting after Late Miocene period in the
Neoectonic regime. The deformation is still active as the North Anatolian Fault Zone and
its associated faults take the act in hand and reshape the catchment (Aydan et al.,
2000). During aerial photographical interpretation studies these faults are mapped and
digitized. Due to the scope of this study both the thrusts and other active faults are
treated together, as large discontinuities in the catchment.
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Figure 3.4. Lineament map of the Asarsuyu catchment
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The earthquake activity of this region is directly controlled by the presence and
activity of North Anatolian Fault zone and its associated fault segments. The North
Anatolian Fault is the northern margin of Anatolian block that is escaping from the
collusional zone between Arabian and Eurasian plates into the Eastern Mediterranean
Sea (Sengér et al., 1985). The North Anatolian Fault is one of the most well known and
most studied faults in Turkey, which has been defined some 50 years ago. The length of
this fault is approximately 1200 kilometers and it is not a single fault, which in turn,
worths to consider it as a fault zone (Sucuoglu et al., 2000). The width of this zone is
about 1 kilometer is widening up to 5 kilometers in the west (Demirtag and Yilmaz,
1996). The total displacement made by this fault is reported as 20-25 kilometers by
Neugebauer (1994) at Abant lake environs. Global positioning system studies (GPS)
have been ongoing in the area since 1988 and the lateral slip on the Diizce fault is
estimated as 7.5+1.5 mm/year (Astaldi, 1995)

The main fault strand of the North Anatolian Fault splays into two strands in the
west of Bolu; the southern strand goes through the Lake Abant and then the Mudurnu
valley. The northern strand steps to the north, forming the southern boundary of the
Diizce basin being called the Diizce fault. In the west end of the Diizce basin, thereafter
itis named the Hendek fault. Saroglu et al. (1987, 1992) who published "Active Faults of
Turkey" showed no minor connecting fault between the main trace of the North
Anatolian fault and the Diizce fault. Barka and Erdik (1993) reported that there are two
secondary faults, the Elmalik and Asagi Bakacak faults that occured between the main
trace and the Diizce fault as connecting faults.

3.3. Seismicity of the Asarsuyu Catchment and Environs

A total of 623 earthquakes, that are greater than 5 in instrumental magnitude
have been recorded in the NAFZ in the period of January 1900 to March 2001 (Figure
3.5) having a total of 98 quakes greater than 6 in magnitude. However, the seismic
evaluation of the whole fault zone is out of scope in this study, so the concentration will
be turned on the study area and its vicinity. In order to compare the activity in the west
and middle parts of the NAFZ and the rest of Turkey the earthquakes of the
western/middle is counted and shown in Figure 3.6. 151 earthquakes out of 623 are
counted, which represent nearly 25% of total earthquakes in Turkey greater than 5, in
the study area. When zoomed into the study and environs, there are a total of 2596
earthquakes, of which 410 of them are greater than 3.5 in magnitude. Their spatial
locations with their magnitude distributions are shown in Figure 3.7. Four earthquakes
greater than 7 occurred in the area, chronologically 26-05-1957 Abant, 07-22-1967
Mudurnu, 17-08-1999 Marmara and 12-11-1999 Diizce earthquakes. The surface
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rupture pattern of the 12-11-1999 Duzce earthquakes is shown in Figure 3.8.
Furthermore some small landslides have occurred in the are immediately after the
earthquake, some examples of these are presented in figure 3.9.

The historical records show that on the western zone of the NAFZ, 3 major
earthquakes are recorded (Ambraseys and Finkel, 1995). The 25-05-1719 earthquake
occurred east of Marmara sea resulted in 6000 casualties, and 4/5 of Izmit city is
demolished. The second quake occurred at 2-09-1754 in the vicinity of izmit Bay and
approximately 1000 casualties was recorded. A third quake was recorded again in the
east of Marmara Sea affecting the whole coast line of the Marmara region at 22-05-1766
resulting in 5000 casualties.
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Figure 3.5. Epicenter locations of Turkey greater than 5in magnitude (Magnitudes in Ms)
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Figure 3.6. Epicenter locations of mid-west NAFZ greater than 3.5 in magnitude
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occurred after 12 November 1999 Duzce

Figure 3.9. Some examples of landslides
earthquake.
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CHAPTER 4

INPUT DATA AND DATA PRODUCTION

In this section the sources of input data and the steps in input data production
are explained, as the data entry and production is the most cumbersome and time
consuming steps of any kind of a Geographical Information System. The brief analysis
of the distribution of the data produced are given in this chapter, however, the detailed
analysis of the landslide database and the parameter maps are left to be explained in
the next chapter. All of the input data and the produced data sets are valid for the
common landslides except the two huge landslide bodies in the study area.

4.1. Geology
4.1.1. Data entry

The geological map of the region is compiled from the available reports,
publications, dissertation thesis and an analogue map is prepared. The compiled
analogue map is transformed into digital image, via digitizing and editing using TNT
MIPS. A database concerning the lithology names and the ages given by the previous
researchers are attached. Polygon topology is also built, validated and attached as an
internal table (Figure 4.1). The resultant map is called LITHOMAP.

In the compiled geological map 11 lithologies exist. Even though, there are 7
units in the generalized columnar section in Figure 3.2, some of the lithological units
show significant heterogeneity, so that they are classified as different lithological units.
For example Yedigéller Formation is divided into two as one showing greenschist
metamorphism and the other one not; Gypsum occurrences in the Findiklidere Member
is separated, also the Quaternary alluvium has a distinct talus/landslide deposit unit
which has to be separated from the normal valley filling alluvium. As a result, the post-
classified 11 units are covering a total of nearly 1196.5 square kilometers. The largest
areas are represented by Findiklidere member (22%), Yedigéller Fm. (16.67%),
Aksudere Fm. (15.24%), Greenschist facies of Yedigéller (15.17%) of which in total
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represents nearly the 70% of the area. The remaining 7 units represent only the 30%
and within this 30% nearly half of it is represented by the combination of Quaternary
terrace deposits and the two large landslides in the area (Figure 4.2)
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Figure 4.2. The area distributions of LITHOMAP.
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Following this, the faults of the area are compiled from literature In addition to
this, the photo lineaments are merged to create a final fault map. For the photo
lineaments Landsat TM 5 image of 1993, the stereo panchromatic aerial photographs of
1994 (1:25.000 scale), 1984 (1:15.000 scale), 1972 (1:25.000 scale) and 1952 (1:35.000
scale), and the digital elevation model of 1994 with 25-meter grid spacing are used. The
snapshots of the satellite remote sensing and elevation data will be presented in
following sections. The thrusts, lineaments, strike slip faults and earthquake
faults/ruptures are considered as potential water sources and triggering sources so they
are all together grouped as photo lineaments of the Asarsuyu catchment without any
genetic discrimination. The resulting map is called the FAULTMAP including all of the
mapped faults and photo-lineaments in the area (Figure 4.3). 126.284 kilometer length
of fault lines are observed in the study area representing 118 fault line segments. The
average length of fault-lines is 1,079.35 meters. The directional analysis is done based
on “Weighted Segments” method in which the method uses the direction of each line
segment and creates the Rose diagram from the total length of all segments in each
direction. (Figure 4.4.a). The main directions are generally confined to in east-west
trend, which is also conformable with the main trend of the North Anatolian Fault zone in
the study area. The non-weighted rose diagram of the fault lines also has a major trend
in E-W direction, while another small trend is seen as N-S. The N-S trending fault lines

comprise shorter fault lines than those of E-W trending ones (Figure 4.4.b).
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Figure 4.3. The FAULTMAP of Asarsuyu catchment.
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Figure 4.4. The rose diagram of FAULTMAP; a. weighted, b. non-weighted.

4.1.2. Input map generation

The LITHOMAP is used without any post-processing as it is, only a vector
topology validate process is carried out to rebuild and check the polygon topology and
integrity of the vector map. This is also necessary to assess the “one-to-one implied”
attachment style of the database attached. However, the FAULTMAP is transferred into
raster format, to a distance raster, as to represent the distance of every pixel to the
nearest line in the map. This procedure calculates not the aerial orthogonal distance
(oD), but the true surface distance (tD) (Figure 4.5) with the aid of a detailed Digital
Elevation Model. The calculated distances are assigned as a 16-bit digital value to the
every pixel in the raster image produced (Figure 4.6). The distance raster map is called
DISTFAULT. The DISTFAULT to fault-lines input parameter map shows a logarithmical

distribution as the frequency decreases when the distance from the fault lines increases.

Figure 4.5. The distance calculations in distance raster map production.
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Figure 4.6. Distance raster image (DISTFAULT) produced from FAULTMAP

Another input map produced from FAULTMAP is the lineament density in 1-
kilometer search radius. In order to calculate the density the number of occurrences of
fault lines in a radius of 1 kilometer search distance is calculated for every pixel of 25
meters. A TNT MIPS script is written for this calculation. This density map calculated for
each pixel (Figure 4.7) is called FAULTDENS. The maximum value encountered in the
FAULTDENS map is 768 and the minimum is 0 meters. The distributions mean is 195.9
having a standard deviation of 154.6
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Figure 4.7. Fault density (FAULTDENS) of Asarsuyu Catchment
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4.2. Elevation

4.2.1. Data entry

The digital elevation data of Asarsuyu catchment is gathered from General
Command of Mapping Turkish Army. This data is composed of contour lines and points
with elevation information in ARC/INFO E00 format (Figure 4.8), and then converted into
TNT-MIPS vector format. The previously built line topology concerning the elevation
information is rebuilt and validated. This map is called the CONTOURMAP.
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Figure 4.8. The color-coded CONTOURMAP.
4.2.2. Input map generation

Rather than using a discrete elevation map such as the imported contour lines,
it is more advantageous to work with a continuous map, regarding this advantage, the
contour data is converted to a color-coded continuous map (Digital Elevation Model —
DEM) by “profiling algorithm” in TNT-MIPS (Figure 4.9a). The Profiles method uses
pairs of input elevation values on opposite sides of each output raster cell and performs
a multi-directional linear interpolation procedure to create a surface raster. Edge cells
are processed first; the search for cell pairs is restricted to cells parallel to the edge. For
other cells the process searches in eight different directions and uses the closest pair of
values (including edge cell values) to assign an interpolated value to an output cell. For
all of the parameter maps the resolution of the DEM produced will create a reference
layer and here forth 25 meters is taken as the working resolution of this project. Hence,
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all of the raster inputs are fixed into 25 meters spatial resolution and the DEM is used as
reference raster for these.

In order to increase visual interception of the DEM it has been converted into a
relief map and presented in Figure 4.10. The produced DEM (ELEVMAP) will be used
as the elevation input data for the elevation attributes of landslides.
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Figure 4.9. Color coded DEM of Asarsuyu catchment
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Figure 4.10. Color draped relief model of Asarsuyu catchment (illumination 045°,
vertical exaggeration x3).
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Following the accurate modeling of the topography in the Asarsuyu catchment,
a watershed analysis is carried out to extract the microcatchments, the ridge points and
the drainage-lines (Figure 4.11). The process begins by evaluating the elevation raster
for depressions and constructs watershed polygons based on the depressions
recognized. A vector object is generated comprising polygons that encompass the
watersheds and pour point locations. The watershed process uses the Deterministic-8
(D8) algorithm (Jenson and Domingue, 1988) for flow path determination. This algorithm
computes the terrain slopes between the central cell and each of its eight neighbors.
Flow direction is then defined as the direction to the neighbor, either adjacent or
diagonally, with steepest downward slope. The extracted drainage-lines are compared
with the actual streams in the topographical sheets and corrected, if necessary. Also the
Strahler order of each stream segment is assigned into a separate table manually to be
used in the generation of other drainage dependent parameter maps and to assess the
drainage conditions in the area.

The distances of every pixel regarding the drainage-lines are calculated
(DISTDRAINMAP) and presented in Figure 4.12 The minimum distance of pixels is 1
meter and the maximum is 452.95 meters. The distribution has a mean of 97.56 with
standard deviation of 73.14.
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Figure 4.11. The drainage system of Asarsuyu catchment, including the microcatchments
(MICROCATCHMAP), drainage-fines (DRAINAGEMAP), and ridges (RIDGEMAP). (Color
coding is arbitrary).
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Figure 4.12. The distance raster of every pixel to the nearest drainage-line
(DISTDRAINMAP).

The drainage lines are also used to calculate the kilometer square density of
drainage lines in the whole study area. To maintain the 1 square kilometer search
distance 564 meter search radius with 250 meter offset is used (Figure 4.13). The vector
of drainage lines are converted to point data with a distance of 25 meters. The analysis
show that the maximum count is achieved at 352, hence the maximum drainage length
in the area is nearly 9 kilometers in 1 square kilometer area.
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Figure 4.13. The drainage density of Asarsuyu catchment

The outputs of the watershed analysis are outputs for calculation of the nearest
distances to the ridges of each pixel (Figure 4.14). The minimum value for the distance
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to ridges is 1.62 meters and the maximum is 658.97 meters. The distribution has a
mean of 138.72 meters with standard deviation of 99.86.
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Figure 4.14. The distance raster of every pixel to the nearest ridge-line
(DISTRIDGEMAP).

The topographical modeling of the Asarsuyu catchment also serves as an input
to calculate the topographical derivatives such as aspect and slope maps of the
catchment, which are very crucial and contain vital information for the landslide
development in the area.

The aspect is a measure of slope orientation and is calculated in compass
degrees as the azimuth from the North. Due to the raster data format itself and the
computational limits the aspect distribution has sensitivities in principal directions and in
every 22.5 degrees, which is a drawback of the algorithm used. Although the model
creates reliable elevation data and slope calculations, the small size of the unique
elevation facets prefers to be oriented in 16 principal directions which are 22.5 degrees
apart from each other. The produced and color-coded ASPECT map and its frequency
distribution is presented in Figure 4.15. The ASPECT map has a range between -1 and
359, -1 representing the flat lying areas and 0 as the north, any other value is the
azimuth measurement from North. The minimum value -1 and the maximum is 359
degrees. The distribution has a mean of 182.45 with standard deviation of 110.
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Figure 4.15. Aspect map of the Asarsuyu catchment (ASPECT).

The slope is the measure of surface steepness and is calculated in degrees.
The produced and color-coded SLOPE map and its frequency distribution is presented
in Figure 4.16. The SLOPE has a range between 0 and 90, 0 representing the flat lying
areas and 90 as the vertical; any other value is the compass measurement from
horizontal. Hence the minimum value of the data is 0 and the maximum is 56 degrees.
The distribution has a mean of 16.97 degrees with standard deviation of 10.46.
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Figure 4.16. SLOPE map of Asarsuyu catchment.
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4.3. Infrastructure

The presence of several infrastructure elements such as houses, power lines
and road network might contribute to the evolution of landslides in the area. The
infrastructure has a mutual relationship with the landslide hazard as either it causes the
slide or it is affected from the slide. The causes can be explained as: near the houses
there is a groundwater surcharge either by sanitary disposals or by small-scale
backyard irrigation. For the construction of power line poles, the forest under and in the
vicinity of the pylon is cut, so land cover changes. For the road building both the cut
slopes, the land cover change and the economical activity near the roads, due to
highway tourism, attract people. However, all of these built structures are then directly
be faced with the hazard, as the elements at risk possessing vulnerability to landslide
hazard.

4.3.1. Data entry

For the construction of historical infrastructure database, the necessary features
are digitized from the 1:25.000 scale topographical maps of 1952, 1972 and 1994 maps
(Figure 4.17). Although the map of 1972 is published in 1977, it is referred as 1972
maps, as it had been prepared from 1972 aerial photographs. No maps are produced
from 1984 photographs as they were taken for forestry applications

4.3.2. Input Data Production

For the landslide database only the distance rasters of 1994 period is produced as it
will yield the maximum development stage in the study area (Figure 4.18). The distance
raster of settlement of 1994 has a minimum value of 0 ranging to a maximum of 6093.46
meters (Figure 4.18.a). The mean of this distribution is 1258.46 meters with a standard
deviation of 1320.73. The area is divided in to two in a NW-SE trend, as all of the
settlements are located south of this dividend. This could be attributed to the presence of
continuously  decreasing background noise in the frequency histogram  of
DISTSETTLEMENT. The power lines and the road network is merged as genetically they
are affecting the topography in a similar way such as, land cover disturbance is needed to
construct both and in order to construct the power lines a new temporary road is opened.
The distance raster is then constructed from the merged vector coverage. The distance
raster of merged coverage of 94 has a minimum value of 0 ranging to a maximum of
2312.68 meters (Figure 4.18.b), with a mean of 246,1 and a standard deviation of 302.099.
The influence of E-5 highway is decided to be considered as a separate parameter, so a
vector containing only E-5 highway is formed (Figure 4.18.c). The distance raster of E-5
highway of 94 has a minimum value of 0 ranging to a maximum of 8366.8 meters. The
mean of this distribution is 2467.49 with a standard deviation of 1771.85.
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Figure 4.17. Historical infrastructure databases of Asarsuyu catchment a) 1952, b)
1972, c) 1994
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Figure 4.18. Distance rasters and frequency distributions of 1994 period a) distance
raster of settlement of 1994, b) distance raster of road network and power lines of 1994,
c) distance raster of E-5 road of 1994
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4.4. Land cover

A landslide hazard assessment should not only depend on the production of
landslide inventory map and its analysis. A complete hazard assessment system will
require also the assessment of external factors leading to instability rather than the
topography and material derived properties. The land cover distribution is one of the
external factors that can easily be mapped and monitored in time if needed with the aid
of satellite images (Soeters and van Westen, 1996). In landslide hazard assessment
projects and in environmental and engineering studies, accurate and up to date
information about land cover on a regional scale is often resembles vital information for
help of decision rule generation. Basically a land cover map is obtained by classifying
remotely sensed images. Typically this is performed by the spectral analysis of
individual pixels and their association with other neighboring pixels. The results of
classification depend largely on the type of area, land-cover type, and image acquisition
date. However, the results of the classification are directly affected by spectral confusion
of land-cover types and mixed pixels (Kam, 1995). The vegetation cover and soil
moisture conditions produces distinctive spectral responses in the electromagnetic
spectrum, that gives the opportunity to the classifier to classify them easily. However,
landslides also produce subtle changes in the health of the vegetation, altering the
natural state of the surface and underground drainage conditions, so the soil moisture.
The size of the classified areas regarding the spatial resolution of the Landsat TM5
satellite is often too small to allow interpretation of individual slope instabilities. This
restriction limits the use of spectral data, but incorporates in conjunction with other factor

maps in which they together provide convergent information for slope instabilities.
4.41. Input Data

A multispectral Landsat TM5 image of Bolu, acquired on 1990, was used for this
study (Figure 4.19).Other materials used to extract the land cover of Asarsuyu
catchment include:
1. Aerial photographs, panchromatic black-and-white, for 1953 (1:35.000), 1972
(1:25.000), 1984 (1:15.000) and 1994 (1:25.000).

2. Topographic maps for 1994 (scale: 1:25.000) at which the infrastructure
(buildings and roads) of 1994 are digitized from. The data produced are stored
in a GIS database for further integration processes.
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Figure 4.19. a) True color composite of Landsat TM 5 (R=3, G=2, B=1), b) false color
composite of Landsat TM 5 (R=5, G=4, B=1).

4.4.2. Input Map Generation

Following several visits to the study area and detailed aerial photography
interpretations, a land-cover classification scheme was developed. The classification
scheme comprises six land-cover classes that display all the major land-covers
encountered in this area, related to considering the landslide hazard assessment
procedure. First class is the dense forest area. This is the oldest coverage detected in
the study area, since it was observed on 1950’s aerial photographs as a very dense
forest. Second one is the young-age-forest area. In 1970's, a vast number of forest fires,
removing the dense forest cover occurred in the study area, also with very intense
human deforestation activities (forest industry). The reforestation studies were carried
out after 1980's. Third class is the mixed group of barren areas, grasslands and
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agricultural areas. Fourth one is soil moisture class, which should be on the bare land
with significant amount of water in the surface. This could also be said of some form of
wetland where the groundwater is very near to the surface. While the remaining two
(road and settlement) come from GIS 1994 database.

The extraction of land-cover map from Landsat TM5 imagery and subsequent
post classification process consisted of six major steps (Figure 4.20).

Landsat TM5
Multispectral

STEP 1 |Georeference of Landsat TM5 lngery|
I
Decorelation Stretching Principal Component Vegetation Indices
TeapEiogmaton Greenness Component of Tasseled Cap Trans.
] PC1 Greenness Component of Gram-Schmidt Trans.
STEP 2 GvI
« 1PVI
x MND
™I
DCé PC6
Normalization of Vegetation Indices | STEP 3
PCA for Vegetation
Greenness_Tasseled
Maximum Likelihood Greanness_Schnidt PC1_Vegetation
assifier PVI
MNDVI :
BIEF 5 oot m STEP 4
pca PC8_Vegetation
PC1_Vegetation -
PC2 Vogetation Inverse_PC2
Classification Result
GIS database
STEP 6

Road
Settlement

Land-cover Map

Figure 4.20. The methodological snapshot of land cover extraction scheme

4.4.2.1 Georeferencing

The procedure to rectify the Landsat digital data sets to the national coordinate
system involved the following steps:

1. The determination of the ground control points (GCPs) from 1:25000
topographic maps of 1994 and from the digital image data (Table 4.1)

2. The computation of a least-squares solution for a third-order polynomial
equation required to register the image data sets to the national coordinate
system

3. The re-sampling of the data sets to a 30-m pixel resolution using nearest
neighbor interpolation on the Landsat TM data.
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The image was geometrically corrected based on the national grid reference. A
total of twenty-six control points extracted from topographical map were employed in the
georeference. The third degree polynomial equation with nearest neighbor interpolation
was employed in the process.

Table 4.1. RMSE (Root Mean Square Errors) of Ground Control Points

Ground Control Points vs. RMSE (m)

1 23.307 10 11.928 19 17.683
2 18.364 11 11.927 20 17.061
3 16.473 12 18.524 21 5677
4 20.913 13 18.294 22 20.310
5 3.837 14 9.985 23 16.644
6 11.759 15 19.089 24 15.329
i 17.060 16 17.278 25 17.207
8 10.500 17 17.636 26 15.014
9 21728 18 15005 |MEANRMSE( 153

4.4.2.2 Data Processing
4.4.2.2.1. Principal Component Analysis (PCA)

Extensive inter-band correlation is a problem frequently encountered in the
analysis of multispectral image data. The Principal Components process uses the
principal components statistical technique for reducing dimensionality of correlated
multispectral data. The presence of correlations among the bands of a multispectral
image implies that there is redundancy in the data, which means some information, is
being repeated. It is the repetition of information between the bands that is reflected in
their inter-correlations (Mather, 1999, pp.126-137). As all of the bands show different
electromagnetic signature of the same feature and due to the orientation and range of
the spectral band the information transferred is generally repetitive.

A correlation matrix showed that Band 1-Band 2, Band 1-Band 3 and Band 2-
Band 3 were highly correlated (Table 4.2). This seemed to be a major deficiency of the
Landsat TM5 imageries encountered elsewhere. In order to overcome this problem, a
principal component analysis (PCA) was used to transform the highly correlated Landsat
TM5 data into statistically independent orthogonal axes on which the original satellite
data were reprojected.

The results of the PCA showed that first (52.7 %) and second (41.8 %) principal
components accounted for 94.6 % of the variance within the entire Landsat TM5 data
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set except the thermal 6" band. Components 3, 4, 5 and 6 respectively accounted for
4.2%, 0.75 %, 0.35 % and 0.12 % of the remaining variance, respectively. To extract
vegetated areas and reduce the amount of computation, inverse of PC 2 (255 — PC 2)
was used in the PCA for vegetation stage, which was obtained by looking at various
combinations of color composite images. The resulting eigenvalues of the principal
components are presented in Table 4.3.

4.4.2.2.2. Decorrelation Stretching

Decorrelation stretching is a color enhancement technique that is based on a
principal component transformation of correlated multispectral image data which
enhances the color display of highly correlated raster sets, such the first three Landsat
TM bands (Table 4.2). Decorrelation stretching was performed by using reverse
transformation of principal components. This enhancement exaggerates the differences
in spectral properties between surface materials to a greater degree than is possible
using conventional contrast enhancement of the original bands. Furthermore, to
enhance the color in highly correlated images, there is a need to selectively exaggerate
the least correlated portion of the spectral data, which is to decrease the correlation.
Decreasing the correlation of spectral data corresponds to exaggerating the color
saturation without changing the distribution of hues (or relative color composition).

