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Ahstract

Landform has been used as a key modifier in several land system
classifications in Canada. Little attention has been placed on a precise definition
and a reliable classification of landform categories. Landform categories have most
commonly been mapped as qualitative modifiers using airphoto interpretation. Such
classification lacked an accurate determination of quantitative modifiers required
for use in numerical analysis as implemented in geographic information systems.

An attempt is made with this research to determine landform categories
more accurately using digital terrain models (DTMs) and numerical analysis
techniques. Alberta 1:20,000 digital elevation models (DEMs) were used to map,
analyse and classify landform categories delineated on 1:50,00 soil and surficial
geology landform maps for an area located in east central Alberta in the County of
St. Paul. Soil and geology landform categories were analysed according to statistical
measurements derived from DTM distributions of local relief, slope gradient,
azimuth and curvature. The result of the analysis suggests that landform categories
can and have to be labelled more precisely than they are currently using statistical
measurements of mean, mode and variance.

For the generation of landform maps, landform categories were interpreted
from classed and continuous grey scale DTMs of local relief, slope gradient,
curvature and relative radiance. In a further step, the manual interpretation
technique was replaced by semiautomated and automated mapping and
classification techniques. Special emphasis was placed on the consideration of
context in landform mapping and classification which is essential for the
determination of landform patterns. Consequently, the landforms are mapped and
classified not only according to morphometric characteristics derived from single
grid points bat also according to contextual information derived from
neighbourhoods. Individual morphometric modifiers were mapped using a modal
filtering technique over large neighbourhoods. Relative variance was introduced as
a useful measure to determine the neighbourhood size according to texture. Local
relief was derived by calculating the elevation range over neighbourhood sizes
determined according to grain anaiysis. The application of these neighbourhood
processing functions improved the overall readability of the individual
morphometric maps by generating large homogeneous landform units.



In a final step, a frequency-based context classifier only used previously in
urban land use classification was introduced for the first time to landform
modelling. Frequency counts of classed morphometric modifiers were extracted
from neighbourhoods and formed the variable base for a discriminant analysis used
to classify landform categories. The resulting landform classification proved to be a
step forward in the automated generation of meaningful landform maps. The
research shows that landform classifications are improved by using digital terrain
models and by applying numerical analysis techniques although the impact of the
human analyst remains a vital part of the interpretation and mapping process.



Preface

This research focuses exclusively on the analysis, interpretation and
classification of digital terrain models. The author greatly appreciates the existence
of these data sets because of her inability to see in three dimensions. As a
consequence, the advantages of airphoto interpretation cannot be fully
acknowledged.
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1. Introduction

1.1 Rationale of the Research

This thesis provides a systematic and detailed analysis of landform
characteristics and focuses on the development and application of methods for
mapping and classifying landform objectively and accurately using digital terrain
models. The development and application of such methods is of importance because
landform is recognized as one of the controlling factors in the development of
ecosystems. Landform patterns affect the flow of material, energy and organisms. As
a result, changes in landform patterns are used to predict changes in patterns of
other landscape parameters such as soil, geology and vegetation mapped in land
system classifications (Brink et al, 1966). The concept of land system classification,
which has been implemented in Great Britain (Webster and Beckett, 1970),
Australia (Christian and Stewart, 1968) and several other countries (Mitchell, 1991),
has also been adopted in Canada by the Ecological (formerly Biophysical) Land
Classification System (Lacate, 1969; Wiken and Ironside, 1977).

The Ecological Land Classification System was established in Canada to
provide the Canada Land Inventory with land suitability and capability information
for various land uses. Guidelines, given by the Ecological (Biophysical) Landform
Classification System (Lacate, 1969) for mapping recurrent patterns of landform,
soil, geomorphology, vegetation, and hydrology were employed in Canada by various
organisations, such as the Canadian Wildlife Service, the Canadian Forestry Service,
the Canadian Soil Survey, and the Geological Survey of Canada (Wiken, 1980). One
of the main objectives of the Canada Committee on Ecological Land Classification
(CCELC), which was formed to coordinate the involvement of the various
organisations, was to promote the application of a uniform ecological approach to
land classification (CCELC, 1976). To evaluate whether or not such a uniform
approach has been achieved, existing land classifications were tested for
compatibility in this thesis. In order not to exceed the scope of this dissertation, the
research is limited to the investigation of landform classification compatibility.
Landform was selected as a parameter because it is used as key modifier in several
Canadian Land System Classifications, such as the Canadian System of Soil
Classification (Expert Committee on Soil Survey (E.C.S.S.), 1987a), the Terrain
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Classification System (Fulton et al, 1974; Howes and Kenk, 1988) and the
Ecological Land Classification (Wiken, 1980).