The Decorrelation Stretching process involves three fundamental steps. First, a
principal-component transformation is applied with the rows and columns of the
eigenvector matrix transposed. Second, contrast equalization is applied by a Gaussian
stretch, so that histograms of all principal components approximate a Gaussian
distribution of a specified variance. Third, a coordinate transformation that is the inverse
of the principal component rotation is applied so that the data are projected in their
original spectral channels, using eigenvectors as weightings for each principal
component. This inverse operation maximizes the spectral separability of different
surface types in the restored spectral channels. The decorrelation stretched images
created by this process can also be used as components for making color composites.
Gillespie et al. (1987) explained in detail the Decorrelation Stretching technique and its
theoretical and mathematical underpinnings.

In theory, band 1 is sensitive to water and soil moisture while band 2 and
especially band 4 are sensitive to vegetation that is why related decorrelation
components of these original bands represent specific features. As a result of the
contrast stretching the Landsat 5 TM image of Asarsuyu catchment, subtle variations in
surface materials are more easily discriminated by using decorrelated raster set. DC 1 is
sensible to moisture in the area while DC 4 and DC 2 represent different non-common

properties of vegetation through the whole original raster image set (Figure 4.21).
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Table 4.2.Covariance, Correlation and Transformation Matrices for PCA

Variance / Covariance Matrix

Raster Band1 Band2 | Band3 | Band4 Band5 Band7
Bandl | 64.5006 42.3019 68.3945 -36.2414 69.6276 59.9829
Band2 42.3019 30.8834 48.569 -19.1387 53.3876 43.4149
Band3 68.3945 48.569 82.3578 -50.2956 82.4668 73.3751
Band4 -36.2414 -19.1387 -50.2956 306.3435 110.5237 -13.1521
Band5 69.6276 53.3876 82.4668 110.5237 253.4512 117.3291
Band7 59.9829 43.4149 73.3751 -13.1521 117.3291 82.456

‘Correlation Matrix

Raster Band1 Band2 Band3 Band4 Band5 Band7
Band1 1 0.9471 0.9377 -0.2576 0.5442 0.8219
Band2 0.9471 1 0.963 -0.1968 0.6034 0.8603
Band3 0.9377 0.963 1 -0.3166 05708 0.8904
Band4 -0.2576 -0.1968 -0.3166 1 0.3966 -0.0828
Band5 0.5442 0.6034 0.5708 0.3966 1 0.8116
Band7 0.8219 0.8603 0.8904 -0.0828 0.8116 1

~ Transformation Matrix

Axis Band1 Band2 | Band3 Band4 Band5 Band7
PC1 0.1028 0.0787 0.1174 0.1969 0.3442 0.16

PC 2 0.1497 0.0981 0.1835 -0.3974 0.0336 0.1376
EC3 0.2276 0.1459 0.178 0.1763 0.2548 0.0174
PC 4 0.2783 0.0278 0.1369 -0.0587 0.1519 -0.3465
PC5 -0.243 0.1774 0.2511 -0.0119 0.0685 -0.2481
PC6 -0.0707 0.4846 -0.3089 -0.0174 -0.0201 0.0983

Table 4.3. Eigenvalues and Associated Percentages

Axis Eig Per c

_EGH 432,3325 52,7182 52,7182
PC2 343,1456 41,8428 94,561
PC3 34,5831 4,217 98,778
PC 4 6,1278 0,7472 99,5252
PC5 2,8701 035 99,8752
PC6 1,0233 0,1248 100
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Figure 4.21. Decorrelation stretching results (R: decor_4, G: decor_3:B: decor_1).

4.4.2.2.3. Vegetation Indices

The reflectance spectrum of foliage shows a low reflectance (~0.05) in the
visible part of the spectrum while solar irradiance is maximum. Light is absorbed by
vegetation for photosynthesis. In the near infrared (NIR), foliage has a high reflectance
(~0.5), with a very rapid transition between red and NIR regions at ~750 nm. This is
completely different from the reflectance spectrum of the 'background material against
which the leaves are usually observed. Soil reflectance gradually increases at higher
wavelengths over the same region, though its absolute reflectance varies with soil-type
and moisture content (wet soil being darker than dry soil). So the ratio or difference
between two spectral bands on either side of 750 nm will give a measure of the quantity
of foliage present. Those bands are usually chosen centered in the red part of the
spectrum at 660 nm and in the near infrared at 870 nm. Under the light of this fact,
remotely sensed spectral bands can tell user something useful about vegetation by
calculating various indices. Under the light of this fact, remotely sensed multispectral
bands can tell user something useful about vegetation by calculating various indices. A
vegetation index is a number that is generated by some combination of remote sensing
bands and may have some relationship to the amount of vegetation in a given image
pixel. Therefore, six different vegetation indices were calculated to extract different types
of vegetation cover located in the area. These are Greenness component of Tasseled
Cap transformation, Greenness component of Gram Schmidt, GVI, IPVI, MNDVI and TVI.
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4.4.2.2.3.1. The Tasseled Cap

This index is first defined by Kauth and Thomas (1976) in which it rotates the
MSS data such that the majority of information is contained in two components or
features that are directly related to physical scene characteristics (Lillesand and Kiefer,
1994, pp. 577-579). The index is then reapplied to TM data by Crist and Cicone (1984).
The transformation for the six nonthermal Landsat TM bands (1-5 and 7) computes
three index values: First one is greenness, which is strongly related with the amount of
green vegetation, the second, brightness which is the weighted sum of the all input
bands and defined in the principal variation in the soil reflectance and thirdly wetness is
related to canopy and soil moisture. Most of the variability in soil and vegetation
conditions contained in the six TM bands is expressed in these three dimensions. Each
of these indices is computed cell by cell as a weighted sum (linear combination) of the
input band values. The computation has the form:

Greenness =-0.24717 * TM1 - 0.16263 * TM2 - 0.40639* TM3 + 0.85468 * TM4 + 0.05493 * TM5 -0.11749 * TM7
Brightness =0.33183 * TM1 + 0.33121 * TM2 + 0.55177* TM3 + 0.42514 * TM4 + 0.48087 * TM5 + 0.25252 * TM7
Wetness =0.13929 * TM1 + 0.22490 * TM2 + 0.40359 * TM3 + 0.25178 * TM4 - 0.70133 * TM5 - 0.45732 * TM7

4.4.2.2.3.2. The Gram-Schmidt

The  Gram-Schmidt transformation  computes the  Gram-Schmidt
orthogonalization indices to delineate bare soil from vegetation in TM imagery. Input
consists of a pair of raster objects; the spectral band of one object should be red and the
other photo-infrared. Output also consists of a pair of raster objects: Greenness and Soil
Brightness. The Gram-Schmidt transformation computes Bright Soil coefficients for both
red and infrared rasters based on the parameter values entered for Dark Soil and Bright
Soil (Figure 4.22). The operation computes Green Vegetation coefficients for the red
and infrared rasters from the parameter values entered for Dark Soil and Green
Vegetation (Table 4.4). These coefficients are used in the following formulas to produce
two output rasters, one that displays the amount of green vegetation and another that
displays the amount of soil brightness.

Greenness = 0.5 + (red coeff1 * red cell value) + (NIR coeff1 * NIR cell value)
Soil Brightness = 0.5 + (red coeff2 * red cell value) + (NIR coeff2 * NIR cell value)
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Table 4.4.Parameters used in the Gram-Schmidt Transformation

Cell value of Red Band Cell value of NIR Band
Dark Soil 19 14
Bright Soil 43 22
Greenness 10 100

Figure 4.22. Near Infra Red versus Red band Raster Correlation Graph
4.4.2.2.3.2. Global Vegetation Index (GVI)

GVI stands for Green Vegetation Index (Terrill, 1994). There are several
GVI's. The basic way these are devised by using two or more soil points to define a soil

line. The distance of the pixel spectrum in band space from the soil line along the
“greenness” axis is the value of vegetation index.

GVI = -0.2848*TM1-0.2435*TM2-.5436*TM3+0.7243*TM4+0.0840*TM5-0.1800*TM7

4.4.2.2.3.3. Infrared Percentage Vegetation Index (IPVI)

IPVI is the Infrared Percentage Vegetation Index first defined by Crippen (1990).
IPVI is functionally equivalent to NDVI and RVI, but it only ranges in value from 0 to1. It
also eliminates one mathematical operation per image pixel which is important for the
rapid processing of large amounts of data (Terrill, 1994).

IPVI=(NIR)/(NIR+red)= 0.5*(NDVI+1)
4.4.2.2.3.4. Modified Normalized Difference Index (MNDI)

The Modified Normalized Difference operation creates an output raster object
known as the ND or green biomass raster object. The operation shows a measure of the
difference between the values of two input bands RED and NIR. The normalized
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difference is modified by the values of Path Radiance for Band A, Path Radiance for
Band B, and Minimum Euclidean Distance fields. The expression for the operation is as
follows:

Modified ND = Scale * (NIR - b) *254 /(NIR + RED -a-b) + 1
(a and b are path radiances for RED and NIR, respectively).

4.4.2.2.3.5. Transformed Vegetation (TVI)

The TVI operation computes the Transformed Vegetation Index from a pair of
input raster objects. The spectral band of one object should be RED and the other NIR.
The expression for the operation is as follows (Lillesand and Kiefer, 1996):

TVI = 100 * ( sqrt[(NIR-Red) / (NIR+Red)] + 0.5)
4.4.2.4. Normalization

The values of pixels in all vegetation indices fall within a range of -1 to +1.
Therefore, they were all transformed into 0-255 range to be put into PCA. For

normalization process, the following formula was applied:

Normalized DN = [(Input DN — Min DN) / (Max DN — Min DN)] * Scale Factor
Scale Factor = 255

4.4.2.5. PCA for Vegetation

The land cover class vegetation can be made up of several land use classes. It
can be natural vegetation, forestry or agricultural vegetation. Within these classes
vegetation can be separated based on species, biomass, diseases and other. To obtain
different species distribution and health conditions, there is a need to obtain
components, which represent different vegetation types and their properties. However,
having 8 different factors resulted as most of the data as being redundant, conserving
the species information and removing the redundant information PCA was applied to
normalized vegetation indices, DC 4 and inverse of PC 2 (Table 4.5).

The results of the PCA for vegetation showed that the first principal component
accounted for 75.6 % of the variance within the entire data set. Components 2, 3, 4, 5,
6, 7 and 8 respectively accounted for 20.6 %, 2.09 %, 0.73 %, 0.41 %, 0.28 %, 0.13 %
and 0.06 % of the remaining variance (Table 4.6.). Thus 96.3 % of the total variance the
eight components were explained by the first two principal components.
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Table 4.5. Covariance, Correlation and Transformation Matrices of PCA for Vegetation

Variance / Covariance Matrix

Raster | DG4 [Greenness_T|Greenness_G| GVI | IPVI [MODIFIED_ND|PC 2 INVERSE| TVi
DC4  |ie223657 5673567 6507342 |419.4895| 616,597 638.939 4037972 395.832
Greenness_T |ss7.3567|  297.3846 309.1295  |237.7942| 481.9862 516.4237 2317356 [331.5238
Greenness_G|650.7342|  300.1205 337117 |242.5685| 456.0567 487.8237 2328455  [311.6549)
GVI 419.4895|  237.7942 2425585  [238.0185(510.2078 486.4798 2256202 [307.4057]
1PVI 616.597 481.9862 456.0567  [510.2078|1372.325|  1326.2998 499.0305 36.509!
MODIFIED_ND| 638.939 516.4237 487.8237  |486.4798[1326.2098|  1460.6291 4917419 [921.0824)
PC 2 INVERSE| 403.7972 231.7356 232.8455 25,6202 499.0305 4917419 237.6426 [311.0038
™I 395.832 331.5238 3116548  [307.4057|836.5095 921.0824 311.0036  [607.6737]
Correlation Matrix
Raster DC 4 Greenness_TwGreenness_G GVI | IPVI MODIFIED__ND PC 2 INVERSE| TVI
DC 4 1 0.8456 0.8799 06751 | 0.4132 0.4151 0.6503 0.3987
Greenness_T | o.s456 1 09763 0.8938 | 0.7545 0.7836 0.8717 0.7799
Greenness_G| 0.7 0.9763 1 0.8563 | 0.6705 0.6952 0.8227 0.6886
GVI 0.6751 0.8938 0.8563 1 0.8927 0.8251 0.9487 0.8083
VI 04132 0.7545 0.6705 0.8927 1 0.9368 0.8738 0916
MODIFIED_ND| 0.4151 0.7836 0.6952 0.8251 | 0.9368 1 0.8347 0.9777
PC 2 INVERSE| o0.6503 0.8717 0.8227 0.9487 | 0.8738 0.8347 1 0.8184
™ l 0.3987 07799 06886 0.8083 | 0916 0.9777 0.8184 1
Transformation Matrix
Axis |DG 4|Greenness_T|Greenness_G| GVI | IPVI [MODIFIED_ND|PC 2 INVERSE| TVI
PC 1_V69|o.1532 0.0889 0.089 0.0801{0.1888 0.1964 0.0791 0.1245/
PC 2_Ve9|o 3895 0.0673 0.0981 0.0101[-0.1571 -0.1652 0.0046 -0.108
PC 3 Vegl-o 0082 -0.0509 -0.0469 0.1409(0.2723 -0.2066 01077 -0.1664]
PC ‘,_Vegl»o.msa 0.134 02029 0.1399-0.111 -0.0752 0.153 0.0383
PC 5_Ved-o 0493 0.1118 0.2109 0.0354(0.1411 -0.0987 -0.3414 0.0114
PC E_Veg]-ovowz 0.0071 0.1321 0.025 |-0.0335| 0.2873 -0.0233 -0.4425]
v Ql-o.ozas 0.0658 0.1165 -0.407 [0.1026 -0.0525 0.1955 1-0.0367]
PC ﬂ_Veglo.uam -0.522 0.3237 0.0099|-0.0033 0.0008 0.0248 0.0849
Table 4.6. Eigenvalues and Associated Percentages
Axis Eige F g %
PC 1_Veg 4670,2763 75,6546 75,6546
| PC2 Veg 1274,0529 20,6386 96,2932
PC 3_Veg 1292741 2,0941 98,3873
PC 4_Veg 45,2019 0,7322 99,1196
PC 5_\199” 25,0813 0,4063 99,5259
PC 6_Veg 17,5736 0,2847 99,8105
PC 7 Veg 7,7659 0,1258 99,9363
PC 8_Veg 39298 0,0637 100
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4.4.3. Maximum Likelihood Classification

Supervised classification began with the selection of training areas for each of the
land-cover classes. Spectral signatures were generated from the training-area. The
signature files were employed in a maximum-likelihood classifier to lace all pixels in one
of four land-cover classes. In the classification four different data were used. These are:

i Two decorrelation components (DC 1 and DC 2)
il Two PCA-vegetation components (PC 1-vegetation and PC 2-vegetation)

These four data sets represent different unique spectral signatures of features in four-
dimensional spectral space. DC 1 was selected for extracting soil moisture. DC 2 was
selected to differentiate soil and vegetation types, which have spectrally same response.
Because study area is dominantly covered by vegetation. PC 1-Vegetation and PC 2-
Vegetation are also added, which are used to indicate different spectral responses of
vegetation, into supervised classification (Figure 4.23).
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Figure 4.23. Product of Maximum Likelihood Classification
4.4.3.1. Accuracy Assessment

Classification accuracy was determined by comparing a sample of classified
pixels with ground information derived from aerial photographs and field data
(Congalton, 1991). To determine the accuracy of classification, approximately 29
reference areas (226 pixels) were selected as reference data for the comparison of
ground information with the classification resuit. These pixels had to be pure rather than
mixed pixels to ensure that the correct land cover was identified for each pixel. As with
the training pixel, they were chosen with the aid of 1:15000, 1:25000 and 1:35000 scale
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aerial photographs of the study area. For each pixel, the ground information determined
from the aerial photographs (field checking when necessary) was compared with the
classification results by means of confusion matrices. The total number of correct pixels
in a category is divided by the total number of pixels of that category as derived from
ground information (i.e., the column total). This accuracy measure indicates the
probability of a reference pixel being correctly classified. This accuracy measure is often
called “producer’s accuracy”, because the producer of the classification is interested in
how well a certain area can be classified. On the other hand, if the total number of
correct pixels in a category is divided by the total number of pixels that were classified in
that category, then this result is a measure of commission error. This measure, called
“user’s accuracy” or reliability, is indicative of the probability that a pixel classified on the
map or image actually represents that category on the ground (Lunetta et al., 1991).

User’s accuracy of dense forest is 100 per cent, which is perfect. Although
user’s accuracy of both young-age forest and soil moisture looks low, there are several
factors, which creates complexity to differentiate these classes. For example, even by
looking at aerial photographs, it is also difficult to differentiate the young-age forest from
old and dense forest at 1990’s. For soil moisture 7 pixels out of 56 is classified as mixed
class, which is not very abnormal since they are associated with each other (Table 4.7.
In the mixed group 6 out of 83 pixels were misclassified as forest as the mixed group
itself by definition also contains some scattered very small patches of dense trees.
However, the overall accuracy (Kappa Coefficient) of the classification is 92.48 %, which
indicates that the classification is within the desired confidence level.

Table 4.7 Error Matrix of the Classification

| Ground Truth Data

C [Hane Forest Y_Forestlhoisture Hixed Total Iﬂccuracu

L Forest 0 0 0 62| 100,00%

o [\=Forest 2 0 1 25[ 88,007

s |Hoisture 0 0 Fi 56| 87.50%

i [Hixed 6 0 1 83| 91.57%
|Total 70 22 50 84 226
[Accuracy|  88.57%| 100.00%] 98.00%] 90.48%|

Overall Accuracy = 92,.48% Khat Statistic = 89,45%

4.4.4 Integration of RS, GIS at Database Level

In the database level of integration, analysis are performed with the integrated
vector features, database and raster products. The integration of remote sensing
information into a GIS occurs naturally in a Raster format (or Raster GIS) because both

data structures are approximately the same. Integration into a vector system requires
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somewhat more effort, updating vector information by using an image as a backdrop for
vector editing (Faust et al., 1991).

Road network and building layers were first converted into raster format. Result
of maximum likelihood classification was used as a reference data in this conversion. In
raster map of building, DN of 100 represents buildings while DN of 250 indicates other
features located in the area. In raster map of road, DN of 200 represents road while DN
of 250 indicates other features. DN of Land cover obtained from supervised

classification are indicated as follows:

: Forest Area
: Young-age Forest Area
: Soil Moisture

AW N =

: Mixed Group

Logical and Relational Raster Overlay Analysis:

if ( Building_Layer == 100 )

Landcover =5 ( DN of 5 shows the Buildings in the product of this process)
Llse if ( Road_Layer = =200 )

Landcover = 6 ( DN of 6 shows the Road in the product of this process)

else

Landcover = Classification_Result

Finally, the product of this process includes the additional two classes (Buildings
and Road) (Figure 4.24). This is also called integration results to GIS / Attribute Update
(Archibald, 1987). As a result the majority of the area (44%) is covered by dense forest,
%33 is mixed class with agriculture grassland and 16% is covered by young forest
(Figure 4.24.b)

It is noticeable that the classification accuracy is significantly higher for
vegetated areas than for other classes. For example, forest area and mixed group were
most accurately classified at levels of 100 per cent and 91.57 percent, respectively.

Although soil moisture and young-aged forest areas classes showed more
errors of commission, forest and mixed group represented more errors of omission. The
errors of commission were largely caused by confusion between young-age forest and
old - dense forest, soil moisture and mixed group, while the errors of omission resulted
from confusion between old-dense forest and mixed group, mixed group and soil
moisture Indeed, confusion between mixed group and soil moisture has the highest
percentage in the total classification error. This is because within the mixed classes
there may be green vegetation and/or agricultural fields, which reflect same spectral
signature with soil moisture.
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Figure 4.24.a) Land-cover map of the study area, b) areal distributions of land cover.

4.5. Landslide Inventory

In this section the creation of landslide attribute databases are explained. Four

landslide attribute databases are created using the photo interpretation of the stereo

panchromatic aerial photographs.

4.5.1. Input Data

The input data for landslide attribute databases and the inventories of four

different time periods consist of 4 sets of analogue stereo panchromatic aerial

photographs. The time periods and scales of the photographs are as follows: 1952
(1:35.000), 1972 (1:25.000), 1984 (1:15.000) and 1994 (1:25.000).
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4.5.2. Data Production

The landslide occurrences of the Asarsuyu catchment are mapped in four
different time periods. The geomorphological and morphometrical attributes of the
landslides are mapped and they are transferred into each years corresponding
topographical map in order to minimize the georeference residual errors in a considerable
amount. Furthermore, a relational database is constructed and attached into the landslide
map (Figure 4.25). The attribute database of the each landslide consists of 7 attributes of
which they are named as Massinfo, Type, Style, Depth, Landcover, and Distribution of
activity and Possible Cause.

“Massinfo” attribute is the morphology of the slope instability seen in the
photograph; it has two terms that can be used “Scarp&Path” and “Scarp&Body”.
“Scarp&Path” is used to define the landslides where scarp is clearly visible and the
direction of movement is easily estimated although there are no signs of body. On the
other hand, the latter “Scarp&Body” is assigned to the landslides where it's scarp and
body is clearly seen.

“Type” attribute is the class of the landslide according to the Varnes (1978)
classification. The available items that can be used in the database are confined only to
“slide”, “flow” and “flow/slide (complex)” due to the occurrence in the study area. The
“slide” and ‘“flow” is straightforward and self-explanatory, however the “flow/slide
(complex)” is used for the slope instabilities that are started as a slide and then the
displaced mass is flowed out remaining only a visible scarp.

“Style” attribute is defined by “the way in which different movements contribute to
the landslide” (Varnes, 1978) and the definitions used in this study is based accordingly on
the report of Unesco Working Party on World Landslide Inventory, 1993. The terms that
can be used for the study area from the available terms are “successive”, “single” and
“multiple”. The “single” slides consist of a single movement of displaced material; the
“multiple” movements are landslides with repeated development of the same type of
movement. The definition of “successive” is “A successive movement is identical in type to
an earlier movement but in contrast to a multiple movement does not share displaced
material or a rupture surface with it”.

“Depth” attribute is assigned as the relative measure obtained from the
interpretation of the aerial photographs, which is significantly dependent on the experience
of the interpreter.

“Distribution of activity” attribute is self explanatory as is assesses the activity
distribution of a landslide. The available terms are “advancing”, “retrogressive”, “diminishing”
and “moving” and the definitions used in this study is based accordingly on the report of
Unesco Working Party on World Landslide Inventory, 1993. The “retrogressive” is defined as

the movement is continuing by the extension of the rupture surface in the direction opposite
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to the movement of displaced material”. If the rupture surface is extending in the direction of
movement it is said to be “advancing”. The term “Diminishing” is used for a landslide whose
displacing material is decreasing in volume. Landslides whose displaced material continue
to move but rupture surfaces show no visible changes can be simply described as “moving”.

The “land cover’ attribute is directly taken from the aerial photographical
interpretation, dependent on the study area characteristics, and five classes have been
defined. These are “bare land”, “grass land”, agricultural fields”, “dense forest” and “young
forest”.

Figure 4.25. The landslide attribute database

The produced historical landslide inventory maps are presented in Figure 4.26. For
every landslide inventory map a polygon topology is built and validated, in order to yield area
(Polystats) and shape dependent (Fuzzystats) attribute databases. The photo interpretation
database, Polystats and Fuzzystats databases are explored in detail for every period in the
next chapter.