To produce compatible landform classifications, two conditions must be
satisfied; first, landform categories must be defined precisely and the definitions
must be comparable between the various surveys; and, second, reliable data sources
and methods must be used to generate reproducible results. Current landform
classifications do not meet these requirements for two reasons; first, landform
classifications are still conceptual in scope and need further development to provide
a rigid parametric definition of landform categories (E.C.S.S., 1987a; Fulton et al,
1974); and, second, landform categories are mapped using airphoto interpretation
techniques followed by field surveys. The results of the airphoto interpretation,
however, are dependent on the quality of the airphotos and on the analyst’s
subjective judgement, expertise, and knowledge of the area (Webster and Beckett,
1970; Laut and Paine, 1982). As a result, the delineation of landform categories
varies from analyst to analyst and from user to user with each individual unable to
identify a single parameter which may have caused the variation.

To define landform categories more accurately and rigidly and to produce a
more objective landform classification, quantitative analysis and automated
classification techniques could be implemented. Numerical methods have been used
in quantitative landform analysis since the beginning of the quantitative revolution
in geography in the 1950’s. However, the implementation of an extensive statistical
analysis required to solve problems of spatial complexity, such as landform
modelling and classification, was only possible with the development of computers
(Dobson, 1983). Furthermore, the availability of digital data sources such as digital
terrain models (DTMs) facilitates a detailed numerical analyses of landform
classifications. DTMs have been recognized as the single most important digital data
source for presenting landform characteristics (Mark, 1975; Evans, 1980; Pike, 1988;
Weibel and Heller, 1991). The development of computer technology, the generation
of digital data sources, and the conversion of quantitative analysis and display
techniques into computer programs provide the technical tools of a geographic
information system and enable the application of numerical techniques for landform
mapping, analysis and classification as implemented in this thesis.



1.2 Research Objectives

The thesis focuses on the application of numerical techniques using digital
terrain models to address the following two objectives:

1. to provide a systematic, detailed analysis of existing Canadian landform

classifications based on DTM distributions using two case studies, a soil

landform classification and a geology landform classification

2. to map and classify landform categories from DTMs using manual,

semiautomated and automated modelling and interpretation techniques.

The first objective has two purposes: first, to determine which statistical
parameters derived from DTM distributions can be used to define landform
categories most accurately; and, second, to assess the compatibility of various
Canadian landform classifications carried out for the same area by different surveys.
Attempts have been made to evaluate the accuracy of landform parameters in
individual Canadian land system classifications (Niemann, 1988; Sheard and Rowe,
1983) but none of these have assessed the compatibility of landform classifications
between different land systems in such a systematic and detailed analysis as
addressed in this research. Based on the analysis presented in this thesis, an attempt
was made to provide guidelines for refining the existing landform classification
definitions.

The second objective is directed to improving the methods used to map and
classify landform categories. The approach adopted is divided into three processing
steps: first, visual (manual) interpretation of landform categories from digital terrain
model images and maps; second, mapping of individual landform characteristics
using neighbourhood processing functions (this step includes the determination of
neighbourhood sizes according to homogeneous landform patterns); and, third,
automated classification of landform categories froin digital terrain model
distributions using a contextual instead of a point classifier. The first processing step
is used as a control to determine how the landform classifications may be improved
by replacing airphotos with digital terrain model images and maps while retaining
the manual interpretation process. The two subsequent processing steps present a
shift in the decision making process from the human interpreter to the computer. In
these processing steps, special attention is given to mapping and classifying DTM
data in the spatial context in which they occur. The use of spatial statistics in
geographic information systems, which define spatial dependence by exploring data
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in their spatial context, has been recognized as a necessity for the analysis of
geographical data, such as landform patterns (Goodchild, 1992). The application of
spatial analysis and modelling techniques, however, is complex. In addition, some of
the techniques used in this research were applied in landform modelling for the first
time. For these reasons, a substantial portion of the thesis focuses on the description
of methods.