After compiling the four years inventory databases, all of them are merged together
to form a single training resource for statistical analyses in order to figure out the parameters
controlling the instability. If a slide occurs in any one of the periods it is included in the
merged landslide map. Following the merge process a buffer of 100 meters is calculated
around the landslide polygon and manually edited just to be buffered in the crown and flank
areas of the polygons. The buffer is calculated in order to get the pre-failure surface
attributes of the slides. The decision rule for the boundaries of the buffer line is as follows: If
the distance between the slide boundary and microcatchment divide line is smaller than 100
meters then use the microcatchment divide line, if the distance is larger than 100 meters
then use the 100 meter buffer line for the seed zone generation. After finishing the merge
and buffering processes, a polygon grid of 25 meter pixel size is overlaid over the landslide
polygons. The midpoints of this polygon grid are calculated and the attributes of landslides
and the previously produced input maps in this chapter are transferred as separate attribute
tables to these points (Figure 4.27). These separate attribute tables are then merged to

construct a huge relational database concerning all of the parameters, which are going to be
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used for later statistical model creation. Each parameter map will now be treated as a new
variable in this database.
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Figure 4.26. Landslide inventories of the four time periods, a. 1952, b. 1972, c. 1984, d.
1994
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Figure 4.27. Polygon grid midpoints and transferred attributes (white points are merged
polygons, black ones are buffered zone)
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CHAPTER 5

LANDSLIDE DATABASES

This chapter will deal with the characteristic features and the descriptive
statistics of the landslides mapped. The aim of this data exploration is to explore the
training data, which will be used in the further analyses and to characterize the
landslides and their evolutions in all of the four periods starting from 1952 to 1994.

5.1. Topological, Morphometrical database

In this section a brief description of the morphometrical characteristics of the
landslides will be given. In order to do this, the vector topology dependent statistical
attribute table/database (Polystats) and the fuzzy properties attribute table/database
(Fuzzystats) will be used. The topological database is consisted of 11 variables
originally, however 4 of them are valid if the polygon is hosting an island polygon, 2 of
them are related with the spatial position of the polygon, which will be stressed in the
following chapters, and 1 of them is a derived variable from Fuzzystats database,
therefore, only 4 variables from the Polystats database will be used in order to trim the
redundancy. The Polystats variables and their definitions are presented in Table 5.1.

Table 5.1. The names and definitions of variables used from Polystats database.

| NAME | DEFINITION
Area The area of a polygon.
BoundLen The total length of a polygon's boundary.
MaxDim | Thelength of the longest diagonal from and to all polygon angles.
Roughness is a measure of the irregularity of a polygon's perimeter.
Rnugpness It is calculated as: (MaxDim * BoundLen) / Area.

In the Fuzzystats table, 12 parameters are available; the names definitions and
formulas are given in Table 5.2. These fuzzy properties are reflecting the measures of
shape, that in the scope of investigation. A shape is a difficult property to measure or

define precisely and mathematically. It is difficult, if not impossible, to construct a
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measure which is unique to a single shape. There have been attempts to characterize a
variety of shapes including simple forms, like sand grain shapes, to very complex forms
as are indicative of fossilized organisms. From a larger or more regional perspective the
evaluation of shapes can be applied to drainage basins, coral atolls, salt diapirs, oil
fields, or structural traps. Based on these, if the similarly shaped objects are present in a
vector object, characteristic shape measure values associated with a known shape
should be defined. All of the available variables are given in Table 5.2, but “thinness
ratio”, “Normalized Dispersion”, “Simplicity”, Shore line Development” will not be
implemented for analyses as they are directly dependent of the digitizing process and
even some of them undefined for the landslide polygon vector object, such as there are
no sliver polygons, or the distances in between boundary vertices are equal. Also the
“correlation” and “orientation” variables are not implemented as “orientation” yields a bi-
directional value which is not applicable to landslides, as it is not concerning the
orientation of the landslide but the orientation of the polygon without any thematic and
genetic information is concerned. This means that the value is only dependent on the
orientation of a physical long axis, which may not be in the same direction with the
landslide or the downslope gradient. Moreover, the “correlation” is a dummy variable
that is used for the calculation of “orientation” variable, yet it is also skipped. Only 6 of
the Fuzzystats variables out of 12 are explored to find and evaluate shape dependent
differences or similarities in the area from 1952 to 1994.

5.1.1. Polystats Database

5.1.1.1. 1952 Period

33 landslides have been mapped from 1:35.000 scale panchromatic stereo
aerial photographs. The minimum area recorded is 3175,15 square meter and the
maximum is 817501,36 square meters, having a mean of 79687,86 and the standard
deviation of the distribution is 153440,75 (Table 5.3). As for the sake of reader’s agility,
the general definitions and rules of thumbs of skewness and kurtosis parameters will be
introduced briefly below.

Skewness is “A measure of the asymmetry of a distribution”. The normal
distribution is symmetric, and has a skewness value of zero. A distribution with a
significant positive skewness has a long right tail. A distribution with a significant
negative skewness has a long left tail. As a rough guide, skewness values more than
twice its standard error is taken to indicate a departure from symmetry.

Kurtosis is "A measure of the extent to which observations cluster around a

central point”. For a normal distribution, the value of the kurtosis statistic is 0. Positive
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kurtosis indicates that the observations cluster more and have longer tails than those in
the normal distribution and negative kurtosis indicates the observations cluster less and
have shorter tails.

Table 5.2. The names, definitions and formulas of fuzzy properties

Name - Definition £ ; Formula

shape with a maxi value

Form Ratio approximating one for squares

FR = Area / (Long Axis®)

Measures shape with a minimum value
Grain Shape | approximating two for long skinny polygons,

Index pi for circles, four for squares, and may be
very large value for fractals.

GSI = Perimeter / Long Axis

Measures shape with a maximum value

_ o . 5
Gompactqess approximating one for circles. C= 2 *sqrt (pi * Area) / Perimeter
Thé:':l?s Measures the shape of sliver polygons. TR=4"pi* Area/ (Perimeter?)

Measures shape, reflecting the element's
Circularity 1 | similarity to a circle, with a maximum value C1=sqrt (Area / (pi * MaxRadius?)),
approximating one for circles.

G Measures shape, reflecting the element's
Circularity 2 | similarity to a circle, with a maximum value C2= sqrt (MinRadius / MaxRadius)
. approximating 1.0 for circles.

Normalized | Measures shape presenting a value

=i * i i
Dispersion | approximating one for circles. ND= pl*WelghtedRariUsSum / Area)

Measures a shape's simplicity, used. in
separation of polygons with the same shape
but with a different number of boundary
vertices

Simplicity S= MeanSegmentLength® / Area

Measures polygon generalization, which is

Shore Line used in cartography for studying the
Development | relationship between measured distance and
map scale.

SLD= Perimeter / (2 * sqrt (pi * Area))

Measures the complexity and integrity of the Cor=the correlation coefficient between

Correlation the X and Y coordinates of the
polygon boundary shape. boundary

Orientation | Measures a polygon's orientation. 0= arccos (Cor)

Elongation Measures polygon proportions. E= ShortAxis / LongAxis,

Based on the definitions, above the area variable of 1952 has a long right tail,
and it clusters around smaller values with longer tails than a normal distribution (Table
5.3 and Figure 5.1.a). The distribution type is not crucial here and will not be
implemented as for the original landslide polygons the population size is quite small
such as N=33 in this case. However, just to test the validity of skewness and kurtosis
rules, a Q-Q plot of normality test is applied and seen that the distribution is far away
from a normal distribution (Figure 5.1.b).

. VOKSEK BCR EYiM KURULD
BOKOMARTASY ON MERFKETY
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Table 5.3 The descriptive statistics of Polystats 1952.

Descriptive Statistics of Variables of Polystats Database (1952)

AREA BOUNDLEN | MAXDIM

[ valid ; 33 33 | 33 33
| Missing 0 0 0 0
Mean 3 79687,8645907315 1081,3042428379 398,8217684336 7,8562125715 |

Std. Error of Mean 7 26710 183, 2| s3a7 7
Median 29514,2572021500 " 798,1903720200 293,1430513500 6,8409510700
Mode 3175,15747070° 220,57400666° 84,03677303° 4,86070260°
Std. Deviation ; 153440,7542336397 1056,4286931289 307,1819047120 43348175988
Variance | 23544065059.78822000 | 11160415636660140 |  94360,7225624886 | 18,7906436150
K % ) 4,044 2,924 § 1,875 4,247
Std. Error of o 1409 409 409 409
Kurtosis 17,847 9,625 3,334 21,019
Std, Error of Kurtosis 798 798 B 798 798
Range 814326,21105957 5210,71663773 1247,00648479 24,81103996
| Minimum 3175,16747070 220,57400666 84,03677303 4,86070260 |
817501,36853027 5431,29064439 1331,04325782 29,67174256 |
Sum ; 2629699,53149414 35683,04001365 13161,11835831 | 259,32101486

a Multiple modes exist. The smallest value is shown

§ Normal Q-Q Plot of AREA
L 2 Y
g 400000 a
= v
£ = 300000 o 3
Fid H
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15 & )
B g 100000
1038 z 0
k1
st std. Dev = 153440,8 8 Sy H
g Mean = 79688 2 -200000 °
LLL N =133,00 & -300000
By L Do B Do B Ve % 400000 0 400000 800000
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) o % %0 % 0 % %o %o -200000 200000 600000 1000000
AREA a Observed value b

Figure 5.1. The distribution plots of area of 1952: a) Frequency distribution, b) Normal
Q-Q Plot.

The boundary lengths are ranging from 220.57 meters to a maximum of
5431.29 meters. The mean is 1081.30 meters and the standard deviation is 1056.42.
The skewness and kurtosis suggest that the distribution is not normally distributed and
having long right tails yielding in an asymmetrical histogram with a clustering behavior
(Figure 5.2.a). The MaxDim is ranging from 84.03 meters up to 1331.04 meters with a
mean of 398.82 meters and a standard deviation of 307.18. It has also a long right tail
with values clustering around mean values (Figure 5.2.b). The roughness has a
minimum of 4,86 and a maximum of 29.67 with a mean of 7.85 and standard deviation
of 4.33. It has also long right tail and an asymmetrical distribution (Figure 5.2.c).
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Figure 5.2. Histograms of Polystats database, a) “BoundLen”, b) “MaxDim”, ¢)
“Roughness”.

The correlations of the variables in the Polystats table are calculated and found

that the “MaxDim” and “BoundLen” within themselves has the best correlation coefficient

(0.956), also the “area” has good correlations with “BoundLen” and “MaxDim”, 0.841

and 0.817, respectively. However, none of the variables are correlatible with

“roughness”, as the highest correlation coefficient of “roughness” is 0.423 with “MaxDim”

(Table 5.4). Their scatterplots are presented in Figure 5.3.

Table 5.4. Correlations of Polystats variables 1952.

AREA | BOUNDLEN MAXDIM I
Pearson 1,000 18414 817 -012
: Sig. (2-tallod) ; P 000 1000 | 047
AREA Sum of Squares s-products | 753410081913223 387 | 1231861404435 | -255540,974
g nce i 23544065059,788 136360394,612 38495668,889 -7985,655
33 33 TS s
841+ 1,000 | ,956*1 1243
000 B T o0 i
| BOUNDLEN 387 35713330,677 9031185,608 35649,475
: ’ 136360394,612 1116041,584 310349,550 114,046
N e 33 33 33 33
| Pearson Correlation 817" 956" 1,000 423
| sig. (2tailed) 000 000 = 014
MAXDIM | Sum of Squares and Cross-products 1231861404,435 | 9031185,608 3019543,123 | 18023079
; a ' L ’ 38495668,889 310349,550 94360,723 563,221
R s s 33 33 33 =
Pearson Correlation -012 1243 423 | 1,000
| 'sig. (2-tailed) - 047 473 014 | :
“Sum of Squares and Cross-p -255540,974 35649,475 18023,079 | 601,301
Covarianca 7985,655 1114,046 18,791
o 33 33 33

**. Correlation is significant at the 0.01 level (2-tailed).

*. Correlation i significant at the 0.05 level (2-tailed).
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Figure 5.3. Scatter plots of highly correlated variable pairs of Polystats database, a)
"area-BoundLen”, b) “area-MaxDim”", ¢) “BoundLen MaxDim”.

The correlations are quite logical as the “area” is closely related with the
perimeter (“BoundLen”) of a polygon, so with the maximum diagonal (“MaxDim”). As the
“area” increases the two other parameters should have to be increased also. On the
other hand, “roughness” is a derived component from the above three variables, but it
has very low correlation, which implies that the irregularity of the polygons are not
affected with how long or how large the polygon is.

5.1.1.2. 1972 Period

45 landslides have been mapped from 1:25:000 scale panchromatic stereo
aerial photographs. The previous period’s vector data set was used as a precursor for
the interpretation, every landslide in the 1952 database checked in the 1972 period. A
significant land-use change is observed in the study area; quite large areas are
deforested either by human abuse of the forests as an economical source or by
extensive forest fires.

The “area” variable has a minimum value of 2027.52 square meters, and the
maximum is 786179.14 square meters (Table 5.5.). The distribution has a mean of
64906.05 and a standard deviation of 129606.99. Similar to 1952 period the “area”
variable is asymmetrical and has long right tail. Although only 5 out of 45 case create
this long right tail, similar results with less positive skewed distribution is obtained when
the last 5 is omitted in the histograms (Figure 5.4).

The “BoundLen” variable is ranging from 176.39 to 5502.14 meters with a mean
of 964.23 and a standard deviation of 950.44 (Table 5.5). The kurtosis and skewness
values suggest a long right tail with clustering around smaller values. The “MaxDim”
variable has a minimum of 65.51 meters and the maximum of this variable is 1328.03

meters. The variables distribution suggests a less positively skewed and less clustered
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distribution rather than “area” and “BoundLen” variables with a mean of 357.15 and a

standard deviation of 277.49 (Figure 5.4). For the “roughness” variable the minimum

maximum range is defined as 4.9 and 30.68 with a mean of 8.11 and standard deviation

of 4.24. The distribution has again a right long tail and clustering around small values.

Table 5.5. The descriptive statistics of Polystats 1972.

Descriptive Statistics of Variables of Polystats Database (1972)

AREA BOUNDLEN MAXDIM
[ valid 45 45 45 45
| Missing 0 0 o 0

Mean 64906 964 4 357, 8.1114261029
Std. Ervor of Mean 19320.6706300324 141.6841362369 4.
| Mediar 3 21517.4001464800 684.0998115000 2648689724500 6.6746764100

2 2027.52832031° 176.39683459" 65.51217620° 4.90223315°
Std. Deviation 129606 95044607 277. 4
Variance 16797974111,73876000 903347.7507790310 77001,4514647170 18.0458737673
Skewness 4520 268 2.102. 3792 |
“Sta. 354 354 354 354
Kurtosis 23,029 12708 4614 18215
| Std. Error of Kurtosis 695 695 695 695
Range 784151.61450196 5325.74997547 1262.52586739 2577959581
Minimum 2027.52832031 176.30683450 65.51217920 4.90223315

786179.14282227 5502.14681006 1328.03804659 30,68162896
sum 2020772.60925291 43390.67713157 16071.91499215 36501426463
2 Multiple modes exist. The smallest value is shown
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Figure 5.4. The frequency distributions of variables of 1972 Polystats database, a) area,
b) BoundLen, c) MaxDim, d) roughness.

96



The correlations are also similar with the period of 1952 as the maximum

correlation is in between “MaxDim” and “BoundLen” (0.957) and the other two best

correlations are in between pairs “area”“BoundLen” (0.837) and “area”-“MaxDim”

(0.815). Likewise, the roughness has the minimum correlation with the other variables

(Table 5.6 and Figure 5.5).

Table 5.6. Correlations of Polystats variables 1972, the best correlations are shown in

bold.
AREA BOUNDLEN MAXDIM ESS
Pearson Corralation 1.000 837+ 815" -046
Sig. (2-talled). : p 000 000 763
AREA Sum of Squares and russ-pmdum | 730110860916.506 | 45362141086 0 [ -1117680.682
Covariance 5 1679797411738 | 10309577519 | 29320296.273 -25401.834
N 45 45 45 45
Pearson Correlation 837" 1.000 957+ 188
Sig, (2-talled) 3 .000 3 000 215
BOUNDLEN "Sum of Squares and Cross-products 4536214108.564 | 30747301.034 | 11102333.528 33464.256
| Covarlance R 103095775195 | 903347761 252325762 760,551
N o 45 45 45 45
Pearson Correlation 815~ 957" 1.000 349°
Sig. (2-tailed) 3 1000 000 - 019
MAXDIM Sum of ol 019 | 11102333528 | 3388063.864 18084.486
: Covarlance ; & 20320296273 | 252325762 77001.451 411.011
N : 45 45 5 45
Pearson Correlation -.046 188 349" 1.000
Sig. (2-tailed) 763 215 o019
sumdsqulru and Cross-products -1117680.682 33464.256 18084.486 794.018
Covariance 25401834 760,561 411.011 18.046
N a5 | 45 45 45
**. Correlation is significant a the 0.01 level (2-tailed)
“. Correlation is significant at the 0.05 level (2-tailed).
@ 1"
Lt e | nearRegresson Unear Regression
RoSquare - .70 astim ST03.06 40,00 745 i = 87,42 +028“voysflen
o

boundlen

c

Figure 5.5. Scatter plots of highly correlated variable pairs of Polystats database (1972),
a) "area”-“BoundLen”, b) “area”™“MaxDim”, ¢) “BoundLen”-“MaxDim".
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5.1.1.3. 1984 Period

Only 39 landslide bodies are mapped from 1:15.000 scale panchromatic stereo
aerial photographs of 1984 period. Although the scale of the photograph is much more
adequate for landslide monitoring, the number of landslides mapped is decreased
probably due to intensive re-forestation studies in the study area.

The “area” variable ranges in between 4815.04 and 956223.4 square meters
(Table 5.7). The distribution is again having a long right tail and a mean 74395.84 and a
standard deviation of 161246.42 (Figure 5.6). The “BoundLen” variable has a minimum
of 278.82 and a maximum of 5412,4 meters. It is again positively skewed and the
kurtosis value indicates a clustering in smaller values. The mean and the standard
deviation is 1047.86 and 984.93, respectively. The “MaxDim” of landslides are ranging
between 113.96 and 1307.1 meters with a long right tail and clustering in the smaller
values. The mean is found to be 393.5 meters and the standard deviation is 285.31.

Table 5.7. The descriptive statistics of Polystats 1984

Descriptive Statistics of Variables of Polystats Database (1984)

: AREA BOUNDLEN | MAXDIM ROUGHNESS

[ valid : 39 39 | 39 39

| Missing 0 [ [ 0
Mean : 74395.8434682997 1047.8647222372 3935067514408 | 8 1
Std. Error of Mean 25820.0918495585 1577151385261 | 45.6874778206 16695358135
Median 24466.1716308600 7399429591700 327.1816415600 | 7.
WMode 4815.04206875° 278 82556722 113.963027519 5143045277
Std. Deviation 161246.4219169557 984.9307244129 2853182075415 | 4.1812498149
Variance 1 970088.5318926580 |  B1406.4795546676 |  17.4828500148
Skewness 4755 3008 | 2,049 3245
Std. Error of 378 378 378 378 |
Kurtosis 24,886 11.056 4288 14.631
Std. Error of Kurtosis 741 741 741 741
Range ~ 951408.35791016 513356286545 1193.14480709 2413985703
Minimum 4815.04296875 278.82556722 113.96302751 514384527

imum 956223.40067891 5412.40843267 1307.10783460 2028380230
Sum 2901437.89526369 40866.72416725 1534676330619 | 34586188233

8. Multiple modes exist. The smallest value is shown

The correlations of the variables of 1984 database are similar with the period of
1952 and 1972. However, except “BoundLen-MaxDim” pair they exhibit slightly lower
correlation coefficients, as the maximum correlation is again in between “MaxDim” and
“BoundLen” (0.955) and the other two best correlations are in between pairs “area’-
“BoundLen” (0.799) and “area’-“MaxDim” (0.792). On the other hand, the “roughness”
variable is showing the minimum correlation with the other variables, and in this period
the correlation coefficients are even lower than that of the previous two periods (Table
5.8 and Figure 5.7).
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Figure 5.6. The frequency distributions of variables of 1972 Polystats database, a) area,
b) BoundLen, c) MaxDim, d) roughness.

Table 5.8. Correlations of Polystats variables 1984, the best correlations are shown in
bold.

| BOUNDLEN ' 1 | ROUGHNESS |
7 1.000 799+ 7927 129
: - 000 000 435
AREA 9BB015526103.304 | 4822526244705 | 1384862450239 | -3299801.888 |
) 26000408561.666 | 126008585387 |  36443748.691 -86836.892
N 39 39 39 39
| Pearson Correlation s 799" 1.000 955 28
TSI (AR o oo et 1000 1000 T 4
BOUNDLEN | Sum of Squares and Cross-products 4822526244705 36863364212 | 10201484903 20001.389
‘ Covariance ‘ 126908585.387 970088.532 268460.129 526.352
N 30 30 30 30
792+ 955~ 1.000 300
000 .000 & 064 |
1384862450.239 |  10201484.903 | 3003446223 13585.801
36443748.691 268460120 | 81406480 |  357.521
39 3| 39 39
129 128 300 1.000
435 438 064
-3299801.888 20001.389 13585.801 664.348
-86836.802 526352 357521 17.483
39 39 39 39

**. Correlation is significant al the 0,01 level (2-taied)
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Figure 5.7. Scatter plots of highly correlated variable pairs of Polystats database 1984,
a) "area”-“BoundLen”, b) “area”-“MaxDim”, c) “BoundLen”-“MaxDim”.

5.1.1.4. 1994 Period

From the 1:25.000 scale panchromatic stereo aerial photographs of 1994 period
37 landslide bodies are mapped. The re-forestation studies seem to work well, however,
the road-cuts seem to cause and/or trigger the landslides in the 1994 period, which is
recorded in the aerial-photographs.

The range of the “area” variable is in between 5098.61 and 921243.32 square
meters respectively. The data is again clustered in smaller values and have a long right
tail with positive skewness and kurtosis values (Table 5.9. and Figure 5.8). The
distribution has a mean of 73854.92 and 159508.47 as standard deviation. The
“BoundLen” variable has a minimum of 289.25 and maximum of 5556.74 meters with
1043.56 as mean and 1012.49 as the standard deviation. The distribution is again right
long tailed and clustered in smaller values. The “MaxDim” variable is found to have a
minimum of 118.26 and 1325.77 meters as maximum value. It has again a long right tail
and clustering with a mean of 390.85 and a standard deviation of 286.96. The
“roughness” variable has a minimum of 4,95 and a maximum of 22.4 with a mean of
8.49 and a standard deviation of 3.24. The distribution is again long right tailed and
clustered in small values.

The correlations of the variables of Polystats database of 1994 period is similar
to that of 1952, 1972 and 1984 as the highest correlatible variables are “boundlen”
“maxdim”, “area-MaxDim” and “area’-“BoundLen” pairs in decreasing correlation
coefficient order. Conformably the “roughness” variable has the least correlation with the
other remaining three variables (Table 5.10 and Figure 5.9).

100



Table 5.9. The descriptive statistics of Polystats 1994

Descriptive Statistics of Variables of Polystats Database (1994)

5. Dwy - 1535085
[
N-3700

TR AR R

C Ty Gy,

om)
" % % %
BoUNDLEN

b

% % % %

AREA 2 'BOUNDLEN MAXDIM
37 37 37 37
0 0 0 0
73554,9253061662 1043,5660012157 3908584145365 8,4932245689
26223,0310271408 166,4534916783 47.1766174767 5342227747
23967,4675293000 722,0782377é00 327.5310183200 7,9804270400
5098,61462402* 289,25587197° 118,26133385" 4.95063299%
159508,4705627398 1012,4970622184 286.9641610937 3,2495502770
25442052181 ,2644300000 1025150,3010008170 82348.4297521847 10,5595770025
4.640 3222 2113 2.480
388 .388 .388 388
23.500 11.823 4520 8.704
759 759 759 759
916144,71289063 5267,48713772 1207,50785113 1748556595
5098,61462402 289,25587197 118,26133385 4.95063299 |
921243,32751465 5566,74300969 1325,76918498 22,43619894
i 273263é;235325|5 38611,94204498 14461,76133785 314,24930905
8 Multiple modes exist. The smallest value is shown
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Figure 5.8. The frequency distributions of variables of 1994 Polystats database, a) area,

b) BoundLen, ¢) MaxDim, d) roughness.
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Table 5.10. Correlations of Polystats variables 1994, the best correlations are shown i

bold.
AREA BOUNDL -MAXDIM
Pearson Correlation 1.000 803+ 815% =113
Sig. (2-tailed) - i I ) 504
AREA ‘Sum of Squares and Cross-pi 519 475 | 1343207587405 |  -2115075.769
Covatiance - 25442952181.264 | 129707831.902 | 37311321872 | 58752105
N T w o 37 a7
Pearson Correlation 803" 1.000 -955°7 120
Sig. (2-tailed) 3 000 | 000 481
BOUNDLEN Sum of Squares and Cross-products 4669481948 475 36905410636 | 9990958.352 14163.130
Covariance 120707831902 | 1025150301 277526.621 393420
B s 5 il a| &7 ]
_Pearson Correlation 815" 955" 1.000 269
Sig. (2-tailed) o0 | 000 | 107 |
MAXDIM Sum of Squares and (:mswroducu 1343207587405 | 9990058352 | 2064543471 | 9043.903
: Covariance 37311321872 | 277526621 | 82348.430 | 251,220
N 3 = T T 37
rson Correfation 113 120 269 | 1.000
(24ailed) 504 | a8 | 07 |
ROUGHNESS of Squares. anu(:mss_groqn -2115075.769 130 | 0043903 |  380.145
| Covariance . -58752,105 | 393420 | 251220 | 10560
N 37 | Er T o
™" Conrelation is significant at the 0.01 level (2-tailed).
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Figure 5.9. Scatter plots of highly correlated variable pairs of Polystats database (1994),
a) "area-BoundLen”, b) “area-MaxDim”, ¢) “BoundLen MaxDim".

5.1.1.5. The Comparison of Four Periods

Three major events have occurred through period 1952 and 1994 in the area,
which are revealed from aerial photographical interpretation. First one is the sudden de-
forestation in the area in between the 1952-1972 period. This might either be due to an
extensive forest fire or human abuse of the forest resources for economical raw material
needs. The change in land cover should affect the states of landslides in the area and
this is supported by the increase of number of landslides in the area from 33 to 45. On
the other hand, not only the generation of new landslides but, it is also expected that
present landslides could also re-activate, yielding to an increase in the “area”, “MaxDim”
and “BoundLen” variables. Although there are slight variations in the histograms (Figure
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5.10), the variables are not showing a significant response to this assumption and the
statistical analyses of the 3 variables could not say that these variables in these periods
differ significantly in between 1952 and 1972 periods (Table 5.11). The Paired Samples
t-Test of the all-available variables in the Polystats database fails to reject the null
hypothesis of “The two population means are equal”. Also the intensive reforestation
which is observed in 1984 period decreases the mappable landslide number from 45 to
39. However, the variables in the database are still ignorant to this. On contrary the
present route of the E-5 highway is constructed at these years and there exist some
slope instabilities related to this road, which might be on the charge to balance the effect
of reforestation, yet no net change could be observed in the histograms. Furthermore,
more intensive reforestation and road cut of E-5 in the 1994 period is recorded,
stabilization in the forest areas and reactivation or generation in the road cuts had
created a balance giving out a number of 37 slides in 1994 period. Furthermore, some
statistical tests are used to consider whether the differences are significant or not, such
as One-way ANOVA. The analyses show that the differences are not significant (Table
5.12). The landslides are open to external factors such as land cover change or
geomorphological regime changes and they sometimes give strong responses. Here in
this case, the landslides give a statistically insignificant response. The number of
landslides change, the minimum-maximum, and the mean of the variables change
slightly. A classification based on these attributes will be quite fictitious or it will force the
nature to fit into a generated model.

Table 5.11. The results of Paired Samples t test.

Paired Samples Test

'28975.0337926642 |
2742384426087 |

114809617414
691765357922
91444219503
 -7.4818299246 |
-21.4812258095 |

011592211
4110326595
27069.3210870145
-8360.2636152007 |
T 1592.8320171311

76.4396940662 |

Pair15
Pair s |
Pair 17
Pair 18

| 78955.1935137826
666.9526181627

R72-R.94 59090675511 9988147165 3 = M| s
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Figure 5.10. The distributions of Polystats variables in 4 periods. (A_52: “Area” in 52
period, b_72 “BoundLen” in 1972, m_84: “MaxDim” in 1984, r_94: “roughness” in 1994),
each column represents single period and each row represents single parameter.
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Table 5.12. The ANOVA table of Polystats variable.

ANOVA
Sum of Squares df | Mean Square F Sig.

Between Groups .854 3 1501878780.951 .066 978
AREA Within Groups |  3396482747458.552 150 | 22643218316.390

Total 1.406 153

Between Groups 300699.730 3 100233.243 101 959
BOUNDLEN | Within Groups 149229406.760 150 994862.712

Total 149530106.489 153 B

Between Groups 44889.490 3 14963.163 180 810
MAXDIM Within Groups 12465596.681 150 83103.978 |

| Total 12510486.171 153

Between Groups 21.763 3 7.254 446 720
ROUGHNESS | Within Groups 2439.812 150 16.265

Total 2461.575 | 153

5.1.2. The Fuzzystats Database

As defined in section 5.1. of this chapter these parameters are used to see the
changes in the shapes of the landslides. The previous database was directly concerned
with the spatial distribution, orientation and topological (area related) properties of the
landslide; this database is generated from the Polystats database regarding the
topology of the vector object. In order to assess the shape, 6 variables are extracted
from Fuzzystats database. In this section a variable based data exploration will be
carried out rather than period basis like in the previous section. Before starting to
explore the variables separately, the descriptive statistics (Table 5.13) and the results of
one-sample Kolmogorov-Smirnov Normality test for the cumulative 4 periods (Table
5.14) is given. These state that the normality theory and normality assumptions are valid
for the parameters which are going to be used.

5.1.2.1. Form Ratio

The form ratio theoretically approximates to 1 when the shape is a perfect
square, to I1/4 for perfect circles and to lower values near 0 for long skinny polygons.
The distribution of “Form Ratio” suggests that the landslides generally have a long but
narrow outline as expected; since majority of them have flow component in the slide
style. The minimum and the maximum of the variable is 0,082 and 0,74; very few of
them resemble a circle as the value approximates to 0.7. The distribution mean is 0,40
and standard deviation is 0,14 (Table 5.13) yielding in a conclusion that landslides are
not circles and are not skinny long polygons but their shape is in between them, namely
they are ellipsoidal in shape. The positive near 0 skewness value and negative 0 near
kurtosis value also suggest no departure from normal distribution with shorter tails but a
slightly longer right tail and clustering around a fixed value (mean) (Figure 5.11). The
past periods distributions are similar to each other, and their mean are ranging between
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0,38 to 0,42 (Figure 5.12) yielding that the land cover change in the time period and its
effect is not adequate to change the shape of the landslides, if a reactivation is present
or new generation of landslides are seen the shape is still ellipsoidal.

Table 5.13. The Descriptive Statistics of Fuzzystats database cumulative periods.

FormRatio | CRCUL1 | CIRCULZ | Eiongation

| Valid 154 154 154 | 1

Missing o] 0 o
Mean ; 4020 | 8101 | 6070 |
Std. Error of Mean 0117 0085 | ,0093 |
Median 3878 | 8295 | B8 |
Mode 108222 4279% 129437
Std. Deviation 1450 | 052 | 158 |
Variance o210 | IR
| Skewness 2576 3895 1,2066 -4422
Std. Error of Skewness 1955 | 11955 11955 | 1855 |
| Kurtosis S 2282 | 19302 | 1388
Std. Error of Kurtosis 13886 | 3886 3886
Range 622 | 13215 5319 | 5382 7344 7396 |
| Minfmum 0822 | 21626 4219 peas| 58 o604
| Maximum : 7444 3841 | 9597 | O 1,000 |
[sum 61,9041 | 417,5088 | 124,7518 | 93,4758 | 919520 | 104,8850

3 Multiple modes exist. The smallest value is shown

Table 5.14. The result of One-Sample Komogorov-Smirnov Test for Fuzzystats
database.

FormRalo | GSI | Compactness | CIRGUL1
1

o

1,1012 ‘

,1768 i

Asymy Sla (Z-talhd) 13489

@ Test distribution is Normal.
b Galculated from data.
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Figure 5.11. The frequency distribution of cumulative “Form ratio”.
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Figure 5.12. The frequency distributions of “form ratio” in all periods.

5.1.2.2. Grain Shape Index

In theory, the “Grain Shape Index” (GSI) variable approaches to II for circles, 4
for squares and 2 for long skinny polygons. Larger values might be expected when the
polygon is of fractal nature; however, there are no fractals in the study area so the
maximum is 3,344 and the minimum is 2,178 (Table 5.13). This range states that the
shape of the landslides in the region range from long skinny polygons to circles. The
mean of the distribution is 2,71 and the standard deviation is 0,27. The distribution is
slightly positive skewed and the kurtosis value is near to 0 yielding in there is no strong
tendency to cluster around some values. The cumulative frequency distribution of “Grain
Shape Index” is shown in Figure 5.13. When each period is explored individually it is
seen that means are converging around 2,7. Slight changes occur through time and no
net trend changes could be seen in “Grain Shape Index” (Figure 5.14).
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Figure 5.13. The frequency distribution of cumulative “Grain Shape Index”.

107




152

W— 3 J— T} 2 i T

ast st

Figure 5.14. The frequency distributions of “form ratio” in all periods.
5.1.2.3. Compactness

The “compactness” variable measures the shape of the polygon with a
maximum value approximating one for circles. The mean of the cumulative distribution
of all periods is 0,8 and the standard deviation is 0,1. The negative skewness value and
the positive higher kurtosis value suggest a distribution to have a long left tail and more
clustering than a normal distribution (Figure 5.15). However, the non-parametric tests
are just on the limit to consider it as a normal distribution (Table 5.14). Although the
distributions mean itself has a converging value at 0.8, namely more circular than
elongated, it conflicts with the form ratio when investigated in periodical basis. An
increase in the long skinny polygons in 1972 period in the “form ratio” histogram is
observed (Figure 5.12), in the same period in compactness histogram (Figure 5.16) it is
observed that an increase in the near circular region.
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Figure 5.15. The frequency distribution of cumulative “Compactness”.
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Figure 5.16. The frequency distributions of “compactness” in all periods.

5.1.2.4 Circularity 1

The “Circularity1” variable measures shape, reflecting the element’s similarity to a circle,
with a maximum value approximating to 1 for circles. The minimum is represented with
0,3 and the maximum is 0.83. This variable has a mean of 0,6 and a standard deviation
of 0,11 (Figure 5.17). The negative skewness value implies a slightly longer left tail and
the small negative kurtosis value implies less clustering. In the period analysis, it seen
that the mean values decrease from 0,63 to 0,58, departuring from circularity field
(Figure 5.18).
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Figure 5.17. The frequency distribution of cumulative “Circularity 1.
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Figure 5.18. The frequency distributions of “Circularity 1" in all periods.

5.1.2.5. Circularity 2

Likewise “Circularity1” variable this variable also measures the circularity of the
element with a maximum value approximating to 1. In the calculation of “Circularity 1”
only area and maximum radius of the polygon is implemented, however in the
calculation of “Circularity 2* both the minimum radius and the maximum radius is used
rather than the area (Table 5.2). Although the calculation scheme is different than
“Circularity 1", the mean and standard deviation of “Circularity 2" are similar as
respectively 0.6 and 0.14 (Figure 5.19). However, the decrease in circular elements is
more pronounced in 1972 period (Figure 5.20).
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Figure 5.19. The frequency distribution of cumulative “Circularity 2.
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Figure 5.20. The frequency distributions of “Circularity 2" in all periods.
5.1.2.6. Elongation

The “Elongation” variable measures the ratio of the polygons short axis to long
axis. The variable theoretically has a maximum value of 1 and a minimum as a
convergent value to 0. The cumulative distribution has a minimum of 0,26 and a
maximum approaching to theoretical maximum. The mean of the cumulative distribution
is 0,68 and the standard deviation is 0,18. The negative skewness and kurtosis values
imply that the distribution has a low tendency to cluster and has a slightly longer left tail
(Figure 5.21). The effect of de-forestation is clearly seen on the 1972 histogram as a
new peak around 0,6 is formed when compared into 1952 period (Figure 5.22). In the
1984 period the elongation decreases probably due to intensive re-forestation studies

and in 1994 period a very minor increase can be attributed to the new road-cuts.
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Figure 5.21. The frequency distribution of cumulative “Elongation”.
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Figure 5.22. The frequency distributions of “Elongation” in all periods.

5.1.2.7. The significant changes and evaluation of fuzzy parameters with relation
to Polystats database.

The effect of de-forestation, re-forestation and road construction is sometimes
well represented in the frequency histograms of the fuzzy variables and sometimes due
to the formulation they are very ignorant to the real fact. Although statistically the
Polystats show no significant change in any of the periods there are some minor
changes, which could lead some clues for the exploration of Fuzzy parameters. A brief
table showing the changes in the Polystats parameters is given in Table 5.15. Although
the 1952-1972 period in the table states that all the parameters are decreasing, the
photo interpretation yields that this is because of newly generated landslides are
relatively very small in area, in maxdim and in boundlen. Furthermore, in 1972-1984
periods, it is seen that the newly generated Jandslides are either disappearing or getting
stable; nearly all the variables are converging to the values in 1952. It is obvious that
when the effects of smaller landslides are taken off the distribution all of the variables
should increase as seen in the table also. In 1984-1994 periods, the larger landslides
remain relatively stable and some larger slides (larger than that of de-forestation stage)
are developed in relation with the increased activity in the highway. Another striking
feature is seen in the Table 5.15. As the mean values of all three variables show the
same response in each period, such as decrease, increase and again decrease. This
could be only attributed to generation of smaller slides (due to de-forestation) so the
mean value is pulled down, vanishing of smaller landslides (reforestation) so the mean
values are increased and again the mean values are pulled down (road activity) as

newer slides are generated or the older small ones are reactivated.
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Table 5.15. The changes through time in Polystats database

1952-1972 : 1972-1984 1984-1994

el R L e | et i
Number of landslide A v v
Area e

- Min ] A A

Max v A v

Mean v A v
Boundlen

Min v A A

Max A v A
= Mean \4 A v
Maxdlm

Min v A A

Max v v A

Mean v A 4

The effects of deforestation are clearly seen in the “Form Ratio” variable as it
has an increase in 1972 period in near 0.3-0.4, giving rise to an increase in log skinny
polygons. However, the compactness variable, which is sensitive to circularity of the
polygon, shows an increase that can be attributed to a larger increase in area than the
perimeter. For the direct circularity measuring variables (“Circularity1” and
“Circularity2”), a pronounced decrease is observed in the circular side rather than an
increase in the lower (noncircular) values. However, an abrupt increase in elongation is
observed in 1972 period. It is hard to say only looking to elongation graph of 1972 that
the landslides are getting longer, but it could be concluded that the ratio of short axis to
long axis is getting clustered around the mean, though the “Grain Shape Index” is
having an increase in the values around 2.5 and 2.8. Based on all of the evidences
reflected in Polystats and Fuzzystats variables the effects of de-forestation could be said
to generate or re-activate flow type slope instabilities, of which the last word is left to be
justified after the evaluation of photo characteristics database variables as they would sit
on the true fact observations.

The effect of re-forestation activities is seen in 1984 and 1994 periods
cumulatively. In the images of 1984 reforestation is started few years ago and yet the
land cover is still not mature, in 1994 the land cover is very similar to that of 1952,
mainly covered with dense forests. These are reflected as a decrease from both sides of
the “Form Ratio” graph, clustering into mean values from 1984 to 1994, giving rise to
more ellipsoidal shape. Namely the increase in elongation in 1984 is balanced with the
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road cuts and dense forests in 1994. The “Grain Shape Index” responds to these
changes as cutting off the extreme values and resulting in more homogenous
distribution. This is probably due to the decrease in long axis and so the perimeter.
Although the reforestation seems to be efficient, some outlier peaks are observed in the
2.4-2.5 field of “Grain Shape Index” 1994, which could be attributed to the landslides
occurring by the road cuts. Also for the compactness variable the increase in 1972
period is trimmed in both 1984 and 1994 periods giving rise to a decrease in perimeter
and area. Both of the circularity variables show slight increments in the circular side and
decreases in the elongated side. A very sharp increase in the “Circularity 2” 1994 could
easily be attributed to newly generated landslides caused by road cuts. The “elongation”
graph of 1972 is timmed down to mean values in the 1984 period especially in the 0,6-
0,8 range and a very slight increment in 1994 period in 0,5 group. As a result in 1984
and 1994 periods, the newly generated flow type instabilities are either vanished or
stabilized but other new or regenerated larger slides (larger than that of de-forestation)
occur due to the road activities in the area.

5.2. Photo-characteristics Database

The photo characteristics of the landslides have been mapped and recorded in
each year's relational database, which was also linked to the polygon landslide map.
Each of the mapped seven attributes is investigated in this section in period basis. This
exploration in the data probably will not yield in finding the direct causes, but it will be
helpful for delineating the general scheme and general trends of the evolutions of slope
instabilities in the Asarsuyu catchment and also will be used in conjunction with the
Polystats and Fuzzystats databases. The definitions of the variables used in
photocharacteristics database and the available items are presented in the previous
chapter.

5.2.1. Massinfo

The “Massinfo” variable as described in the previous chapter in section 4.5.2 is
the morphology seen in the photograph. The available items for this variable is
Scarp&Path and Scarp&Body. The frequencies of the above mentioned items are
shown with the data table in Figure 5.23. It is seen that there is a sharp increase in the
1972 period, following a continuous decreasing trend in both the number of landslides
and in the S&B item.
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FREQUENCY

1952 1972 1984 1994

s&b 22 | 34 | 27 | 25
s&p [ 11 11 12 12
#ofslide| 33 | 45 | 39 | 37

[E8# oF sLIDE

1952 1972 1984 1994

PERIODS

Figure 5.23.The frequencies of the mass info variable through time and data table
5.2.2. Type

The “Type” variable has significant drawbacks when a time dependent study is
carried on, such as if the slide has started as a slide in the photo year; continued its
activity as a flow in the period between two photo periods and it is seen in the next
photo set as diminished, only the pathway of the flow and the scarp is seen. What code
will be assigned to this slide is a big dilemma between the landslide investigators. A
significant increase is seen at the 1972 period both in the slides and in the flows. After
1972 period although the number of slides decreases from 19 to 13 the percentage
decreases only 9 % from 42% to 33% (relative to the number of total landslides) as the
number of landslides decreases (Figure 5.24). Most of the landslides present in 1952
and 1972 period are diminished in 1984 and 1994 periods. The further analysis of the

types will be handled in detail in further sections in the analysis chapter.

FREQUENCY

1952 1972 1984 1994
' Flow 17 25 % | 25
‘Slide 15 | 19 | 13 | 12
Clno Flow 1 1 0 0

owsu
BB suoe

Figure 5.24.The frequencies of the type variable through time and data table
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5.2.3. Style

The “Style” variable is in fact a similar variable to distribution of activity variable,
like the very generalized form of it. It deals with the mass of the landslide if it is coherent
and displays the same activity through its life span or is it sporadic, as it slides and
stabilizes. This stabilization does not require the stabilization of the slided mass indeed
the scarp of the first instability stabilizes. This small difference should have to be
stressed as it the definition stabilizes the whole landslide then a variable called
“distribution of activity” could only be attributed to multiple slides (Figure 5.25). Generally
the landslides in the area are characterized by single landslides, however the number of
multiple slides have a very slight increasing trend in the newer periods, with probable

contribution other factors.

FREQUENCY

, 1952 1972 1984 1994
single | 27 | 38 | 30 | 29
muliple | 6 | 7 | 9 | 8

swcie
[wwrme

b

Figure 5.25.The frequencies of the style variable through time and data table

5.2.4. Depth

The “Depth” variable is totally dependent to the experience of the interpreter
and the position of the parallax of the stereo-pair. A unified approach have been tried to
fill the database column, as after the interpretation of the photographs, a second pass
only for depth variable is conducted. The degree of depth is relatively chosen,
dependent of the photo characteristics and the characteristics of the displaced mass.
The landslides in the area are characterized dominantly by shallow slides (Figure 5.26).
The quantity of deeper landslides decreases through time, where the shallow ones

remain approximately same.
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1952 1972 1984 1994
deep | 13 | 13| o | 8
shallow | 20 32 [ 30 | 29

Figure 5.26.The frequencies of the depth variable through time and data table

5.2.5. Distribution of Activity

“Distribution of activity” is probably the most important parameter in evaluating
the history of change in the landslides through time. Also the previously explained
parameters such as “type” and “style” could be well understood with the help of this
activity parameter. However, during photo interpretation there are some trivia situations
such as the slide is diminishing via moving its slided mass or the slide is both enlarging
and widening. Based on these special cases, the distribution of activity is re-grouped as
activity originated in or by the scarp area yielding further development of the original
slide, activity originated and confined in the slided mass and stabilization of the slide
(Table 5.16). In the photo interpretation if no sign of activity is observed the slides gain
an attribute as dormant.

Table 5.16. The re-grouping of distribution of activity variable in the photo database

Activity confined in scarp area

Advancing

Enlarging

Widening

Combinations of the above
Activity confined in slided mass :

Moving

Diminishing

Combinations of these
Stabilized slides

Dormant/inactive

As this analysis deals with the two periods of time the number of the slides used
in this analysis is taken as the lowest amount of slide of the two years. Furthermore if
the slide does not have an attribute as either scarp related or mass related the stable
attribute is given. The striking fact in the graph presented in Figure 5.27 is the increase
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in scarp in 1972-1984 periods that might be attributed to the new re-routing of E-5
highway. The mass related variable has an increasing trend with a very small slope
through time and this might again be attributed to the construction of highway in the
study area. When stayed out of the between variable changes, the starting period has a
significant discrepancy within the variables themselves as the difference of mass related
activity is started as 18, which means there are 18 cases which were not active in the

1952 period and activated in 1972. This is one of the clear evidence of de-forestation.

FREQUENCY

scarp mass Stabile valid count year

— 6 18 13 37 1994-1984
Hluss 9 16 14 39 1984-1972
[ By 4 14 15 33 1972-1952

@@ vaLTo_#

1972-1952  1984-1972  1994-1984

YEAR

Figure 5.27. The frequencies of the distribution of activity variable through time and
data table

5.2.6. Land cover

A “Land cover” attribute scheme is constructed with the help of field and remote
sensing studies, and aerial photographical interpretation. The major elements for the
scheme are dense forest, bare land, agricultural area, grassland and forest. There are
also some associations present within the landslide polygon so possible combinations of
the above major elements are also accepted. Although the landslide polygons do not
reflect all of the area, they could be used as random sampled information source, so the
below conclusions could have been derived.

The striking fact in the graph is the abrupt decrease of dense forest from 1952
to 1984 period and flawless increase in 1994 period. On the other hand, the increase in
forest in 1984 period is the reason for increase of dense forest in 1994 period and
shows the efficiency of re-forestation studies started at 80’s. The only change in the land
cover variable, except the former items, is the decrease in bare land amount, which
might be an indicative of increased human activity (Figure 5.28).
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FREQUENCY

152 wn 19 1904

[denseforest bare agri DF/Agri GR/Agri Grass Bare/GR DF/GR Forest Year
22 5 3 2 2 8 1 2 2 1952
8 20 3 2 2 8 1 i | & 1972
5 15 3 2 2 9 1 1 9 1984
22 5 3 2 2 8 1 2 2 1994

Figure 5.28. The frequencies of the land cover variable through time and data table

5.3. Landslide Attribute Databases

All of the parameter maps produced are crossed with the landslide inventory

map and the landslide buffer map so that the attributes in each parameter map could be

transferred to the inventory maps. The inventory map will have 4 attribute databases, of

which the three of them are investigated in the previous sections of this chapter. The

last attribute database, but the most important one is the transferred attribute database.

It consists of (13) previously produced variables; the nature and the ranges are given in

Table 5.17.

Table 5.17. The nature and ranges of transferred attribute database

Variable Definition Nature  Range (Min-Max) (unit)
LITHOMAP Outcropping material Nominal -
DISTFAULT Distance to Fault line Ratio 0-4791 (m)
- Density of Fault line in km? Ratio 0-178 (#/km?)
Elevation above Mean Sea Ratio 220 - 1580 (m)
evel
Distance to drainage lines Ratio 0-452 (m)
| Drainage Density Ratio 12-352 (#/km®)
DISTRIDGEMAP Distance to ridges Ratio 0-658 (m)
ASPECTMAP Aspect of the slopes Ratio -1 — 359 (degrees)
SLOPEMAP Amount of Slope Ratio 0 - 56 (degrees)
DISTSETTLEMENTMAP | Distance to settiement Ratio 0 - 6093 (m)
DISTPOWER +ROAD E)l:(tjanr;cta otr: powerlines and | Ratio 0-2312 (m)
DISTE-5MAP | Distance to E-5 highway Ratio 0 - 8366 (m)
LANDCOVERMAP Type of the land cover Nominal -
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Al of the attributes are transferred to the central grid nodes of 25 meters by 25
meters. The resulting data set is consisted of 5493 rows of data. The aim of this section
is to characterize the landslides by their attributes, to characterize the seed attributes
and to compare the original available topography and other attributes with the slided
masses attributes where needed. However a note should be added as the area of the
landslides occur here as a natural weighting parameter, the larger the landslides the
larger number of grid nodes they will have, this argument can be carried without any
tension unless the number 8 landslide is omitted. The number 8 has no activity through
all of the periods. This landslide is known as Kom Landslide and believed to be a huge
dormant slide, creating its own stable parameters (probably being the oldest landslide in
the dormant slide in the area), which should not be mixed with the rest. Also this
landslide is represented with 1346 nodes out of 5493 nodes, nearly 24% percent of the
total nodes. In order to remove the effect of this dormant landslide the nodes of his slide
are not used so the remaining node population is decreased down to 4147 nodes.