One of the objectives of the mapping, analysis and classification processes
developed in recent years, and implemented in this thesis, has been to copy the
ability of the human interpreter to recognize landform pattern differences. These
analysis techniques were designed to build the function of the eye/brain system into
the automated modelling process (Harris, 1980). Imhof (1982, p.357, 358) denies
that computer modelling can replace the work of a cartographer, stating that

"the content and graphical structure of a complex demanding
map image can never be rendered in a completely automatic wzctfy. Machines,
cquipment, electronic brains posses neither geographical judgement nor
graphic-aesthetic sensitivity. Thus the content and graphic creation remains
essentially reserved for the critical work of the compiler and drawer of a

map".
Based on Imhof’s statement, the derived maps are judged against two
criteria:

1. Does the automated mapping and classification process replace the
manual interpretation process or is further interpretation of the
automatically produced maps required?

2. How much and what kind of human interaction is necessary during the
automated classification process to produce a complex meaningful landform
map?

1.3 Structure of the Thesis

The thesis is divided into eight chapters. Chapter one has introduced the
rationale for the research and the research objectives. A detailed literature review is
presented separately in Chapter two. The literature review defines the terminology
used in the thesis, provides a brief historical overview on the development of
landform analysis and classification methods, describes the generation of digital
elevation models (DEMs) and their derivatives, and presents examples of landform
mapping in Canada.
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In Chapter three, the study area and the data sources, such as soil and
geology maps, are introduced and the transformation of landform information
portrayed on the soil and the geology map into digital data sets is described. The
chapter includes also a description of the 1:20,000 Alberta DEM project and the
generation of DTMs of local relief, slope gradient, slope azimuth, and downslope
curvature derived from the 1:20,000 Alberta DEMs. The DTMs described in
Chapter three form the main components for the research. For this reason, the
DTMs are presented at the center of a flow diagram portraying the structure of the
dissertation (Figure 1.1). The methods applied in the research are diracted from the
center towards the margins of the diagram. At the margins, the landform data sets,
which result from the modelling processes, are compared with the geology and soil
landform data sets.

The four principal methods implemented in the research form the basis for
the main chapters of the thesis (Chapter 4 to 7). These methods are presented
clockwise from the top in Figure 1.1. Each of the chapters stands as an independent
unit and is comprised of an introduction, methods, analysis and summary section. In
Chapter four, mapping of local relief, slope gradient, downslope curvature and
hillshading DTMs in the form of classed and continuous grey scale images and maps
is described. From these images and maps, landform categories are delineated using
conventional image interpretation techniques. In Chapter five, the application of
interpretation techniques proceeds one step further and the incorporation of
contextual information into the mapping process is described. Local relief maps, and
filtered slope gradient and downslope curvature maps are derived by using
neighbourhood processing functions after the size of the neighbourhood are
determined from the analysis of texture and grain. The quantitative analysis of
existing landform classifications is explained in chapter six. In this analysis, a geology
landform classification is compared with a soil landform classification and the
individual landform categories are defined according to statistical measurements
derived from DTM distributions of local relief, slope gradient, azimuth and
downslope curvature. The introduction of a frequency-based contextual classifier to
automated landform classification, which has only been previously used in remote
sensing analysis to classify urban land uses, is presented in Chapter seven. The
contextual information used in the landform classification consist of DTM class
frequency counts derived from neighbourhoods. The landform classification itself is
based on a discriminant analysis of supervised training field selections.
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A synthesis of the summary sections concluding each chapter and the final
conclusions of the thesis are presented in Chapter eight. Future research directed
towards the improvement of methods and further mapping and classification
applications complete the closing section of the thesis.



2. Background Information and Literature Review

2.1 Landform Definition

Landform is defined as the morphology and character of a land surface that
results from the interaction of physical processes upon the surface material
(Whittow, 1984). More specifically, for use in the Canadian Ecological
(Biophysical) Land Classification, landform as characterized by Lacate (1969)
consists of areas of land or topographic features that are defined in terms of their
slopes and slope patterns, the material that produces the relief and, wherever
possible, their mode of origin. In a general description, landform constitutes not
only the configuration and structure of the form but also the composition, genesis
and age of the form. These broad definitions of landform and landform
classification have led to a variety of interpretations in the literature (Verstappen,
1983; Cooke and Doornkamp, 1974; 1990). The term landform, as used in this
research, will be related strictly to the morphology of landform, as described by
morphometry and morphography. Morphometry is defined as the numerical
description of form using quantitative landform modifiers, such as slope gradient or
local relief, whereas morphography is defined by the verbal description of
landform, such as ridged and hummocky, which are also referred to as surface
expression (E.C.S.S., 1987a; Howes and Kenk, 1988). Processes and material are
excluded from this study. However, in an interpretation, a characteristic landform
can reveal much about the material, and the geologic and geomorphic processes
which shaped the landform (Lacate, 1969; Pike, 1988). Instead of only describing
the form morphologically, the feature can later be differentiated genetically. For
example, the landform descriptor ridged can be associated with sand dunes, end
moraines or flutings.