For all of the parameters a comparison will be given in the proceeding sections
with the seed data distributions. The seed data is extracted using a 100-meter buffer
and the microcatchment boundaries. The decision rule for defining the seed zone is: If
the distance between the slide boundary and microcatchment divide line is smaller than
100 meters then use the microcatchment divide line, if the distance is larger than 100
meters then use the 100 meter buffer line for the seed zone generation. Following the
seed node generation, the same attributes as the slided mass is also transferred, and
the number of the seed nodes is 4430. The seed cells of the Kom landslide is included,
because it is coherent with the similar landslides in the valley and due to the seed cell
selection decision rule the number of the seed cells have already been decreased
significantly. This inclusion stands for the sake of the factual data preservation.

5.3.1. LITHOMAP

The “LITHOMAP” of the slided mass gives out some preferred conditions like
the sum of the first three most preferred lithologies are approximately 92.9% which is
quite homogeneous and remarkable (Figure 5.29). Landslides exist in 8 lithologies, but
the area has 11 lithologies. The landslide missing lithologies are green schist facies of
Yedigéller Formation and Asarsuyu formation. There are no landslides seen in the
gypsum, this is due to the fact that the huge landslides are not taken into account in this
analysis.

In the LITHOMAP of seed cells, the situation slightly changes, though the
preferred conditions are still the same. The cumulative total of the preferred first three

lithologies are 89,5 % which is 3,4% lower than that of slided mass. Moreover the
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distributions in the preferred lithologies are also changing. While percentage of
Aksudere formation is increasing the percentage of Yedigéller (21,4 % to 18,8 %) and
Findiklidere (43.4 % to 32,6 %) formations are decreasing. Also in the remaining 10% of
the data some slight changes have been observed as the percentage of Quaternary is

decreased as expected and Gaycuma formation is increased.

Ea—

Figure 5.29. The preferred lithologies and their percentages: a) slided Mass, b) the
seed cells.

Although the preferred lithologies represent 92.9% in slided mass and 89.5 % in
seed cells they can only range up to 54.08 % in the study area (Figure 4.2). The
remaining approximately 45 % of the available lithologies in the study area is only
reflected to slided mass and seed cells as approximately 10%, which are direct
indications that they are not preferred by landslides.

5.3.2. DISTFAULT and FAULTDENS

The distance to fault and the density of fault variables are two highly negative
correlated variables (Table 5.18). In theory, the distance to fault should be decreasing
when the density of the fault lines are increasing. The negative correlation is much
better represented in the seed cells rather than the slided mass, as indicating the seed
cells are much more sensitive to faults. The comparison of minimum, maximum and the
mean values of both the slided mass, seed cells and the whole data is given in Table
5.19.

Itis seen that the maximum value of the landslide data can go up to 1441 and
the seed cells have a maximum of 1517 that is nearly one third of the maximum of the
whole data (Figure 4.5), which means there is redundant information in the whole data,
not relevant to landslides. On the other hand the maximum of the FAULTDENS are
nearly the same both in observed and in whole data (Figure 5.30). This is because of
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the spatial orientation of both the landslides and the fault lines. A polynomial distribution
is seen in the frequency histogram of FAULTDENS as having peaks around 50, 225 and
600. These could be attributed to landslides very distant to faults, landslides near to one
set of faults and landslides near to two or more sets of faults. This could easily be seen
when the thematic maps of the fault density is investigated (Figure 4.6). Hence, it can be
said that landslides are not much far away than 1500 meters to the fault lines and the
preference order related to density is: near to one set of fault, very far away from faults
and the least preferred as crisscrossing of two or more sets of fault lines, which is valid
also for the seed cells.

Table 5.18. The correlation state of DISTFAULT and FAULTDENS variables: a) slided
mass, b) seed cells.

Correlations Correlations
D_FAULT ' DENSFAY D_FAULT i DENSFAULT
Pearson Correlation | 1,000 [ -648°] Pearson Correlation 1,000 | 703
D_FAULT | Sig. (2-ailed) 000 D_FAULT | Sig. (24aioq) 25 000
N Sa AN 5% N ot a0 | 4430
Pearson Corrolation | -848"] 1,000 R -703+ 1,000
DENSFAY | Sig. (24ailed) | 000 ; DENSFAULT % 000 | =
N 4147 4147 N 4430 | 4430
**. Correlation is significant at the 0.01 lovel (2-tailed). " Cormelation is significant at the 0.01 level (2-tailod).
a b
Table 5.19. The comparison of whole data and landslide data
Slided mass data Seed cells Whole Data
'C_) .
8 : Min 1 0 0
5 2 Max 1411 1517 4791
b Mean 361,47 408,52 725,887
9 St.Dev 286,44 339,66 827,725
i Min 0 0 0
e
22 Max 671 705 768
e Mean 229,1 235,56 195,193
St.Dev 163,58 161,03 154,61
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Mean = 409
N = 4430,00

© %, %, %, %, ﬁQb(ib{ib 0 <, %, %, %, quﬂib«%k

DISTFAULT DISTFAULT
a b
5 6007 3
2 g .
2 so0 Y so0l— |
2 2
& 2
& &
400 400 ——
300 ’— I 300{|——|
200 200 =
100 1 std. pev = 163,58 100 1 std. Dev = 161,03
| 1 Mean = 229 X Mean = 236
0 N = 4147,00 ol i L N = 4430,00
% % -
° %% % % % Y, C %0 % % % % Y,
FAULTDENS FAULTDENS
c d

Figure 5.30. The frequency distributions of DISTFAULT (a. slided mass, b. seed cells)
and FAULTDENS (c. slided mass, b. seed cells).

5.3.3. ELEVMAP

Although the available elevation data in the study area ranges between 220 and
1580 meters, the landslides are observed only between 295 and 1095 meters and their
seed cell values ranges between 300 and 1130 meters. This is probably at higher
elevations more sound and intact rocks are present. The descriptive statistics of the
three groups are given in Table 5.20. The majority of the data is distributed in the range
of 350 to 800 meters. An imperfect double peak is observed in the distribution, resulting
that some means of preference is present and concentrated around 700 and 400

meters, but either near/equal preferences exist or the preferences are indistinguishable.

Table 5.20. The descriptive statistics of the ELEVMAP.

Slided mass data | Seed cells | Whole Data

5 [Wn 205 300 220

< Max 1050 1130 1580

u@J Mean 504,62 661,84 679,96
St.Dev 177,191 179,21 265,06
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Figure 5.31. The frequency distributions of ELEVMAP, a. Slided mass, b. Seed cells

5.3.4. Distance to drainage

The distance to drainage variable is the distance to all drainage lines without

any ordering in between the drainage lines. The descriptive statistics of the drainage
related parameter maps are presented in Table 5.21.

Table 5.21. The descriptive stats of distance to drainage variable group

Landslide data | Seed Cells Whole Data
o
) Min 0 0 0
23  [wax 342 397 452,048
<C .
i g Mean 87,16 118,3 97,56
o St.Dev 66,29 76,99 73,144

The frequency histograms of the drainage related parameters of the landslide
data are given in Figure 5.32. The shapes of the cumulative histogram of both the
landslide data and the whole data (Figure 4.13.a, b) and the first order strahler order
streams are very similar to each other, due to the abundance of first order streams.

FREQUENCY

Mean = 87
N = 4147,00

P P
%0 %% % % % %

DISTDRAINAGE

std. Dev = 66,29

FREQUENCY

std. Dev = 76,99
Mean = 118
N = 4430,00

o

DISTDRAINAGE b

<% & Cp By P ¥,
%% 0 % % %

Figure 5.32. The frequency distributions of Distance to Stream map, a. Slided Mass, b.

Seed Cells.
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5.3.5. Drainage Density

The drainage density data in the area is ranging from 12 to 352 drainage lines in
one square kilometer. The seed cells of the landslides are characterized by a range of
55 to 287, no significant preference is observed as the mean and standard deviation of
the whole data and seed cells are similar. The difference in range does not change the
distribution parameters, only a fraction of the whole data is represented with same
weightings. The drainage density attribute frequencies of slided mass and the seed cell
is presented in Table 5.22.

Table 5.22. The descriptive statistics of the DRAINAGE DENSITY.

Slided mass data | Seed cells | Whole Data
8> [™n 58 55 12
22 [wax 292 287 352
g 8 [ Mean 176.33 160 160.12
St.Dev 42,53 37 50.22
500 800

600

FREQUENCY
FREQUENCY

400

200

std. Dev = 42,53
Mean = 176
N = 4147,00

std. pev = 37,01

Mean = 161

N = 4430,00

6, &, < <, LX%7 Yy Y 2 Oy 5

0 00 0 % o5 % a 0 % o o o 7 85 % b

Figure 5.33. The frequency distributions of Drainage Density, a. Slided mass, b. Seed
cells.

5.3.6 DISTRIDGE

All of the distance to ridge parameter distributions are similar to each other
(whole data & landslide related data), which is an indication of no significant distribution
free preference is present. However, a genetic preference is seen in the distributions as
both the whole and landslide data exhibit clustering around smaller values. This
situation can be summarized as both the area and the landslides do tend to prefer
nearer distances to ridges, namely to the microcatchment divide lines. They tend to be

located in the upper parts of the slopes. Although the distributions are similar, here are
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slight changes like, the Distance to Ridge of seed cells seems to have a more sharp
peak around 25-100 meters of distance than that of the slided mass data as expected
(Figure 5.34). The descriptive statistics and the comparison of the data are shown in
Table 5.23.

800

FREQUENCY
g
FREQUENCY

d. Dev = 77,02
Mean = 133
N = 4147,00

Aol std. Dev = 82,12
Mean = 114
N = 4430,00

O Sy Yp U S P By P ¥ o 5 o <y Cp B P
© %% % %% % 0 o5 %% % " % %

DISTTEPE DISTRIDGE b

Figure 5.34. The frequency distributions of Distridge, a. Slided mass, b. Seed cells.

Table 5.23. The descriptive stats of distridge

Slided mass data  Seed cells Whole Data

.’,9_, 4 4 1

% 377 364 658,97
B 132,58 113,88 138,172
IS 77,02 82,12 99,86

5.3.7. Aspect

Although the aspect distribution of the whole data have systematical errors
arising from the gridding model, no significant direction is seen. However, in the slided
data and in the seed cells, the north facing slopes exhibit a very distinctive preference
(Figure 5 35). The descriptive statistics and the comparison of the data is shown in table
5.24.

Table 5.24. The descriptive stats of aspect

—
Slided mass data | Seed cells | Whole Data
5 Min -1 -1 -1
o Max 358 358 359
€ ['mean 156,36 168,37 182,45
St.Dev 137,07 126,25 110,08
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Figure 5.35. The frequency distributions of Aspect, a. Slided mass, b. Seed cells.

5.3.8.Slope

The slope distribution in the study area has a broader distribution than the
landslide data (Figure 4.16), also this is seen in the descriptive statistics of the slope of
landslide related data as the means are similar to each other (Table 5.25). The landslide
related data (Figure 5.36) is much more clustered than the original available data, due to
the fact that a very small portion of the landslide related data are associated with alluvial
slopes that are gentler than the rest of the data.

Table 5.25. The descriptive stats of Slope

Slided mass data | Seed cells | Whole Data

N Min 0 1 0

S [max 52 51 56

2 Mean 21,44 22,41 16,97
| stDev 8,88 9,12 10,46
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Figure 5.36. The frequency distributions of Slope: a. Slided mass, b. Seed cells.
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5.3.9. Distsettlement

The distances to settlement parameter histogram has a significant background
noise, reflecting the irrelevant data present in the whole study area (Figure 4.18.b). This
irrelevance is also seen in the compared descriptive statistics, as the maximum values
of the landslide related data is quite less than that of the whole data (Table 5.26). The
magnitude of irrelevance is much better seen when the slided data and the seed cell
histograms are explored (Figure 5.37). On the other hand both of the landslide related
histograms show a bimodal distribution having one peak around 150-200 meters and
the other around 1800 meters apart from the individual settlements. The first one could
easily be attributed to the effect of households and the other should be attributed to
external other factors.

Table 5.26. The descriptive stats of Distsettlement

Slided mass data | Seed cells | Whole Data

EE Min 2 4 0

% o [ Max 2218 2629 6093,46
7 E Mean 700,04 699,45 1258,46
8%  Sipev 639,12 651,25 1370,20

FREQUENCY
FREQUENCY

3004

2004

w11

std. Dev = 639,12 ! std. Dev = 651,25

| Mean = 700 oo EHEEEEH Mean = 699
N = 4147,00 ol UL i N = 4430,00
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Figure 5.37. The frequency distributions of Distsettiement, a. Slided mass, b. Seed
cells.

5.3.10. Distpower & Dist-Roadnetwork

The distance to power lines and road network has also significant low frequency
noise in the histogram shown in Figure 4.18.h. The means also suggest a preference in
smaller values, which are nearer to power lines and road network. Furthermore, the
difference in maximums are quite striking as the whole data range up to 5566 meters
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but the slided data and seed cells range only up to 700 meters approximately (Table
5.27). The nearly 5000 meters of difference is the source of background noise in the
whole data histogram. On the other hand no significant preference is seen in the
frequency histograms of the slide related data, only a general clustering is present in the
smaller values, which are nearer to power lines and road network. This could be
attributed to the fact that the land cover of the region is disturbed during the construction
of power lines and the road network. The descriptive stats of the distance to power lines
and road network parameter map are presented in (Table 5.27). The frequencies of

merged vector of power lines and road network are presented in Figure .5.38.

Table 5.27. The descriptive stats of Distpower, Dist road & Distroad+Distpower

Slided mass data | Seed cells | Whole Data
E B E | Min 0 0 0
g g ?, % Max 547 683 2312,68
o T Y 184,53 183,78 246,121
= St.Dev 119,31 136,88 302,099
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FREQUENCY
FREQUENCY
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100 B std. Dev = 142,29

Mean = 176
o N = 4430,00

std. Dev = 126,28
Mean = 180
N = 4147,00

A . o, SOCENT
© o o503 e O
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Figure 5.38. The frequency distributions of Dist-power+road a. Slided mass, b seed
cells.

5.3.11 Dist E-5 Highway

The E-5 highway is probably the most important and active highway among the
Turkey’s national highways, which connects Istanbul and Ankara. The high traffic activity
of this road creates more vibration and local load than the other roads in the area, based
on this the road itself is extracted from the cumulative road network in the area as a
separate parameter. Both of the slided mass and seed cell frequency histogram of the
distance to E-5 highway reveals important information. The bimodal distribution of these
histograms suggests that the landslides prefer two conditions. One group is caused by
the presence of E-5 highway as the frequency of seed cells show a large peak in the
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values smaller than 400 meters. The other group is very distant to the highway, in the
order of kilometers, at which the effect of vehicle vibration would be minimal, resulting in

the conclusion that the landslides should be caused by other parameters.

Table 5.28. The descriptive stats of Dist_E-5 Road

| Slided mass data | Seed cells | Whole Data
(2
i Min 0 0 0
Zih [ mex 3101 3112 8366,8
5 Mean 1254,62 1217,83 2467,49
8 | stbev 737,07 899,59 1771,85
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FREQUENCY
8

td. Dev = 737,07 !
mnean = 1255
N = 4147,00 0 J_
°

| N = 4430,00
0 ¥, 4 “p. T Tp
% % 0, %, 0, %,

std. Dev = 899,59
Mean = 1218

5
§

O % e T Py Tp P
% 2% % % % % "%

DISTES DISTES
a b

Figure 5.39. The frequency distributions of Distance to E-5 highway, a. Distroad, b.
Diste-5

5.3.12. Land cover

The 93% percent of the land cover units in the study area is represented with
three units (Dense Forest 44%, Mixed zone 33%, Young forest 16%) after the maximum
likelihood classification of Landsat TM5 (Figure 4.23). Although the cumulative
percentage of the same land cover units does not change in the slided mass and seed
cells, the proportions of the Landcover units significantly change (Figure 5.40). For
example the three units are represented as 93.9 % in the slided mass data and 95.1% in
the seed cells. The main differences in the whole data and landslide data is observed as
an increase in mixed zone and forest unit (Table 5.29), on the other hand there is a
sharp decrease in the dense forest as expected. In other words, landslides are less
associated with dense forest unit.
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Table 5.29. The % change of Landcover units

Whole data | Slidec ‘
33% 38,2%
44% 26% 28,1%
16% 254% 26,8%
93% 93,9% 95,1%

Figure 5.40. The percentage distribution of Landcover units, a.) slided mass, b) seed
cells.
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CHAPTER 6

HAZARD ASSESSMENT

In this chapter various methods are considered to analyze the presented data in
Chapters 4 and 5, in order to assess the landslide hazard using Geographical
Information Systems.

6.1. Thematic Landslide Attribute spatial distribution analysis (TLASDA)

This is the simplest type of analysis that only reflects the current situation as
where the landslides have occurred in a selected period. Such a map only shows the
outlines of the individual landslides not the general scheme of landslide hazard in the
area. However, such thematic maps are useful for gathering the information about the
frequency, type, and depth. No direct information is present for the possible causes of
the landslides, as the map does not contain parameter information. Nevertheless, this
type of analysis provides a visual input showing the severity of the hazard with regard to
the attribute of the landslides.

19 combinations of attribute maps are available for the cumulative of 4 periods,
however only the maps of the last period (1994) are presented here in this chapter. All
of the maps used in the analysis are converted to binary vector maps using their
attributes in order to give more visual perception. The “Massinfo” attribute has two
available items as “scarp & body” and “scarp & path”. Although the map shows no clear
preferences, the map reveals that the larger the landslides, they possess “scarp & body”
attribute (Figure 6.1).

The “Type” attribute has two available items as “flow” and “slide”. The flow type
shows close relation with the E-5 highway as most of the flow dominated landslides
oceur in the Bolu mountain pass of the E-5 highway (Figure 6.2).

The “Depth” and “Style” attributes show similar spatial preferences. The “Style”
attribute has two available items as “single” and “multiple” and the “Depth” attribute has
two available items as “shallow” and “deep”. The single type landslides are generally
smaller landslides (Figure 6.3 and Figure 6.4).
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Figure 6.1. The Thematic Landslide Attribute spatial distribution of massinfo attribute of
1994 photo characteristics database, where black areas show Scarp & Body and grey
areas show Scarp & Path attributes.

Figure 6.2. The Thematic Landslide Attribute spatial distribution of type attribute of 1994
photo characteristics database, where black areas show Flow and grey areas show
Slide attributes.
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Figure 6.3. The Thematic Landslide Attribute spatial distribution of style attribute of
1994 photo characteristics database, where black areas show Single and grey areas
show Multiple attributes.

Figure 6.4. The Thematic Landslide Attribute spatial distribution of depth attribute of
1994 photo characteristics database, where black areas show Shallow and grey areas
show Deep attributes.

The “Distribution of Activity” attribute has two available items as “Scarp related
activities” and “mass related activities”. Although not significant, the landslides near to
E-5 highway resembles more activity than the rest of the landslides (Figure 6.5).
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Figure 6.5. The Thematic Landslide Attribute spatial distribution of activity attribute of
1994 photo characteristics database, where black areas show Scarp, grey areas show
Mass attributes, white polygons with black border show stable attribute. Polygons which
do not have any attribute in this field are not shown.

Due to the low level of this analysis, only some general statements regarding
the whole area could be generated. This analysis was first developed for regional
analysis, even for national scale analyses. Based on the very coarse resolution of the
analysis, the statements are very general and their validity is suspicious. After the
investigation of the above maps the severity of the landslide hazard is found to be
dominant in the southern slopes of the Asarsuyu catchment, in the northern slopes
hardly any landslide occurs. The eastern part which constitutes the higher parts of the
catchment is also landslide free. Landslides are generally occurring near to the E-5
highway and near to the greater landslides. Although these distribution maps could be
overlaid with other available maps, this was not done, as parameter versus attribute
information will be used in other analyses.

6.2. Landslide activity analysis (LACTA)

The TLASDA and the analyzed data in the previous chapter do not yield any
information about the trend of activity changes. They do not provide any information
regarding the individual landslides. This analysis is consisted of a two-dimensional
matrix resulted from non-graphical querying of the constructed GIS database. The
“Distribution of Activity” column of the photocharacteristics database is used in
constructing this matrix. First the value fields in the “Distribution of Activity” column is

reclassified in to 5 new value items, in coherence with section 5.2.5. Two new value
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items are introduced to the matrix as “present” and “absent”, in order to consider the
total number of the landslides. The details and probable meaning of the crossed items
are presented in Table 6.1.

Table 6.1. The two dimensional matrix of LACTA

Activity in older photo set

Scarp

Body Present Absent Dormant
. The activity
No change, still 4 T
S 2 migrates from Reactivation . "
Scarp agtlvnty confined body to scarp in scarp area New landslide New landslide
in scarp area
area
3 The activity 3 New landslide, | New landslide,
o Bod migrates from :c(:i\(/:irt\;ggﬁﬁﬁgg Reactivation development development
,§' ‘ Y scarp to body ih body:area in body area stage is not stage is not
g area Y recorded recorded
£ No activity can No activity can New landslide, New landslide,
<] be classified but | be classified but development development
:' Fresent sfill landslide is | still landslide is hioicharige stage is not stage is not
= present present recorded recorded
% Landslide Landslide Landslide Landslide
< Absent becomes becomes becomes No change becomes
invisible invisible invisible invisible
New landslide,
prea— p——" it development
Dormant Stabilization Stabilization Stabilization stage is not No change
recorded

Although the row named “absent” in the “activity in younger photo set” could be
attributed to some errors of photo interpretation. Once there occurs a slide there should
be its relicts. It should be noted that either the land cover or some human activities had
viped out the relict features of the landslide.

In the matrix of 1952 and 1972 (Table 6.2) all of the value items are clustered
around “present” and “absent” as 1952 period is the first photo set, hence no activity
information before 1952 could be found. The increase in number of landslides is
reflected in the matrix in “absent — present” pair, as 13 new landslides. 14 slides are
reactivated showing activation in the body area, 14 landslides are still present but no
signs of activity could be seen. 4 landslides possess activity in the scarp area, and only
one slide is vanished.

In 1972-1984 matrix the striking result is the “body-body” pair, it constitutes 10
out of 47 slides (Table 6.3). This could be attributed to the reactivation in the slided
mass area of older slides in the study area. Two new slides are recorded in 1984 period
and 8 landslides are vanished.
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Table 6.2. Two-dimensional matrix of 1952 and 1972 periods.

Activity in 1952 photo set
Scarp Z
I Qani 4
i - B . = R 4
D Ry (8.7%)
a
g | 14
E oy (30.43%) ° B i
= ;
2 | Present - - i = - 27
i~ (30.43%) (28.26%)
F= 1
= Absent - - 1 - 2
E (247%)
| Dormant - - - - - -
z = = 33 14 -
Table 6.3. Two-dimensional matrix of 1972 and 1984 periods.
Activity in 1972 photo set
I Body | Present | Absent | Dormant s
: Scarp 3 1 4 1 R 9
5 ©638%) | (213%) | ©@51%) | @13%)
w e
2 . 1 10 5 i .
.g_ Bogl_y (2.13%) (21.28%) | (10.64%) 16
E | present | - s F 2l 3 } -
2 S (25.53%) | (213%)
g Absent - S < - - 8
i (6.38%) | (10.64%)
<
. % 1 & = 1
(2.13%)
4 14 27 2 <

In 1994 period two more landslides are vanished, The main activity is continuing
in body areas (“body-body” pair) (Table 6.4). On the other hand, 10 landslides are

observed as present reflecting that no significant activity could be recorded.

Table 6.4. Two-dimensional matrix of 1984 and 1994 periods.

Scarp Jod) Dormant )
e 5 1 2 ] i N
g : (12.82%) | (256%) | (5.13%)
(7]
g 3 14 ; ) ) 7
i (7.69%) (35.9%)
3 10
= - . % 10
2 (25.64%)
£
= 1 : = 8 = 10
£ (2.56%) (2.56%)
= 1 1
| - - s 2
(2.56%) (2.56%)
9 16 13 8 1
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When all of the matrices are explored together, it is evident that the main activity
is confined to body related activities, probably some forms of flow type. However, it
could not be denied that the scarp activities are also in an up trend, probably notifying
that the area is becoming geomorphologically mature, so the landslides. As a de-
forestation re-forestation cycle has been observed in the area, probably the area is
reshaping itself due to the changing geomorphological constraints. In the deforested
period new landslides and intense surface processes (soil creep, erosion, etc.) took
place changing the kinematical dynamics, yielding in the creation of new down gradient
forces of nature. Although the number of landslides decreases through 1972 to 1994,
the activity states even become more instable, not generating new slides but activating
the older ones.

6.3. Landslide Isopleth analysis (LIA)

This analysis is the most basic quantitative analysis that could be applied to
landslide hazard evaluation, and is extensively used in any kind of spatial and attribute
dependent data. The backbone of this analysis is that it consists of a counting circle.
The circle is moved through the map with a constant offset and at each location the
points falling into the counting circle is counted and recorded in the center of the
counting circle. Generally a counting circle of 1 km? area is used as a convention to call
the density at each point as per km?. The offset amount is generally selected as the half
radius of the counting circle. In this case to achieve the 1 km? area a radius of 564 meter
is used and the offset is taken as 250 meters (Figure 6.6).

The resulting text file is then linearly interpolated and a continuous density
surface is formed using ordinary kriging. This raster file is then converted into vector via
contouring using cubical convolution algorithm. The isopleth intervals in contouring are
selected as 20 percent (Figure 6.7).

The quality and resolution of the isopleth map is strongly dependent on the
circle size and the offset distance. The larger the size of the search circles the lower the
resolution is and the greater the generalization. However, small circle sizes are creating
redundant information as when size gets smaller and smaller the resultant map gets
similar to the original landslide inventory map. On the other hand, the offset size of the
circles also affects the final product. When offset distance exceeds the radius of the
counting circle the reason for doing an isopleth map vanishes as the data turns into
discrete rather than continuous data.
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Figure 6.6. The mechanism of the isopleth analysis

The resultant isopleth map of Asarsuyu catchment with 564 meter radius and
250 meter offset reveals information quite conformable with the non-spatial results of the
previous chapter. In order not to create duplication the overlay of every parameter map
is not shown here, only significant results are listed below.

1. The E-5 road has cut through the maximum density areas of the
isopleth

2. Few settlements are located in the 80-100% interval of the isopleth, but
other intervals have a dispersed layout.

3. The geological units show significant preferences, as the greenschist
facies of Yedigdller formation has no landslides, and the flysch
sequence has the most landslides.

4. Strong relationship with the fault density is seen especially in the lower
density intervals
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Figure 6.7. The isopleth map of the Asarsuyu catchment, each contour level represents
20 % landslide density.

6.4. Statistical analyses

Two types of statistical analyses are planned to be carried out in the Asarsuyu
catchment for the estimation of future landslide hazards. The aim to use statistical
methods is to increase the objectivity of the assessment, and to let the data derive its
own decision rules.

To achieve this goal, as explained in earlier chapters, the nodes of seed cells
are used as decision rule generator or training samples. 4430 seed cells are introduced
to a database containing all of the available variables in the system.

However, a major impediment is compromised in the nature of the data as all of
the bi-variate methods used are designated for some form of categorical data not for
continuous data sets. This arouses from the fact that the all-available bi-variate methods
base themselves to the landslide density or abundance in certain parameter classes. If
the continuous data is used as it is, the densities will be calculated for the whole map
and not even a single natural preference in the area will be utilized for hazard
assessment. Consequently, a continuous to discrete categorical conversion seems to be
indispensable. Some efforts have been carried out to categorize some continuous data
in the literature in the last century, unfortunately any single example in landslide hazard
assessment or in geosciences are affirmed. Some authors of mathematical, medical and
statistical experience have proposed methods of conversion. Generally these methods
depend on the optimum bin width classification of the histograms of various parameters,
and further they do not have a spatial dimension. The earliest published rule for
selecting the bin width appears to be that of Sturges (1926). This proposal is more of a
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number-of-bins rule rather than a bin width rule itself, but essentially amounts to
choosing the bin width.

Range of Data
1+log,n

h=
where n is the sample size

However, Scott (1979, 1992) showed that this bin width leads to an over
smoothed histogram, especially for large samples and proposed an unbiased estimation

of a probability density function, which is achieved when:
W =3.490N™"®

Where W is the width of the histogram bin, cis the standard deviation of the
distribution and N is the available samples. This estimator worked well for Gaussian
distributions, where it led to overlay large bin widths and hence over smoothing.

Friedman and Diaconis (1981) suggested a more simple method:
W = 2(IQR)N"/®

Where W is the width of the histogram bin, IQR is the inter quartile range (the
75" percentile minus the 25" percentile) and N is the sample size. Numerical
comparisons by Emerson and Hoaglin (1983) of the Scott and Freedman-Diaconis (FD)
rules showed the FD rule led to narrower bin widths, although in practical applications

the two rules will often lead to the same choice of interval width (Izenman, 1991).
All of the methods cited above has a number of disadvantages which are listed below:

e Over smoothed class divisions

e Distribution dependent

e Valid for only one parameter map

e Cannot be applied to multi-modal distributions (multi-modality overrides the
assumptions)

Due to the cited disadvantages of former methods a new method is proposed to
classify the continuous data sets into categories, which could be called as “percentile
method” (Figure 6.8). The core of this method is dependent on equal frequencies. The
frequency domain is quite free of distribution parameters and could easily be implemented in
bimodal or multi-modal distributions. The stages of this method is as follows. First the

percentiles of each variable of seed cells are found and recorded; secondly the whole
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Figure 6.8. The snapshot of methodology of percentile method and reclassified
parameter map production. The areas with a star are the nature’s own decision rule and
not taken into calculations as there is no landslide in these area.

142



parameter map is classified accordingly to the seed cells percentile limits (Figure 6.8.). The
resultant classes of the parameter map have same landslide density but the areas of the
percentile classes on the whole parameter map are not equal to each other. This constitutes
the natural weighting of each parameter class. Furthermore, the minimum and maximum
values of the parameter map are dependent of the seed cells data base, such as if the
whole area has elevations of the magnitude as 200 meters as the minimum and the
minimum of the seed cells are 300 meter, the area lying in between 200-300 meters are not
taken into consideration as the nature itself creates her first decision rule as not having any
landslides in that range.

All of the 13 parameters are analyzed and out of 13 excluding the 2 categorical
ones (geological map and the land cover map) the remaining 11 parameters are re-
classified according to the seed cell percentile values. All of the percentile maps are
shown in Figures 6.9, 6.10 and in 6.11 with their frequency and cumulative histograms

overlaid with percentile ranges.

Table 6.5. The percentiles of seed cells within each variable.

ASPECT SLOPE | ELEV |D_DRAIN| D_E5 D_SETTLEDENS FAULT D_FAY D_RIDGE D_PRO
N ~Valid 4430 4430 4430 4430 [ 4430 4430 4430 | 4430 4430 [ 4430 4430
] Missing 0 0 0 [ [ 0 o 0 o 0 [
5 % 168,37 24 661,84 118,30 121783 699,45 235,56 408,52 11388 176,22 160,68
180,00 2200 680,00 108,00 1206,00 459,00 209,00 306,00 96,00 145,00 157,00
45 22 | 750 25 k| 153 o 114 13 9 150
Std. Deviation 12625 912 | 17921 7699 | 89959 66125 161,03 | 33966 8212 14229 37.01
'Variance 1593983 | 83,13 | 32116,12 E 5927,73 80925517 | 424130,59 25930,03 115368,76 6743,79 | 20245,18 136943
Range. 359 | 50 830 397 3112 2625 705 1517 360 683 232
Minimum Kl 1] 300 T o 4 [ ) 4 [) 55
i 358 51 1130 2629 705 1517 364 83| 287
10 9 1| 420 105 12 73 14 17 119
20w 27 15 474 167 | 110 | 127 39 | 41 136
20 4 17 530 230 157 180 52| 70 144
aeisoe 88 20| 620 322 189 | 239 75 107, 150
es 50 180 22| 680 108 1206 459 209 | 306 9| 145 157
e 225 25| 730 130 | 1607 609 242 386 | 122 189 165
70 284 28| 770|155 1857 804 286 | 478 | 152 241 174
80 315 30[ 820 183 2114 1397 37| 675 191 302 187
90 333 34| 880 221 2427 1825 481 977 238 382 208

143



T wom  mim  mam e wimn wmn  www  meow  mw
1
4maoo ~ vz [l o amson
) 200000, [ 723 %
{ t 1 oo [l om0 i -
) - sopomz [l wumem asioon -
Pty e r
N L] IEIRNG Rl e
s st E
e asiaom
«5c0m ELLE &
oo o oo 700 300 | e e - R R
| — .
map  wom  mems  wem  wmom  wim  um»  vews  wsm oo wmwn al
T me mm mem maw mime w0 mow  mw e =
| =
450000 Lol w000 7o
N e & o
w“L—r @ (12581 3w
\ i i
s —elpesa Ry s 2w
¥ o
S anamm v‘ v'uuu 1 ‘n‘ » u""wl:‘a..u“\l
asracen anam
oz oan
4510000 — A\ —— 481200
00 M ce=rn i smons -
N B soso @ oo | )
. B mawe [l oo § -
T wemw wex ¥ o
asiom B e s £ |
W oo % g
451000 sim000 s e T o e
asracen e
st e
esioce0 some
1 6 T 200 10 00k
|
mow  wam  vews ems  woms  wam  sen  wmen  mom  mmm o c

Figure 6.9. The percentile maps of morphology of Asarsuyu catchment, with frequency
and cumulative histograms, a) Aspect, b) Slope, c) Elevation

144



D
o 6 wm X0 X0 Comems

wom  wow  womn  wroe  Meow  eow  weow  ymom

2o

<o imm|
i e
P 2
%o
o s [LT22ronootons eron
4514000 8140w Nat
oo P \
%000 B e 2 o
WALRARLLL RN g
meow e w0 aGe  mne  wamn  xeow  wox w0 Iwan  3mom
T wwm Wm0 Yews  Sewe  wum  wems  wen  onew 33w
“ [ =
e W ol wime) P o
N DTN Bl i
wahoe PR £
g 1001 10088) ¥ ow
50 - Bk i e B
02110908, 5 it | P
1000 S i i o T T s
svaom a5t
o130 amonl
e sioom e
S o
P T 5 hhaNRERLRER% S b
sams e wbw  man  womn  wow  wom  wems  wmen  jwom o
ooe waw w0 wmon mem  Wems  wem  wm  smon  me e
450 W ocom W ooen e =
ey [l mooe ..
watee wene [l womn g -
e oo i
i EXET 200 (199) Aoy % sl
mum, %
<sieocs cameno| ¥ 0 e e Be
stao0 asum|
asizom amroo] ol
4510005 1 asamo| & ol LU
e T e v | o | o mwe
mom  mem  waws  mom  wom  mam  owom  wow  wman  wmm o
Rk e e el e sy e oty oA i
. TR B i) "
W oo @ wom 2
5 soosen, [ woson 32
T o | s 9
emiote B o 7] 20w Gl (e
& ‘ivmm %
4516000 3 amemol LS e s wie aee 277
o i §
451300 4512000] -
[asi00m astoamn) J

RS R R R ]

d

Figure 8.13?The percentile

aps of lineament and density patterns of Asarsuyu

catchment, with frequency and cumulative histograms, a) Distance to fault , b) Fault

density, c) Distance to Drainage d) Drainage density

145




T RN W0 EIm W00 Jmen  wwe s wmo  weom  smas

] =
| - W oven [ oo e 3 1
N W o [l oaen ”
B oeme [l wawm ¢
0 (1aonm, 10025091). i *
s B | {8 e | £
R - S O T e B
canacon s
ion uwe
100 et wom
- S-S P T S Steste e e e
wow  waem  wow  maom  wom  wow  wow  wiw  wow  mow  wew a
T R TR T N T
amonren L amneon 4
L} P g =
esis0m T s ] s a2 ¥
B orne i3
Y
4518000 A58 000 ad ol
srrom —
anzom v T
i (L \
W00 1000 200 000 4000 mewers £ o =
“RnhbuLY Yy b
mim  om s  miws  wews  wws e wews  wem  svaw wom
e wew W wm mm  mm  mie  wE s viom
b 5 i
- W oo [ s ) &
N oome; ] oo 4
. o Wl oo § e
w2000 106 23088 E o
esrsom e | e oo | £
e, lé 4
vaom s B o
.

‘ N , i g.,,
sz o |
4579000 i —— — - T 451000 e

g — g

= = A S AR L Y

c

| | »
b > A, B coe [l oo s .
N W e o0 rosioy &

o 0N i W s = woarte &

Ll i w0 i

amisooo =3 r=maT T Eo(ieMs) | 2o060Em St 291
€0 (17058) -

Cumaive sarcert

. o | S HLELLLLL)
- .
- o
481000 4310000 i

i | T e

eheo

W00 10 Wm0 0 scomews

Figur:WGJ 17Th;mper;"e"ntill:mz;;’>§ ofmi;fra‘;;mca;e and disutmance to ridge of Asarsuyu
catchment, with frequency and cumulative histograms, a) Distance to ridge , b) Distance
to Settlement, c) Distance to Power and road network d) Distance to E-5 Highway.

146



6.4.1. Bi-variate analyses

In bi-variate analyses, as explained in Chapter 2, the core of the analysis is to

get the densities of landslide occurrences in each parameter map and in each

parameter map’s classes, and to get some data driven weights based on the class

density and the landslide density.

Two of the previously mentioned methods have been utilized in this study as:

landslide susceptibility and information value method. In the landslide susceptibility

method as the nodes of seed cells are representing 25x25 meter area in the map, the

area density method is used. A brief recapitulation of the methods is given in Table 6.6.

Table 6.6. Methodological snapshot of used two methods

LANDSLIDE SUSCEPTIBILTY INFORMATION VALUE
Npix(SX,) S;/N;
UDTIEE— 11010 — =1 —
‘area Npix(X)) i =1og S/N
inwhich D In which

= Areal density per millage

area

Npix(SX;) = number of pixels with mass
movements within variable class X;.

Npix(X;) =number of pixels within variable class
X

To evaluate the influence of each variable, weighting factors
should have to be introduced, which compare the calculated
density with the overall density in the area. The formula for the
density-based area is:

S;: the number of land units or
pixels with mass movements and the
presence of variable X;,

Ni: The number of land units or
pixels with variable X;

S: The total number of land
units or pixels with mass movements

N: The total number of land units
or pixels.

The degree of a hazard for a land unit or
pixel j is calculated by the total information
value |;

W — 1000 X(5X) 2. Npix(SX,)
a = e AL R RE i N
""’ Npix(X,) 2. Npix(X,) J
IJ = Z X’I II
i=0
in which
m = number of variables,
Xij = 0 if the variable X; is
not present in the land unit or pixel j and 1
if the variable is present.
YOO T KURU
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Simply, each area of class in the reclassified parameter maps (Figures 6.9,
6.10, 6.11) is divided by the landslide density in this class. As previously noted, the
landslide densities are bound by the percentile method as approximately to %10 in each
class. Hence the natural weights of each parameter class is solely dependent on its
aerial coverage in the parameter map. Furthermore, it can be called as a weight
standardization module as it is clear that weights of any arbitrary parameter classes are
equal in concept but of course different in their values due to the areas of classes.
However, they are still not comparable. In order to achieve the standardization of both
the parameter classes in its parameter map and the natural weights of the parameter
classes with respect to other classes, from each single parameter value the value of the
sums of all of the weights of parameter classes in each map is subtracted. Hereforth,
the weight of sixth percentile of slope class has a comparable weight with the weight of
the third percentile of elevation as an example. On the other hand, a minor step to
reduce the computational difficulties are made as the weight values of each class are
normalized using the minimum weight in its parameter class. The example of this
procedure is given in Figure 6.12 for both landslide susceptibility analysis and for
information value method.

The steps shown in Figure 6.12 are carried out for all parameter maps of
Asarsuyu catchment. The values of all parameter classes are shown in Table 6.7, which
are then used to construct the hazard map.

The exploration of the weights yielded in expected values as well as some
surprising weights, such as; in the fault density parameter the weights are decreasing
when the density of fault lines decrease, of which it is expected that the rock units would
stay intact enough in the absence of landslides. However, distance to fault has a
surprising result as the first percentile (0 to 73 meter distance) gets 0 weight, which is
probably due to the fact that some other factors in combination control the activity in
those areas. Also the first percentile of distance to E-5 highway (0 to 75 meter distance)
gets the maximum weight, which overrides some physical factors in the area. Another
surprising fact was seen in the categorical parameters as the DSA class gets higher
weight value than the flyschoidal sequence, which is due to the fact that they have the
same amount of landslide but DSA is outcropping in a very restricted area.

Merely the same steps are encountered with the information value, however,
after the analysis of the resultant weights, it was decided not to use as the method is
based on log differences which do compress the mean values and speculating the
extreme or outlier values. Although the weight values are different and more sensitive to
the extremes, the signs of the values were similar to that of landslide susceptibility
analyses, which is an affirmative condition for the validity of the method used.
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Figure 6.12 The steps through landslide susceptibility analysis
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Table 6.7.Weight values of the all available parameter classes

[ Parameter Classes

ameter malj 10 20 30 40 50 60 | 70 80 90 | 100
I(ault density | 0,26 | 0,00 | 9,65 | 23,87 | 37,26 | 32,81 | 26,93 | 41,21 | 33,73 | 34,72
klevation 3,88 | 27,74 | 18,68 | 5,11 | 17,34 | 25,69 | 34,35 | 19,67 | 16,97 | 0,00
dtoridge | 0,00 | 2,37 | 3,42 | 479 | 482 | 7,52 | 7,67 | 9,14 | 11,06 | 22,16
q to settle . 0,00 | 19,38 27,19 (19,18 | 14,61 [ 21,92 | 23,68 | 4,20 | 18,66 | 6,30
d to pr 553 | 365|210 | 254 | 6,90 | 9,19 | 11,70 | 14,30 | 15,55 | 0,00
d to fault 0,00 | 9,67 (1576 (17,16 (17,02 16,11 [17,62| 3,80 | 4,79 | 4,76
d to e5 99,56 | 46,53 | 31,07 | 2,82 | 8,25 | 7,11 | 22,66 | 22,09 | 15,82 | -0,01
d to drain 0,00 [ 035 | 444 | 7,67 | 8,72 | 9,50 | 11,46 | 16,00 19,30 | 19,83
drainage dens | -0,01 | 5,89 (20,14 | 26,17 | 22,53 | 22,06 | 18,18 | 12,04 | 10,15 | 1,59
islope 0,00 | 8,28 | 18,15 | 24,11 | 29,40 | 29,92 | 30,04 | 32,92 | 28,57 | 30,51
laspect 23,33 32,02 (26,71 (18,51 -0,01 | 3,68 | 3,52 11,20 15,72 | 22,84
quat|BGY | DSA | tkbf !alu; bnlug[an Eocay sol;; tkb |pliomen |asarsuyu |gypsum

geolqu 0,67 2,08 |58,04(3595| 369 | 28,73 |2268(19,60/0,00| 0,00 0,00 0,00

dense forest | forest | soil moisture | mixed settlement| road
landcover 4,69 29,03 0,00 14,43 0,16 124,04

After calculation of the weights, the weigh values are assigned to the initial
parameter maps. Following this all of the 13 parameters maps are added up to create
the hazard map. No extra weighting procedure for the parameter maps are used in the
summation process as the classes have been normalized and they received their
natural weightings from the data itself.

The resultant hazard map is then reclassified into 4 hazard zones (very low, low,
high, very high) using the hazard maps distribution parameters. The mean value of the
hazard map is taken as the pivot point and classes are assigned to the + and - one
standard deviations of the distribution. The resultant map and the landslide amounts in
these hazard classes are given in Figure 6.13. It is seen that 48 % of the total area is
classified as high and high hazard class and within these classes 93.3 % of seed cells
are encountered. It should also be noted that the two giant landslide bodies (Bakacak
and Bilbllderesi slides) are not taken into consideration at this stage, in order to show
the real distribution of the hazard classes and to see if any information could be
obtained from form the analyses within these landslide bodies. On the other hand 52%
of the study area is classified as low and very low hazard, which in turn hosts only 6.7 %
of total seed cells in the area. This distribution also validates that the classification is
quite reasonable.
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352,000 354000 356000 mBO00 0000 362000 364 000 366,000 368,000 370 000 372000

4520000 14520000
B VeryLow(24728) | High (53405)

E Low (64287) B Very High (26748)
as1a000 14518000
4518000
4514000 14514000
4512 000

14512000

4510000 < +4510000

DN Value | Hazardclass | % areacovered % landslide
0-93 Very low 14,45 05
93-146 low 37,56 6,2
146-199 High 31,20 26,7
199-481 Very High 16,79 66,6

Figure 6.13. The hazard map and the amounts of landslides in each class as a result of
bivariate analysis. (red is very high hazard, orange is high hazard, green is low hazard
and biue is very low hazard). The grey polygon in the figure is the huge landslide body.

6.4.2. Multivariate analyses

The multivariate statistical analyses of the important causal factors for landslide
occurrence may indicate the relative contribution of each of these factors to the degree
of hazard within a defined land unit. The analyses are based on the presence or
absence of stability phenomena within these units (van Westen, 1993). Two major
trends are recorded in the literature as the standard multiple regression and discriminant
analyses. However, many of the authors who use these methods do override the
necessity of the data to be normally distributed. It could have been said of an
assumption, though this assumption is a vital one controlling the applicability of these
methods. Instead of the common literature two other multivariate techniques are utilized
in this study as factor analysis to understand better the interrelations of the parameter
maps, and the logical regression analysis to figure out a multivariate dominated hazard
map.
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6.4.2.1. Factor analysis

Factor analysis is similar to principal components analysis in that it is a
technique for examining the interrelationships among a set of variables (Afifi and Clark,
1998). Both of these techniques differ form multiple regression analyses, as there does
not need to be a dependent and a series of independent variables. The factors obtained
in a factor analysis are selected mainly to explain the interrelationships among the
original variables. The major emphasis is placed on obtaining easily understandable
factors that convey the essential information contained in the original set of variables.

In the initial stage all of the 13 parameters of the seed cells are included in the
factor analysis, and principal axis factoring method with varimax rotation is selected as
the factor analysis method. A number of tests should have to be performed for the
validity of factor analysis with the given variables so a KMO-Bartlett test is conducted
(Table 6.8). The Kaiser-Meyer-Olkin Measure of Sampling Adequacy is a statistic which
indicates the proportion of variance in the variables which is common variance, i.e.
which might be caused by underlying factors. High values (close to 1.0) generally
indicate that a factor analysis may be useful with the available data. If the value is less
than 0.50, the results of the factor analysis probably won’t be very useful. In this case it
is nearly just over the limit as the value is 0.593. Bartlett’s test of sphericity indicates
whether the correlation matrix is an identity matrix, which would indicate that the
variables are unrelated. The significance level gives the result of the test. Very small
values (less than .05) indicate that there are probably significant relationships among
the variables. A value higher than about .10 or so may indicate that the data are not
suitable for factor analysis. Based on these critical values, factor analysis seems not to
yield a very successful result.

Table 6.8. KMO and Bartlett's test with initial 13 variables.