The term terrain has been used parallel to the term landform, especially by
geologists (Howes and Kenk, 1988; Fulton et al, 1974) and engineers (Grant,
1975). Webster and Beckett (1970) used the term terrain and land synonymously.
According to Van Zuidam (1986), the term land includes the abiotic and biotic
components of the earth surface whereas ferrain deals with the abiotic components
only. Landform was interpreted by Van Zuidam (1986, p. 10)"as terrain units for
which geomorphologic terms can be applied”. In this thesis, the term landform
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refers to a specific landform as characterized by the Canadian System of Soil
Classification (E.C.S.S., 1987a), whereas the term terrain is used more generally,
referring to the land surface as a whole.

2.2 Principles of Mapping and Classification

Maps are abstract models of reality and present a graphical display of spatial
relationships (Robinson et al, 1978). On the one hand, landform maps are products
of terrain analysis and interpretation; and, on the other hand, landforms and their
spatial relationships can be interpreted from DTM maps using visualization
techniques (Weibel and Heller, 1990; 1991). Both processes will be referred to in
this thesis.

The process of mapping involves the structurization and generalization of
data from reality (Kraak, 1989). Structurization involves the determination of
topological relationships between data elements whereas simplification and
classification are elements of a generalization process (Robinson et al, 1978).
Simplification is achieved by reducing or eliminating detail from a data complex,
for example through filtering, In a classification process, landform elements having
common characteristics are grouped to form homogeneous units. As Mabbutt
(1968, p.11) stated, "landferm classification imposes a framework of generalization
about land which enables common characteristics to be defined and described".
Conventionally, classification as used in numerical taxonomy is based on the
grouping of discrete, independent and unambiguously identifiable objects (Mather,
1972). The homogeneity of the classes is defined in terms of attribute homogeneity
only. However, Speight (1974) pointed out that the homogeneity of landform
includes locational and attribute homogeneity. The principle of locational
homogeneity must consider the spatial aspect of the morphometric data missing in
conventional classification techniques. Grigg (1967) concluded that regionalization
and classification are analogous procedures. Regions can be identified as spatial
classes consisting of similar and contiguous individuals. Consequently,
regionalization can be interpreted as a classification process imposing contiguity
constraints. The principle of attribute and locational homogeneity will be
considered for any single- or multi-variable landform classification developed for
this thesis.
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2.3 Hierarchical Approach to Landform Classification

Most landform map legends are built on a hierarchical approach to landform
classification. In the hierarchical approach, the land surface is classified by
subdivision or by association into units of different scale. Classification by
subdivision divides the entire land surface complex into landform units and further
into subunits using an analytical approach. The classification follows a descending
hierarchy of successively larger scaled units. Classification by subdivision is applied
in the genetic approach to landform classification (Wright, 1972). Classification by
association groups landform attributes together according to observable
relationships between the landform attributes. The landform attributes are
classified into successively smaller scaled units following a hierarchy of ascending
order. This synthetic approach to landform classification is mainly used by the
landscape and parametric approach discussed below.

Canada adopted a hierarchical approach to the Ecological Land
Classification which forms the basis for any Canadian landform classification
(Wiken, 1980). The hierarchy of individual landform units arranged according to
scale and landform characteristics associated with the landform units are illustrated
in Table 2.1. The size of the units is related to the intended production map scale.
In this research, the landform units are related to units at the ecosection level, at
scales of 1:250,000 to 1:50,000, representing assemblages of local landforms or a
local landform.

Many other classification hierarchies similar to the Canadian system have
been developed which contain, in most instances, several category levels (Mitchell,
1991). In contrast, Speight (1974) proposed a two unit system used in parametric
landform classification consisting of landform elements and landform regions. A
landform element is defined as a simply curved, geometric surface without
inflection. The concept of slope is essential to the characterization of the element.
The landform regions are complex areas of land, typically comprised of a three-
dimensional cyclic or repetitive phenomenon in which simple elements recur in
toposequences, such as catenas, forming a definable ordered pattern. Relief is the
main parameter characterizing a region. Landform elements have been determined
by other authors according to morphology or genesis. For example, Savigear (1965),
Young(1971) and Ahnert (1970) divided an entire hillslope into smaller slope
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Table 2.1. Hierarchy of Eco-Units According to the Canadian Ecological Land

Classification (adapted from Wiken (1980) and Valentine (1986))

Hierarchy of General Geomorphological Common Map

Eco-units Description Description Scale

Ecoregion characterized by a reglional fandforms 1:3,000,000
distinctive ecological or assemblages of to
response to climate regional landforms 1:1,000,000
as expressed by
vegetation, soils,
water, fauna, etc.

Ecodistrict characterized by a regional landform 1:500,000
distinctive pattern or assemblages to
of rellef, geclogy, thereof 1:125,000
geomorphology,
vegetation, soils,
water and fauna

Ecosection recurring pattern of assemblages of 1:250,000
terrain, soils, local landforms to
vegetation, or a local landform 1:50,000
waterbodies and fauna

Ecosite relatively uniform local landform or 1:50,000
parent material, soll portion thereof to
and hydrology and a 1:10,000
chronosequence of
vegetation

Ecoelement uniform soll, portion of a 1:10,000
topographical, local landform to
vegetative and 1:2,500
hydrological

characteristics
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elements according to geometric measurements, whereas Dalrymple et al. (1968)
differentiated slope units according to processes acting on a hillslope.

Landform elements, as used in this research, are not related to a predefined
form or process but to a predefined size based on a grid cell of a digital terrain
model (DTM). The objective of the research is to derive homogeneous regions
based on predefined assemblages of landform elements by meaus of regionalization
using numerical classification techniques.

2.4 Landscape versus Parametric Approach to Landform Classification

Three approaches to landform classification have been identified: the
genetic approach, the landscape approach and the parametric approach (Mabbutt,
1968). Only the last two, however, are relevant to this thesis and are described in
more detail. The landscape approach to landform classification, adopted from the
Australian Commonwealth Scientific and Industrial Research Organization
(CSIRO) (Stewart, 1968), classifies characteristic assemblages and recurring
patterns of landform elements by tone, texture, pattern, shape, size and site using
airphoto interpretation (Mabbutt, 1968; Webster and Beckett, 1970). Landform
units are described as ridged, fluted etc., and their analysis is generally qualitative.

The landscape approach is suitable to classify landforms at reconnaissance
level because the approach is integrative and holistic (Wright, 1972; Wiken, 1980;
Hills, 1976). The units are selected in consideration of their areal identity by
association rather than subdivision (Mabbutt, 1968). No redundant data need to be
gathered because the whole landscape is explained by a synthesis of attributes. This
multipurpose mapping capability of the landscape approach serves many users
including geologists, ecologists, soil scientists, and engineers. The approach has
been adopted in Canada by the Ecological Landform Classification (Wiken, 1980)
and is used by the Terrain Science Division of the Geological Survey (Fulton et al,
1974; Barnett et al., 1977), the Forestry Service (Valentine, 1986; Rowe, 1971) and
Soil Survey of Agriculture Canada (Clark, 1976; E.C.S.S.; 1987a). Other countries,
such as the former Soviet Union (Isachenko, 1973), the United Kingdom (Webster
and Beckett, 1970; Wright, 1972), Australia (Mabbutt, 1968), The Netherlands
(Van Zuidam 1986; Verstappen, 1983) and Germany (Leser, 1978) applied similar
approaches to classify land systems. Further applications of the landscape approach
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to qualitative landform analysis and classification can be found in Mitchell (1973,
1991), Ollier (1977), Vink (1983), Van Zuidam (1986) and Way (1973).

The landscape approach has certain disadvantages when used for a more
detailed and specific survey (Wright, 1972). First, the holistic approach, which
integrates all attributes to a whole, does not allow individual components to be
singled out when necessary. Second, the delineation of the land units using airphoto
interpretation is subject to the interpreters expertise and knowledge and
consequently the reproducibility is not reliable (Mabbutt, 1968; Mitchell, 1991).
Third, the landscape approach is based on a descriptive qualitative classification. A
descriptive qualitative classification, however, is not suitable for application to
computer technology whereas a numerical quantitative classification can be more
easily manipulated in geographic information systems and transformed for scientific
evaluation in other research projects (Mabbutt, 1968; Wright, 1972; Mitchell, 1973;
1991).