KMO and Bartlett's Test

Kaiser-Meyer-Olkin M of Sampling A 1593
e S i o Approx. Chi-Square 13926,75
| Bartlett's Test of Sphericity e, : o 78

e sig. e o ,000

The next step in the analyses is to figure out which variables are not fitting to the
model, which is done by exploring the anti-image matrices. The anti-image matrices
contain the negative partial covariances and correlations. They can give an indication of

correlations that aren’t due to the common factors. Small values indicate that the
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variables are relatively free of unexplained correlations. Most or all values off the
diagonal should be small (close to zero). Each value on the diagonal of the anti-image
correlation matrix shows the Measure of Sampling Adequacy (MSA) for the respective
item. Values less than 0.5 may indicate variables that do not seem to fit with the
structure of the other variables. The anti image matrix of the initial 13 variables are
presented in Table 6.9, and it is seen that distance to drainage and distance to ridge are
the two variables that do not fit into the structure of the remaining variables. As this is
the first iterative pass of the system it was decided to include these parameters in order
to see the effects of these variables after and before their removal.

Table 6.9. The Anti-image matrices of initial 13 variables.

Anti-image Matrices

| mev fandcover | D_DRAN. DETES. DSETTLE | DEN_FAU D_FAY D.RIOGE D_PRO DEN_DR | Geocode

Eo: |opwcar | amseer | TAMEQT | TaEey | 2AviEas | "““"{""“‘amm Saweor | Sa0iear | SAMcel [Taecad |

19 [2417E02 | 1.966E02 | 17BSE02 | 2930E02 | TAI9E04 | 24506402 | 7.915€.02 247 | 5502602 | 3079602 a2

zavEe | o [isseer | v | w0 | oaw | zawesa | raniees | esmeer | isvecer | amocer [aascer

Toeecar [imseor | s | sawesr | b Jon | aatoeor | azwseoz | aeweer T8 | micer [symea

oo | |sseez T |Sasieor | wasean | aseiees | ssedcar A a5 [s107E2

2930602 40 2 | samen an o228 | 9s00E02 | 4063602 | 1803802 | 4ATIEGY | 2776607 |8a69E07

o Toweon | aw | s |eamem | am | am | o | emess | Tawew |Saweor | veves fsmiees
; 2ameaz (233002 | 2470502 | AniEer | wsnoan a0 M| aw | samew |mieer | iieecaz | e
¥ THISED2 |TATIEDY | 2745602 | 3,904E02 |4663E02 | 6.159E-02 21 303 | ap22€02 128 52 | 3576E02
a0 [ eseeor |Seseen aon | vaoeor | rackees | bameor | asmEer | | ssaeer | ssviees [amecer

5.592602 | 1,806E-02 153 | TASOE02 | 44TTED3 | 3253E02 | STS1E02 -2 | 3522602 o190 | sete0r sesiEoz

Somea | 2erEez | vasieaz a8y |2meear | rswEer | vraeear a8 | sameor | assiEaz 707 07808 02

a7 [ aseor [syweor | sroreor |ssecar | Sseiean 4| Ssmeear | sweos | eevieer | ormeees | awr

(SPecT ST Sz [reEer | i | ot | o | dawees | woeeer | seweer | sorseor | 4zseer e [easeE s
SLOPE. 5340602 (611" 363602 | 2733602 | 2222602 | 4980602 | 1345603 | 4720607 A0 -300 | 6825602 | 4047E02 183
EEY SABED2 | 3163602 485" | 23%2602 s 288 45 | 4306E07 | 141202 | ASGIEG2 | 2362602 | 40302 |49857EQR

| tandcover 119 | 27338402 |2332602 786" | 4961E02 240 222 | 4260E02 | B5VIE02 | 5043602 213 | 282902 |8.997€02
BORAN A0t [2gzE02 | s | 4seiaz 430" [ smEz s | ersecz | 02002 a0 | osnea an |aseor
DisTES 126 | 4smoEaz £ 240 | sesieoz 630" w510 2% 114 | 3eaTEG2 | 7809603 | 5080602 9800602
fmte | oseTnE [ aweor [1owsees | | am g | e | sat|  am | e | aweor |emweer | aar [Towess
[DENS_FAULT 406402 | 4224E02 |430SE02 | 42606402 | 475702 20 256 579" L 144 | 9913E02 | 3241E02 241

| ot 8 809E02 A0 [1412602 | 5511602 | 7020602 e 61 500 618" | ezse0z a2 289 | 6200602

i O_ROGE 8.075E02 -300 | 856E-02 |-5,043602 98 | J047E02 | 1309602 44 | 8.826E02 480" | 4273602 108 | 4.231E03

[ oo T darsear [ssasear [2sezean 20 | S3BE0T | T400E03 | aassEz | senseoz a5 | aaneor 169" | a60iE02 [0.019602

| vene onan e [Avior |ameor |aewea | am |sewewa | e | saweer | am | e [ameees | e e
Gaoccods | 8254604 153 | 496E02 |6997E02 | S.987E02 | 9800602 | -7,086E02 247 | 6201E02 | 4.231E03 | 8019602 126 546

a. Measures of Sampling Adequacy(MSA)

The amount of the total variance explained with the initial 13 variables are
shown in Table 6.10. This table gives the amount of cumulative variance explained with
the initial solution and initial rotation of the factor analyses. As in the first steps of factor
analyses the decision rule for acceptance of the new factors are defined as “if a new
factor is to be created it should have an effect of at least equal to that of an initial
variable”. Dependent on this rule eigenvalues of smaller than 1 are not included in the
factor analysis, as a result, with the initial 13 variables only the first 4 factors are taken
into consideration and they could only explain the 57% of the total variance observed
(Figure 6.14).
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Figure 6.14. Eigenvalues of the factors.
Table 6.10. The amount of total variance explained via factors
Total Variance Explained
- | Extraction Sums of Squared |
Initial Eigenvalues ; Loadi ~|tation Sums Loadin
i % of N % of Cumulative; % of
Total (Variance | % Total |Variance fo Total | Variance %
1 2,616 | 20,121 20,121 | 2,176 | 16,738 16,738 | 1,985 | 15,269 15,269
2 2,035 | 15,652 35774 | 1,713 | 134175 29,913 | 1,806 | 13,892 29,161
“lay 1,518 | 11,679 47,453 | 895 6,883 36,797 | ,850 6,536 35,607
4 1,247 9,590 57,043 | 563 4,334 41,130 | ,706 5,433 41,130
5 992 7,633 | 64,676
: 6 ,987 7,590 72,266
Factor| 7 ,918 7,060 79,326
8 ,694 5,337 84,663
9 576 4,432 89,095
10 ,523 4,025 93,119
1 ,439 3,378 96,497
12 ,242 1,863 98,360
13 ,213 1,640 | 100,000

Extraction Method: Principal Axis Factoring.

The next step is to figure out what variables are responsible for the selected 4

factors, this is done by analyzing the factor matrix after varimax rotation. The Table 6.11

reports the factor loadings for each variable on the components or factors after rotation.
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Each number represents the partial correlation between the item and the rotated factor.
The bold numbers represent the maximum correlations within these factors. Based on
these maximum correlations, it could be concluded that the first factor is composed of
human activities (Distance to settiement, Distance to E-5 highway, Distance to power
lines and road network and the land cover), the second one is attributed to primarily to
lineament pattern and minor to settlement and elevation, the third factors constituents
are the drainage system and its resultant morphodynamic attributes (distance to
drainage, drainage density and aspect), and the last factor the fourth one is attributed to
the material properties and drainage dependent morphodynamic items (Slope, Distance
to ridge and geology).

Upon the completion of this initial iterative pass, a step by step variable removal
scheme is applied based on the rules of Anti-image Matrices. The best solution is found
after the second pass with the removal of distance to drainage and distance to ridge
parameters. After the removal of these two variables the Kaiser-Meyer-Olkin Measure of
Sampling Adequacy is increased from 0.0593 to 0,618, which is seen in Table 6.12.

Table 6.11. The rotated factor matrix and the variable loadings

Rotated Factor Matrix 2

Factor
1 A 3 4
D_SETTLE ,863 387 | 4,536E-02 | 5,018E-02
D_E5 S 726 -220 130 | -2,1E-02
landcover -635 | 7,658E-02 | 5,137E-02 | 6,173E-02
D_PRO 322 -143 | 8,227E-02 | -38E-02
DENS_FAULT -123 834 | -1,0E-02 114 |
D_FAY 182 -,825 126 -140
ELEV ; 274 ,302 | 4,949E-02 | 9,436E-02
D_DRAIN -3,7E-02 | 9,862E-02 676 - 114
DENS_DRAIN -190 203 -505 | 9,406E-02 |
ASPECT | 1652602 | -1,0E-02 273 | 1,308E-02
SLOPE | -6.8E-02 199 | -4,5E-03 ,579
D_RIDGE 7.0E-02 | -2,0E-02 -125 481
Geocode ; 187 -150 | 1,867E-02 1262

Extraction Method: Principal Axis Factoring.
Rotation Method: Varimax with Kaiser Normalization.

a. Rotation converged in 5 iterations.

155



Table 6.12. KMO and Bartlett’s test after removal of two variables.

KMO and Bartlett's Test

Kaiser-Meyer-Olkin sure of ,618
o ‘| ‘Approx. Chi-Square i 12215,87
Bartlett's Test of Sphericity df ; : 55
: Sig. : ; ,000

Furthermore, the amount of the total variance explained with the variables are
also increased from 57 % to 63 %, of which is shown in Table 6.13. Although 63% is still
very low for such kind of analyses, further removal of the variables would probably yield

in the degradation of the model success, hence the removal scheme is ended up with
11 variables.

Table 6.13. The amount of total variance explained via factors, after removal of two
variables.

Total Variance Explained

5 Extraction Sums of Squared s :
Initial Eigenvalues y Bl Loadings Rotation Sums of Squared Loadings!
7 - %of Cumulative |- 5 Y%of | Cumulative % of Cumulative
Total | Variance et Total | Variance % Total | Varlance %
1 2,590 23,543 23543 | 2,180 19,817 19,817 | 1,926 17,509 17,509
z 2,033 18,485 42,028 [ 1,711 15,557 35374 | 1,865 16,953 34,462
3 1,212 11,014 53,043 638 5,800 41,174 657 5977 | 40,439
|4 1,125 10,225 63,267 424 3,857 45,031 505 4,592 45,031
5 ,921 8,373 71,640
Factor | 6 831 7,551 79,190 w
7 740 6,727 85,918
R 630 5,729 91,647
[ 449 4,080 95,727
10 249 2,263 97,990 fi
1 221 2,010 | 100,000 )

Extraction Method: Principal Axis Factoring.

The final factor loadings are seen in Table 6.14. Due to the different variables
encountered into the analyses, the rotation scheme and the factor loading scheme is
slightly changed, resulting in a more stable model. The stability of the model is also
seen in the generic differentiation of the factors and their responsible variables. Such as
the elevation parameter has promoted to the first factor which is more meaningful, as
the second factor is solely remained for the effects of lineaments. It is obvious that the
presence of lineaments are not controlled by elevation, on the other hand the presence
of settlement, position of the highway, land cover and the power lines and the road
network are dependent of elevation. Consequently, the first factor is dominated by
human activities. As noted above the second factor is solely dependent on lineament

pattern and density in the area. In the third factor geological units and slope is promoted
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from 4™ factor and drainage components and aspect fall into 4 factor, which in turn
more logical as the author believes that the material properties control the slope and
also the presence of landslides; hence third factor is attributed to material properties.
The remaining two variables aspect and the density of drainage is responsible from the
fourth factor and could be considered as the morphodynamical factor of the Asarsuyu
catchment.

Table 6.14. The rotated factor matrix and the variable loadings, after removal of two
variables

Rotated Factor Matrix 2

Factor
) o 4
D_SETTLE 870 322 | 2,762E-02 1198
D_E5 669 | -272 103 293
landcover -,658 ,146 | 1,409E-02 |9,911E-02
D_PRO 338 -200 |3,538E-02 | -9,5E-02
| ELEV 316 274 |3,784E-02 | -4,1E-02
DFAY 121 909 | -49E-02 |3,709E-02
DENS_FAULT | -2,0E-02 ,758 -218 | -6,0E-02
SLOPE = -5,4E-02 ,249 ,225 | -3,9E-02
Geocode 140 -2 ,714 | 2,305E-02
ASPECT -4,3E-02 | -2,7E-03 |3,079E-02 ,500
DENS_DRAIN -187 274 N7 -,321

Extraction Method: Principal Axis Factoring.
Rotation Method: Varimax with Kaiser Normalization.

a. Rotation converged in 6 iterations.

6.4.2.2. Logical Regression

Logical regression allows forming a multivariate regression relation between a
dependent variable and several independent variables which might affect the probability
of the searched situation. If the searched variable is a dichotomous outcome the best
method with free of predictor variable type is seem to be logistic regression (Afifi and
Clark, 1998; Atkinson and Massari, 1998; Dai et al. 2001; Lee and Min, 2001).

Binomial (or binary) logistic regression is a form of regression which is used
when the dependent is a dichotomy and the independents are continuous variables,
categorical variables, or both. Multinomial logistic regression exists to handle the case of
dependents with more classes. Logistic regression applies maximum likelihood
estimation after transforming the dependent into a logit variable (the natural log of the
odds of the dependent occurring or not). In this way, logistic regression estimates the

probability of a certain event occurring. Note that logistic regression calculates changes
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in the log odds of the dependent, not changes in the dependent itself as Ordinary Least
Squares (OLS) regression does.

The logistic model can be written in its simplest form as:

P=1
1+e™*

where P is the probability of an event occurring. P is the estimated probability of
landslide occurrence. As z varies from -« to +w, the probability varies from 0 to 1 on an
s shaped curve. And where z is defined as:

Z=Bo+B X +BXotBaXat. oo +B.X,
Where By is the intercept of the model, n is the number of independent variables, ...B;
(I=1,2,3,.....,n) is the slope coefficient of the model and X(I=1,2,3,..... ,n) is the

independent variable.

In an extended form the equation of logistic regression could be written as:

1

BO+B1X1+B2X2+B3X3+...............+BnXn
+TiE

Probability of belonging to population I (logit) = ]

The advantage of the logistic regression over simple multiple regression is that,
through the addition of an appropriate link function to the usual linear regression model,
the variables may be either continuous or categorical, or any combination of both types.
In general the advantage of logistic regression modeling over the other multivariate
statistical techniques, including multiple regression analysis and discriminant analyses,
is that the dependent variable can have only two values — a dichotomous outcome -
and that predicted values can be interpreted as probability because they are constrained
to fall into an interval between 0 and 1 (Kleinbaum, 1991). Logistic regression has many
analogies to Ordinary Least Squares (OLS) regression: logit coefficients correspond to
B coefficients in the logistic regression equation, the standardized logit coefficients
correspond to beta weights, and a pseudo R statistic is available to summarize the
strength of the relationship. Unlike OLS regression, however, logistic regression does
not assume linearity of relationship between the independent variables and the
dependent, does not require normally distributed variables, does not assume
homoscedasticity, and in general has less stringent requirements. The success of the

logistic regression can be assessed by looking at the classification table, showing
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correct and incorrect classifications of the dichotomous, ordinal, or polytomous
dependent. (Afifi and Clark, 1998; Wrigley, 1984)

However, in a strict sense, it is not a probability because the extrinsic
parameters triggering the landslides such as the rainfall and earthquake vibration are
not accounted for. It might be appropriate to term it as landslide susceptibility based on
the intrinsic physical parameters.

In order to carry out the logical regression the total number of seed cells (4430)
are used. Moreover, 4430 random sample nodes are selected from the landslide free
areas of Asarsuyu catchment, that are presented in Figure 6.15. Upon the selection of
these random nodes, the values of the parameter maps are then transferred to the
database of the random data set. Following the creation of the random data set
database, the seed cells and the random set database is merged and a new column of a
binary variable indicating the presence and absence of the landslides are added. This
stage is repeated 4 times in order to have 4 different sets of random points, which in
turn would let the user to see if there is any convergence in the success of logistic
regression analyses.

362000 354000 356 000 388,000 360000 362000 364000 366 000 368,000 370 000 372,000

S e R

4520 000 | 4520000

4518000

|| 4518000

4516000+

4516000

4514000

4512000

4512000

Figure 6.15. The positions of selected 4430 random landslide free nodes.

The initial assumption of the variables by the logistic regression is shown in
Table 6.15.

The system test reveals that the variables and the system constructed are valid.
A Hosmer-Lemeshow test and Cox & Snell R square and Nagelkerke R square values
are obtained and the statistical package supports that the system is still valid with these
variables.
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Table 6.15. The initial assumption of the variables.

Classification Table ab

. Predicted
LANDBIN
(s Correct
o [ 4430 .0
Stop0 | Observed | ANPEN S 0| 4430 100,0
- Overall Percentage | 50,0

a. Constant is included in the model.
b. The cut value is ,500

After the validation of the system, logistic regression is applied to the data set
and the resultant classification table is presented in Table 6.16. The system in overall
has a success of classifying 77.3% of the pixels correctly, which is quite acceptable. The
77.3% is the highest classification success among the 4 different random sets, though
the remaining three were oscillating around 75% with plus minus 1 %.

Table 6.16. The final classification of logistic regression

Classification Table 2

Predicted
LANDBIN
0 1 Correct.
SR o 3387 1019 76,9 |
Step1 | Observed S A 985 3445 77,8
| overall ; 77,3

a. The cut value is ,500

The loadings of the variables after logistic regression is presented in Table 6.17.
Based on these values the logistic regression equation is compiled as follows:

Z= 0,773046364 + (0,130082590 * GEOCODE) — (0,004154044 * DRAINAGE
DENSITY) — (0,000897442 * DISTANCE TO POWERLINES AND
ROAD NETWORK) - (0,004813297 * DISTANCE TO RIDGE) +
0,000212306 * DISTANCE TO FAULT) — (0,000525944 * DENSITY
OF FAULT) — (0,00114028 + DISTANCE TO SETTLEMENT) —
(0,001257937 * DISTANCE TO E-5 HIGHWAY) + (0,001047155 *
DISTANCE TO DRAINAGE) - (0,120726833 * LANDCOVER) +
(0,002760724 * ELEVATION) + (052982916 * SLOPE) -
(0,00296956 * ASPECT)
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Table 6.17. The variables and their loadings after logistic regression

Variables in the Equation

: o 195.0% C.Lfor EXP(B)
B SE. Wald df Sig. | Exp(®) | Lower | Upper
ASPECT -,000296956 | ,000 | 1,540 1 215 | 1,000 999 | 1,000
SLOPE 052982916 ,003 | 318,496 1 000 | 1,054 1,048 | 1,061
ELEVATION 002760724 ,000 | 232,208 1 ,000 | 1,003 | 1002| 1,003
'LANDCOVER | -,120726833 024 | 25276 1 ,000 ,886 846 ,929
D_DRAIN ,001047155 ,000 | 6,883 1 009 1,001 1,000 | 1,002 |
D_E5 -,001257937 ,000 | 932,863 1 ,000 ,999 ,999 ,999 |
i a2 | D_SETTLE -,000114028 000 | 4,944 1 ,026 | 1,000 1,000 | 1,000
Step 1 I'DENS_FAULT | -000525044 000 | 5854 1 016 ,999 ,999 | 1,000
D_FAY ,000212306 000 | 7,705 1 006 | 1000| 1000 1,000
D_RIDGE | -004813297 ,000 | 210,251 1 ,000 ,995 1995 ,996
D_PRO -,000897442 ,000 | 33,496 1 ,000 ,999 ,999 ,999
DENS_DRAIN | -,004154044 001 | 31,743 1 ,000 ,996 ,994 ,997
GEOCODE ,13008 ,017 | 59,496 1 000 1,139 | 1102 | 1,477
| Constant ,773046364 ,229 | 11,390 1 001 | 2166 | |

a. Variable(s) entered on sf

tep 1: ASPECT, SLOPE, ELEV, LANDCOVE, DISTDERE, DISTES, DSETTLE, FAYDENS, DFAY,
DTEPE, DPRO, DENSDR, JEOCODE.

The observed groups and the predicted probabilities of these groups are

presented in Figure 6.16. It is clearly seen that in the values larger than the cutoff value,

are under dominance of binary variable 1 which is landsliding, the opposite of this

argument is valid also for the values lower than cut off value as safe pixels. In the cut off

value it is seen that both probabilities are nearly same, with a little emphasis on

landslides side. Furthermore, the values smaller than 0.25 still have some landslide

pixels which support the hazard classification scheme as very low to low hazard classes

in lower values than cut off value.
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Figure 6.16. Observed groups and predicted probabilities
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The logit of this z function is calculated for all of the pixels of Asarsuyu
Catchment. The end members of the classification scheme is fixed as 0 being the no
hazard class and 1 as the total hazard class. The foundation of the classification is
based on these end members, hence the class boundaries are as follows: 0-0.25 very
low hazard, 0.25-0.5 low hazard, 0.5-0.75 high hazard and 0.75-1 very high hazard. This
re-classification of the hazard map is shown as the landslide hazard map of Asarsuyu
catchment (Figure 6.17.)

The hazard map produced from logical regression results in more homogenous
zones than that of bivariate analyses (Figure 6.13), especially in the end members of the
zonations; in very low and very high hazard classes. The low and very low hazard
classes constitute 72.31% of the area with corresponding 22.23% of the total landslide
seed cells. On the other hand, the rest of the area is classified as high and very high
hazard that yield in 27.68% of the area with corresponding 77.77% of the total landslide
seed cells. Based on these numbers, the multivariate analysis results gives out a more
comprehensive hazard classification in which the details of the comparisons of the
produced two hazard maps will be further investigated in the next section.

It should also be noted that the grey polygons in the both produced hazard
maps do belong to the two large landslide bodies. As previously mentioned, the
boundaries of landslide polygons are digitized from the aerial photographs of 4 different
periods. The union of these 4 polygons represents the final landslide polygon. The
hazard class of this huge polygon is assigned as very high hazard based on field
information and the aerial photographical interpretation. It was obvious from the
photographs that these giant landslide polygons are formed by the aggradations of
smaller landslides. The evidence was a relict landslide scarp at which the slided body of
this relict scarp is acting as the host of newer landslides. Also the current slope
morphology of these polygons suggests that there should be 4 or 5 different landslide
associations. Furthermore, the work carried out by Isin (1999) in the Bolu mountain
proved the slope movement by insitu monitoring. Based on these conditions it is
concluded that these landslide polygons will behave in residual shear strength
conditions, rather than peak conditions as that of the seed cells, consequently they will
be put in to very high hazard class in the final hazard map.
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Figure 6.17. The hazard map and the amounts of landslides in each class as a result of
multivariate analysis. (red is very high hazard, orange is high hazard, green is low
hazard and blue is very low hazard). The grey polygon in the figure is the giant landslide
body

6.4.3. Comparison of two produced hazard maps

Two hazard maps are produced from bivariate analysis and logical regression
analyses. Both of them produced acceptable results, as both of them classify the
majority of the seed cells in high or very high hazard classes. However, they have to be
analyzed in order to reveal which method is more successful and which method is more
accurate. Therefore, two comparison schemes are developed and presented in the
following sections.

6.4.3.1. The comparison of methods via their areas and corresponding landslide
seed cells.

It has been shown that both methods classify less than half of the study area as
high or very high hazard in conjunction more than two thirds of the seed cells in these
areas, which could be said of a success. However, when the class areas are normalized
with the landslide seed cell counts some important issues have aroused. In order to
normalize the areas, the area percent values are divided with the landslide seed cell
percent values, that is called as the seed cell area index (SCAI) density of landslides
among the classes, which is presented in Table 6.18.
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Table 6.18 The densities of landslides among hazard classes of both methods.

Area % Seed % SCAI
Bivariate Very Low 14,45 0,5 28,8945
Low | 37,56 6,4 5,8684

High 31,20 26,8 1,1642

Very High 16,79 66,8 0,2514

Logical Very Low 46,86 3,97 11,79
Low 25,45 18,26 1,3939

High 15,58 29,48 0,5284

Very High 12,10 48,28 0,2506

The logic behind SCAI lies in correct classification of seed cells within very
conservative areal extent. As a result, it is desired that the high and very high hazard
classes should have very small SCAI values and low and very low hazard classes to
have higher SCAI values.

When the SCAI values of the two methods are compared it is found that the
hazard map (LHM) produced from logical regression analyses has lower SCAI values
than that of bivariate version. Only in very low hazard class bivariate hazard map (BHM)
has a better result. In low and high hazard classes LHM has a clear superiority, however
in very high hazard class they are quite close to each other but the logical one has a
slight advantage as less area are classified as very high hazard and also its SCAI is
slightly lower. Although the BHP has a high SCAI value which is desirable for the very
low hazard class, the area classified is only 14.45 % of the total area which is very low
for settiement planning purposes. The system should be a little more flexible rather than
a mechanical rigid system, as considering the acceptable risk of the dwellers in the
area. The 3.44% increase of landslide seed cells in the very low hazard class in the
LHM ended up in 34.28 % of extra area with minimal hazard, which could be accepted.