As a result of the inadequacy of the landscape approach in the era of
computer technology, the parametric approach was developed to classify landforms
on the basis of selected measurable attributes as required in a quantitative analysis
(Mabbutt, 1968). In the parametric approach, each attribute or parameter is
collected independently, analysed statistically and then combined, depending on the
research objective, using a variety of numerical techniques. In the past, the major
disadvantage of the parametric approach was the high cost involved in gathering
such detailed data sets (Mabbutt, 1968; Wright, 1972). The availability of synoptic
digital data sets, such as digital elevation models and satellite data, the introduction
of computer technology, and the implementation of various software initiated the
development of geographic information systems which revolutionized the
application of the parametric approach to landform classification. With the
availability of geographic information systems, users can now assemble their own
data sets and select the desired manipulation techniques to solve their specific
research problems (Strobl, 1988).

The advantages of the parametric approach over the landscape approach are
the precision and objectivity of the numerical parameters and the relative ease with
which they can be computerized compared to descriptive parameters (Wood and
Snell, 1960; Mabbutt, 1968). However, several problems are associated with a
parametric approach which must be considered in the research: first, the selection of
attributes must be relevant to the classification (Mabbutt, 1968); second, the
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parameters may vary in space and time depending on the complexity of attribute
relationships (Mabbutt, 1968); and, third, grid cell sizes often mismatch with the
pattern size of the landform units (Rowe and Sheard, 1981). The aim of this
research is the application of the parametric approach to achieve a more reliable
reproduction of a more exactly defined landform classification while incorporating
the comprehensiveness of the landscape approach.

2.5 Quantitative Landform Analysis and Classification

One of the first attempt of a quantitative landform analysis was initiated by
Strahler (1950; 1956) who compared areas of different terrain using the
hypsometric integral and slope gradient distributions. Wood and Snell (1960)
performed a quantitative analysis to classify terrain into physiographic regions
based on several landform attributes. Gregory and Brown (1966) compared
morphological map units with measures of descriptive statistics derived from slope
distributions. Speight (1968) set up a parameter base of specifically defined
landform attributes to quantify landform elements and landform patterns which
were obtained from contour lines; whereas Parry and Beswick (1973) were the first
to derive quantitative landform parameters from airphotos. In a later project,
Speight (1976) grouped the landform elements in terms of their relevance to
geomorphic processes using cluster analysis; similar classifications using
multivariate analysis techniques were implemented by Gardiner (1976), Laut and
Paine (1982), Carrara (1983), and Pennock et al. (1987).

Although, all of the above examples were based on an automated numerical
process to analyse or classify landforms, the landform categories were defined by
the operator and the terrain measurements were, in most instances, derived
manually from maps or airphotos. Evans (1972; 1981) was one of the first to use
digital terrain models in a quantitative analysis. He divided the quantitative
description of landforms into specific and general geomorphometry. General
geomorphometry is defined as the measurement of a continuous rough surface
described by attributes of sample points over an area. In contrast, specific
geomorphometry describes single landforms by their size, shape and relation to
each other and requires a precise definition and delimitation of the landform
element (Evans, 1981). Weibel and DeLotto (1988) and Weibel (1989) carried the
concept of general and specific geomorphometry even further. In their research,
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general geomorphometry is related to a general or global pattern recognition
whereas Specific geomorphometry is related to a linear or local pattern recognition
characterized by mathematical equations. General geomorphometry has been used
to discriminate between different landforms covering large areas based on moment
statistics and correlation (Evans, 1972; 1980), spectral analysis (Pike and Rozema,
1975), and fractal analysis (Mark and Aronson, 1984; Goodchild and Mark, 1987).
According to Weibel and Heller (1991), the application of specific
geomorphometry is related to the extraction of distinct landform types such as
drumiins, ridges or cirques (Evans, 1987) and the delineation of channels and
ridges (Douglas, 1986; Band, 1986; Mark, 1984).