6.4.3.2. The comparison of two methods in the spatial domain

The SCAI in the previous section does not reveal any information about the
change of hazard score within a pixel. In order to achieve the pixel basis changes or
mismatches both of the hazard maps are first re-classified into known numerical values.
The bivariate hazard map is classified as 1,2,3,4 starting from very low hazard and
ending up with very high hazard, correspondingly. The logical regression hazard map is
classified by the 10 times multiplication of new class numbers of the bivariate hazard
map, accordingly the class values are 10,20,30,40. After this re-coding process the two
maps are added up. The available outcomes are presented in Table 6.19.
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Table 6.19. The available combinations of re-coding process and their meanings
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As can be seen in Table 6.19, some combinations result in misclassified pixels.
These are dominated by the absence of hazard score in both or in one of the hazard
maps. The amount of these pixels compared to the whole classified area is merely 1.12
%, which is negligible, and shown in Figure 6.18 as the summation of 0,1,2,3,4,10,20,30
and 40 class id’s. Although it is negligible, the spatial locations of these error prone
pixels should be investigated (Figure 6.19). Generally they fall into the borders of the

Misclassification

:I Correct Classification
Acceptable Classification
Not Acceptable

hazard map, which indicate a small acceptable resampling error.

25

Area Distributions of Possible Classifications

[ .. p—

0 1 2 3 4 10 11 12 13 14 20 21 22 23 24 30 31 32 33 34 40 41 42 43 44

Class ID

Figure 6.18. The areal distributions of classified pixels.
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Figure 6.19. The locations of the misclassified pixels

If the two hazard maps converge in the same hazard classes after summation,
such as they possess 11, 22,33 and 44 hazard ID’s they are called as correctly
classified pixels. The areal extent of these pixels are constituting 36,67 km? and 34.16 %
of the total area (Figure 6.18). The locations of the correctly classified pixels are shown
in Figure 6.20.
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Figure 6.20. The locations of the correctly classified pixels (the numbers in the legend
indicate the pixel counts).

Another pixel association is called the acceptable classification when the hazard
classes in both of the hazard maps are differing from each other by one rank in the
hazard classification scheme. Such as a change from very low hazard to low hazard, or
change from high hazard to very high hazard is acceptable. This association is indicated
in the summation map by the following id's 12,21,23,32,34 and 43. The area covered
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with this association is 48,69 km? corresponding to 45.36 % of the total area. The

locations of acceptable pixels are shown in Figure 6.21.
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Figure 6.21. The locations of the acceptable pixels (the numbers in the legend indicate
the pixel counts).

The not acceptable pixels are defined as the difference of hazard ranks should
be more than one rank. Such as changing from very low hazard to very high hazard is
not acceptable. These pixels re-represented in the summation as 13, 14, 24, 31, 41 and
42. The area covered by these not acceptable pixels are 20.79 km? with corresponding
19.6 % of the area. The locations of these pixels are shown in Figure 6.22.

Upon the investigation of the not accepted pixels of the two methods, it is seen
that the bivariate hazard map is overestimating the hazard classes relative to the logical
hazard map. As shown in the legend of Figure 6.22, six pixel values are present and the
first three of them has greater occurrences than the rem aining three. The first three was
13, 14 and 24, indicating that they belong to high and very high hazard class in bivariate
map and low to very low hazard class in logistic regression map. Although this isa
relative comparison, it can be said that LHM is underestimating the hazard, however,
the classification scheme fits well in the remaining three pixel values. If LHM was
underestimating the hazard the remaining three pixel counts should be more that of the
observed values. A further investigation is made in order to find the reasons why BHM
overestimates the hazard with the aid of initial parameter maps, percentile maps and the
hazard maps. It is found that most of the errors are dependent on the percentile division
of the parameter maps. Such as the first percentile of distance from E-5 has the most
weight among the other all percentiles, which is the result of the faint E-5 highway trace
in the western part of Figure 6.22. Also the fault density and distance to fault percentile
maps are responsible to the mismatch of the two hazard maps in the areas shown with
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arrows in Figure 6.22. On the other hand, the good correlation in the high and very high
hazard classes of both methods should not be underestimated.
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Figure 6.22. The locations of the not acceptable pixels (the numbers in the legend
indicate the pixel counts).

In order to see where both hazard methods have the same or acceptable
classifications, the acceptable pixels and the correct pixels are added up, which
represents an acceptable classification of nearly %80 of the area. This result is
presented in Figure 6.23.
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Figure 6.23. The locations of the correctly classified and the acceptable pixels united
(the numbers in the legend indicate the pixel counts).

After a comparison of Figure 6.23 with other hazard and error maps, and taking
into consideration about the reasons of erroneous pixels the hazard map produced from
logical regression analysis is decided to be used for further analyses. The final hazard
map with the infra structure overlaid is shown in Figure 6.24.
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Figure 6.24. The final hazard map and the infrastructure of Asarsuyu catchment.



CHAPTER 7

DISCUSSION

The aim of this chapter is to endure step by step through the landslide
assessment procedures while evaluating the possible errors and their reasons.
Furthermore, a comprehensive flowchart will be produced while discussing and
evaluating these stages.

7.1. Data Production

In harmony with the purpose and scope of the project three data domains were
used to generate the needed data. These domains are remote sensing, topographical
maps and existing geological maps.

The working size of the pixels for all of the products are selected as 25 by 25
meters. By rule of thumb, 1 map millimeter equivalent of the base map is adequate.
Finer resolution would yield in larger errors as the locations of the pixels would be
suspicious, moreover, the products other than topographic map should have to be
resampled rigorously.

The first step through any hazard assessment scheme is the evaluation of
current situation and preferably having information about the past states of the hazard.
In order to achieve this goal, remote sensing technology is used, unless there are no
archive information and no monitoring stations.

The spatial resolution of the satellite images is becoming as good as
comparable to the aerial photographs, however, the prices of the same resolution
satellite products are incomparable to conventional aerial photographs. The aerial
photographs are still the cheapest solution, in addition the military bloom of the cold war
resulted in presence of at least one full coverage of the country almost in all nations
across the world, which are hosting the true and non speculative information about the
past situation of the hazards. On the other hand, the presence of distortions in the aerial
photographs makes the information extraction stage quite painful, as the interpretation

should have to be transformed into plain cartographic coordinates. Recent
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developments in the computer based photogrammetry reduce the time required for
these transformations but requires another investment item through the institute’s
budget. Nevertheless, with the aid of these systems the horizon of the researchers
would be quite broadened as they will be able to derive the topographical and
morphological decision rules of the period at which the aerial photographs are taken.

In this research, the spatial positions of the landslides in 4 different periods were
extracted from the aerial photographs and cordially transformed into base maps
manually (Figure 7.1). The interpretation is acquainted with a photo checklist regarding
the observable characteristics of the landslides. This checklist in the further stages
would be converted to a database attached to every single landslide.

This base map transformation, when done by experienced interpreters, is quite
comparable with the results obtained from digital products. Yet, the manual
transformation is always remaining as a large debate over one of the principal inputs of
the hazard assessment procedures. This transformation inherits a minor subjectivity to

the system depending on the experience of the interpreter.
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Powerline Network

Distance to E-5 highway
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Figure 7.1. The elements of data production stage.
Though the aerial photographs are considered as the most capable and

cheapest item within the remote sensing products, the great spectral resolution of
satellite products still have superiority over the panchromatic aerial photographs.
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However, their restricted superiority also restricts their usages as they could now only
be used for land cover extraction or for gathering regional geological information. The
new trends of researches point out that probably within a decade the prices of the
satellite and historical aerial photographs would equalize. Furthermore, the researches
in active sensors (radar systems) and laser-dominated systems (Lidar) are flourishing,
which are promising activities for the next decade beyond the hazard assessment point
of view. Landsat TM 5, due to its spectral superiority and price advantage, is used to
extract the land cover information in Asarsuyu catchment, which would be treated as a
parameter map in further stages (Figure 7.1).

The second and the most speculative domain is the geological map domain, as
the maps have been prepared for general geological needs without considering the
special needs of the hazard assessment procedures. Further groupings regarding the
material are made rather than its stratigraphic content and age. These maps were
compiled from existing literature, so coordinate mismatches and information
inadequacies are frequent in the published maps. These geological unit mismatches
also inherits a speculative perspective to the map prepared which is also dependent on
the experience of the geologist. The lack of coordinate system in the compilation map
creates a positional error, which should be eliminated by further resampling of the
geological maps. Consequently the lineament information has same deficiencies, as
though it was both compiled from existing maps and refined after aerial photographical
interpretation (Figure 7.1)

The third and relatively the least speculative domain is the topographical map
domain, assuming that there are not any errors present in the elevation information. In
this thesis 11 variables out of 13 variables are derived from topographical maps (Table
5.16). The morphology, and infrastructure information are all derivatives from these
topographical maps (Figure 7.1). The topographical maps have minimal processing
errors as they have been digitized from the hardcopy templates by the Mapping
Headquarters. The nature of the information present in the topographical maps
generally consisted of vector coverages, as the representations of contour lines in point,
line or polygon form. This form is not the most suitable form to be used in a GIS, yet it
has to be converted into continuous maps. When the vector data has z attributes
(topographical contours), this conversion is achieved through gridding operations. On
the other hand if the vector object has no z attributes (infrastructure information), either
the density of the feature or the nearest distance of the pixels to that feature is
calculated to form a continuous map. A new approach is taken in this thesis, as taking
the true distances to the objects rather than taking the map distances, which inturn
duplicates the importance of the accuracy of the elevation model, as true distance is the
function of DEM (Figure 4.5).

172



In order to achieve standardization, through the three domains, all of the maps
were resampled by using a reference raster as the DEM. This resampling is vital to fix
the extents and the centers of the pixels.

The products of aerial photograph and geological map domains have quite large
subjectivities, when created by novice users, which should then have to be treated very
carefully. The topographic map domain remains more objective than the others, as the
errors might rise only from mechanical procedures, which could be validated more easily
without thematic information about the maps.

Although the sequences presented here is quite objective the data domain and
data type selection is still dependent on the available data and also dependent on the
experience of the user, in which the assumption is that the selected maps will represent
adequately the sliding conditions. Extreme caution should be applied in data set
selection in order not produce redundant information. Although the distance to drainage
and drainage density pair and distance to fault and fault density pairs seems to create
duplicate information, they do possess different information. Distance to drainage maps
are controlling the chance of any stream to erode the toe part of the landslide, while the
drainage density yields in hydrological properties of the lithologies. Similarly the distance
to fault map has information about the seismic activity and if not sealed would yield in
increase in surface water with springs, while the fault density is a direct representation
of how crushed the rock units are in the area. As noted above maps like distance to n'"
Strahler order, or distance to epicenters are not used in order not to create redundant
data sets and they are still not dependable as the errors in the epicenter locations are
far beyond the resolution of such studies.

7.2. Data evaluation

The maps produced include the information of a particular parameter
considering whole of the study area. The whole area is needed to be subdivided as the
decision rules should have to be created from the landslide related pixels. In order to
quantitatively discriminate the regions, a point mesh structure is laid over the region.
The landslide polygons are cropped out and the nodes are stored in “slided mass”
database with parameter map information.

A new approach is followed in the generation of decision rules of landsliding
mechanism, as it is believed that the best undisturbed morphological conditions
(conditions before landslide occurs) would be achieved by adding a buffer zone to the
crown and side areas. These buffer areas are then extracted from the point mesh and
the parameter map information is transformed. The resulted spreadsheet is converted
into a database, which is named as “seed cells”. The information in this database is
used to create the decision rules (Figure 7.2).
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The databases depending on “slided mass” are evaluated in Chapter 5. They
are used to characterize the landslides and to figure out the after-slide morphology.
Furthermore, the investigation of size and shape changes through 4 periods resulted in
quite large contributions for the reasons of failure. On the other hand the “seed cell”
database is used to create decision rules about sliding, as it reflects the most likely pre-
sliding conditions.

The data mining results of both the “slided mass” database and the “seed cells”
database are presented in detail in Chapter 5, hence only important issues will be raised here.

After the examination of 4 periods of polystats, fuzzystats and photo-
characteristics (photo checklist) database (Figure 7.3), it is found that by using these
three databases only very broad conclusions could have been achieved. Such as, the
removal or change of land cover and construction of significant engineering structures.
Among these databases the photo-characteristics database is found to be the most
useful one, unless there are different types of landslides in the project area. Unlike to
the literature (Carrara and Merenda, 1974; van Westen, 1993; Soeters and van Westen,
1996), it should have to be stressed that the single use of any of these databases would
neither result in any factual conclusion about the events going on in the

geomorphological history of the area nor would characterize the landslides.
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Figure 7.2. Snapshot methodology for information transformation.
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The examination of the parameter distributions of “seed cell” database resulted
in some conclusions about the contributions of every single parameter to the landsliding
phenomena and /or the preferences of landslides on parameters. Other contributors in
literature such as Lessing et al. (1983); Turrini and Visintainer (1998); Gupta and Joshi
(1990), Carrara et.al (1991), Pachauri and Pant (1992); van Westen (1993), Chung et al.
(1995), Soeters and van Westen (1996), Gupta and Anbalagan, (1997) and Guzzetti et
al. (1999) tried to solve this parameter contributons by generalizing the whole event
such as, getting averages parameters in slope facets or creating unique condition areas
or creating dummy variables. However, none of these proposed methodologies are
applicable to individual pixel analyses; furthermore, no factual reason is valid to
generalize and to degrade the resolution of adequately detailed data. Although seed
cells let the user to upgrade the analyses to individual pixels, the interactions of
parameter maps could not still be explored efficiently.
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Figure 7.3 Components of data evaluation stage
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7.3. Hazard Analysis

The aggregation of information through the steps of data production and
evaluation yielded in a tailor-made hazard analysis. The analyses scheme started from
the very primitive one, ending with the complex statistical models in order to show the
limits of the proposed methodologies through the literature (Figure 7.4).

The most primitive analysis, Thematic Landslide Attribute Spatial Distribution
Analysis (TLASDA), is explained in Section 6.1., which is extensively used by van
westen and his colleaques (Wieczorek, 1984; van Westen, 1993; Soeters and van
Westen, 1996). However, it is found that this methodology could only be useful in
regional scale with very large number of landslides.

The second analysis, Landslide Activity Analysis (LACTA) is detailed in Section
6.2., which is found to be valuable, when used with polystats and fuzzystats databases,
as this methods validates the conclusions about the land cover and landuse change in
the study area. Single use of this analysis is of no use. However, the use of this
methodology is encouraged as being the only method to evaluate the hazard with a
historical perspective. Yet, it is still not advisable to base any hazard maps only on this
analysis. Further examples could be seen in works of Canuti et al. (1979) and van
Westen (1993).
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Figure 7.4. Components of Hazard Analysis.
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The third analysis is Landslide Isopleth Analysis, which is explained in Section
6.3. This analysis reflects the current situation of the state, and to some extent shows
preferences of parameters that is responsible of landsliding. Parameter map crossing
could be exploited in order to show the relative preferences of landslides over parameter
maps. Although the analysis seems to be robust and free of subjective results, it can
turn into a very speculative map production method, as an experienced user can easily
manipulate the size of the counting grid and the threshold of landslide density in order to
show what he/she intends to emphasize. This analysis is also encouraged to use as an
entry for initiation of statistical analyses in regional scales.

By the fourth analysis the hazard analysis scheme enters to a new realm, the
statistical domain. Two main trends are observed in this realm as explained in Chapter
2, the bi-variate and multi-variate (Figure 7.5).
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Figure 7.5. Components of Statistical analyses.

177




In order to proceed with bi-variate analysis, the continuous parameter maps
should have to be converted into discrete maps, as the landslide densities in each class
of the parameter maps constitute the core of this analysis. However, this conversion
issue remains always unclear in literature as most of the authors use their expert
opinion for the boundaries of the classes (Carrara and Merenda, 1974; Meneraud and
Calvino, 1976; Kienholz, 1977, 1978; Stevenson, 1977; Malgot and Mahr, 1979;
Kienholz et al., 1983, 1988; Ives and Messerli, 1981; Rupke et al., 1988; Gupta and
Joshi, 1990; Pachauri and Pant,1992; van Westen, 1993, Soeters and van Westen,
1996; Gupta and Anbalagan, 1997). The use of expert opinion results in subjectivity and
removes the reproducibility of the proposed methods for different area in the globe.
Based on this issue, a data driven methodology is proposed, as the classes should be
selected according to the percentile divisions of seed cells. The data outside the seed
cell range is discarded as it is also been discarded by the nature by not having a single
landslide at these regions. In order to reduce complexity in the calculations stage, 10
classes are proposed to use, as even in 10 classes with 13 parameters, 130 different
classes should have to be maintained. The magic number of 10 as the class number, is
selected arbitrarily considering the complexity. However, it is believed that lower class
numbers would result in large generalizations in the final hazard map, where higher
class numbers would result in isolated pixels, that should have to be filtered out, where
filtering would alter the objectivity of the hazard map.

Furthermore, this data dependent division reduces the problem, in bi-variate
analyses, of what weight should be given to each parameter map, as each class acts
like a map and the ratio of the landslide density over the class area gives its natural
weight.

In bi-variate analysis, explained in Section 6.4.1., all continuous parameter
maps are converted to categorical variables, and corresponding weight values of each
class is calculated and added up to create the final hazard map. The complexity of this
analysis is moderate and it could easily be implemented to any scales. However, the
evaluation of parameter maps should be done in caution, as some parameters gets
quite large weights. Further divisions of parameter maps might be needed, as discussed
in Section 6.4.1, the distance to E-5 highway gets the maximum natural weight but it has
two distinct divisions. The mountain pass gets its desired weight, on contrary the
Kaynash valley pass of this highway gets also the same weight without having a single
landslide nearby. Moreover, it should also be checked in detail that duplicate information
should not be present in the parameter weights, such as the distance to E-5 highway
and the road class of land cover in Table 6.7.

Further in the analysis, factor analysis is carried out. Although factor analysis

does not yield in a hazard map, the new factors could easily be used to validate the
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natural weights of bi-variate analysis and could easily create a base for logical
regression analyses. Such that the largest component of factor analysis points out that
human activity is the most important factor, which is in concordance with the natural
weight scheme as the percentiles of distance to E-5 highway, land cover and distance to
settlement get quite large natural weights.

The last analysis performed in Asarsuyu Catchment is Logical Regression,
which is presented in section 6.4.2.2. Although this analysis is fairly new in Landslide
Hazard Assessment realm, a new approach is followed. The previous researches
(Atkinson and Massari, 1998; Dai et al. 2001; Lee and Min, 2001) use categorical
variables in the analysis, which creates doubts in the selection of classes of variables,
which was discussed in the former paragraphs. The new approach is to use the
continuous data as it is, in order not to alter the state and information present in the
parameter maps.

Although the understanding of this analysis requires a good statistical
background, the application is quite simple. It is encouraged to be used in medium and
large scale applications, if fed with adequate parameter maps. It is believed that the
analysis would end in more accurate results when the number of parameter maps
increases.

In both hazard maps 4 classes are used to define the degree of the hazard.
They are very low, low, high and very high. The moderate hazard class is not
implemented here, as the definition of moderate is obscure and the question of “being
moderate relative to what?” is still a great debate over hazard analysis. More willingly
than using 3 classed hazard scheme (low, moderate, high), a four class scheme is used
as dividing the moderate class into two (low and high), and stretching the end members
to very low and to very high.

7.4. Hazard Map Comparison

Upon the completion of the hazard maps, a quantitative comparison scheme
should have to be implemented. In order to do this, a two fold methodology is followed
(Figure 7.6). First one is to compare the areas of hazard classes and the corresponding
densities of landslides. This analysis is important because the idea in optimum zonation
refers to allocating minimum areas for high hazard zones, while covering most of the
landslides present in the area. Based on this optimum zonation concept, an index is
defined as Seed Cell Area Index (SCAI) and the two hazard maps are compared. The
logical regression hazard map is found to be more accurate and possesses acceptable
results relative to that of bivariate analyses.
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The second method is to compare the hazard classes of the two produced maps
via their spatial locations. In order to achieve this a re-coded matrix is prepared and
presented in Table 6.19. It is found that 80 % of the two maps are converging into
acceptable results. The remaining mismatched 20% of the area is reflected by the
deficiencies of bivariate analyses as discussed in previous sections. The overweight of
percentiles of distance to E-5 highway, distance to fault, fault density and the geological
map are the major sources of this mismatch.

DATA PRODUCTION

v

DATA EVALUATION

v

HAZARD ANALYSIS

v

HAZARD MAP COMPARISON

with Hazard Class areas with spatial distributions
f

an o
Seed Cell densities hazard classes

A

FINAL HAZARD MAP

Figure 7.6. Components of Hazard Map Comparison

After it has been decided to use the logical regression hazard map as the final
output, it is seen that, the northern slope of Asarsuyu catchment is definitely classified
as very low hazard. The attributes responsible for this classification is quite reasonable
as these areas are the least populated, the land cover is not disturbed and the cover is

dense forest, very distant to E-5 highway and the major active fault, the lithology is
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resistant enough, although the drainage density and slope values are higher than the
rest of the area.

On the other hand the southeastern slopes are definitely on very high hazard
class. The reasons could be listed as: the removal of lateral supports by E-5 highway
cut slopes, fill areas of E-5 highway result in readily unstable unconsolidated material,
close location to active faults, high disturbance to land cover, high activity of highway

resulting in extra vibration and the presence of flyschoidal units.
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CHAPTER 8

CONCLUSIONS

The additional arguments to the existing literature, obtained from the landslide
hazard analysis of Asarsuyu catchment are grouped into two; conclusions about
landslide phenomena in Asarsuyu catchment and new approaches generated for data
driven landslide hazard assessment.

A. Landslide Phenomena in Asarsuyu Catchment:

1. The Asarsuyu catchment is investigated for four different periods. It is found
that except Bakacak and Biilbulderesi landslides there exists 33 individual
landslides in 1952, 45 in 1972, 39 in 1984 and 37 in 1994.

2. The major causes for generation and for reactivation of landslides is found
to be the change in land cover, and the increasing interaction of human
activity resulting in land use changes.

3. The northern slopes of Asarsuyu catchment is classified as very low hazard.
The attributes responsible for this classification is quite reasonable as these
areas are the least populated, the land cover is not disturbed, dense forest,
very distant to E-5 highway and to the major active fault and the lithology is
intact enough.

4. The Southeastern slopes, especially the Bolu Mountain Highway pass are
definitely on very high hazard class. The reasons could be listed as: the
removal of lateral supports by E-5 highway cut slopes, fill areas of E-5
highway resulting in readily unstable unconsolidated material, close location
to active faults, high disturbance to land cover, high activity of highway
resulting in extra vibration, and the presence of flyschoidal units.

%3 T.C. YOKSEKOGRETIM KURULY
POKDMANTASYON MEKKEZ



B. New Approaches for Data Driven Landslide Hazard Assessment Procedures:

1. In the conversion of non attributed continuous data into categorical
variables, true distances are used rather than map distances.

2. In the generation of decision rules of landsliding mechanism, a buffer zone
is added to the crown and side areas, to reveal the best undisturbed
morphological conditions to be stored as attributes of a new database called
“Seed Cell Database”.

3. The decision rules are directly based on Seed Cell Database such as the
data outside the seed cell range is discarded as it is also been discarded by
the nature by not having a single landslide.

4. In diving the classes of parameter maps, a new method is proposed and
presented as percentile method, which is also dependent on “Seed Cell
Database”.

5. Factor analysis is used to figure out new obscure factors present in the
current data set.

6. Logical regression is implemented and forced to be used with both
categorical and continuous data sets.

7. For hazard map comparison a two fold methodology is proposed: 1).area
comparison in which a new index SCAI is introduced and 2). Spatial

comparison in which re-coding matrix is presented.

Following issues can be listed as recommendations for future research:

1. High resolution remote sensing products can be used to derive DEM'’s of
any desired time period in order to check the system accuracy and to re-
establish the hazard assessment at any time

2. New data sets such as: rainfall, geotechnical, hydrological and soil map
related data, could be implemented in this hazard assessment procedures,
if problems in data production stages are solved.

3. Seismic data could be implemented regarding different lithologies, if

microtremor data, and P and S wave distribution maps are made available.
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