While Evans introduced the principle of general and specific
geomorphometry to quantitative landform analysis, Pike (1988, p. 494) defined the
principle of geometric signature "as a set of measurements that describe
topographic form well enough to distinguish geomorphologically disparate
landscapes”, Pike based the discrimination between hard and soft terrain affected
by landslides on such a set of geometric measurements. The definition of geometric
signatyre allows the analogy of landform classification with land cover classification
as undertaken in remote sensing analysis (Weibel and DeLotto, 1988). While,
conventional classification methods consider attribute characteristics only, several
attempts have been made in the past two decades to incorporate spatial
characteristics int0 the classification (Haralick and Shanmugam, 1974; Kettig and
Landgrebe, 1976; Pavlidis, 1982; Fu, 1982). The spatial characteristics are of special
importance when patterns are classified because unlike elements, which form
discTete units, patterns consist of continua. Two different spatial characteristics,
context and texture, which are fundamental to the human interpretation of
patterns, have been used in image processing and classification. Context refers to
the Spatial relationship within the surrounding area of a picture element whereas
texture describes the spatial distribution of a variable within the surrounding area
of a picture element (Haralick et al, 1973; Jensen, 1986). Texture and context
information have been used as spatial modifiers in image pre- and post-processing
to Segment an image into regions of homogeneous texture (Haralick and
Shanmugam, 1974; Kettig and Landgrebe, 1976; Landgrebe, 1980; Thomas, 1980;
Cross ¢t al, 1988;) and in the classification process itself (Kettig and Landgrebe,
1976; Franklin and Wilson, 1991; 1992; Wharton 1982; Gong and Howarth, 1992;
Eyton, 1993). The referenced textural and contextual analysis and classification
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statistical approach to pattern recognition whereas a structural approach as
described in Fu (1982) resembles intuitively more the human recognition process
but is more complex to model automatically (Harris, 1980).

In most landform classifications used for land surveys, landform patterns are
categorized instead of specifically defined landform elements. As a consequence,
the determination of spatial characteristics are of special importance in landform
classification (Speight, 1974; Mark, 1979). Mark stated that landform units have to
be extracted from digital terrain models according to a set of geomorphologically
based patches instead of single elevation points. Some of the above referenced
methods which consider the spatial aspect for pattern recognition, have been
implemented in semiautomated and automated landform classification in recent
years (Weibel and DeLotto, 1988; Weibel, 1989; Chorowicz et al, 1989; Dikau,
1989). Weibel and DeLotto (1988, p.618) defined the process of automated
landform classification as follows: "Automated terrain (landform) classification
involves the partitioning of an area into homogeneous topographic regions through
quantitative interpretation of a digital terrain model". The approach to landform
classification implemented in this thesis follows the process described by Weibel and
DeLotto. But, instead of applying a statistical textural classifier, as used by Weibel
(1989), Weibel and DeLotto (1988), and Pike (1988), a frequency-based contextual
classifier is implemented based on a method described by Wharton (1982), and used
by Gong and Howarth (1992), and Eyton (1993) in urban land use classification.
According to this method, class frequency counts are derived from an area
surrounding the grid points and are used as contextual classifiers in a multivariate
classification. The use of contextual classifiers has the advantage over textual
classifiers that frequency counts contain more spatial information than the statistical
measures used in the textual classification.

2.6 Digital Terrain Models

The basis for any landform analysis and classification has traditionally been
the topographic map, airphotos or field observations. To facilitate a quantitative
landform analysis and classification, the digital elevation model (DEM) was
developed to represents the land surface numericall. The DEM consists of
elevation values assigned to location coordinates of the land surface and forms the
base data set for any further terrain modelling. In a DEM, elevation is represented
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in the form of regularly or irregularly distributed points. The best known structure,
which defines the irregularly distributed points, is the triangulated irregular
network or TIN. In a TIN structure, the elevation points are linked together by a
straight line to form a contiguous, non-overlapping set of triangular elements
(Mark, 1979; Peuker et al; 1976). In a regular data structure, the elevation points
are arranged in a grid along rows and columns. In this study, a regular grid data set
of fixed density is used. The grid data set has several advantages over an irregular
data set including simpler data handling for interactive computing conversions,
neighbourhood calculation, and retrieval of data from storage (Peuquet, 1979).
Furthermore, DEMs are provided by government agencies, in most instances, in
regular grid form only. The disadvantage of a regular raster distribution is the fact
that the density of the data points cannot be adjusted to the roughness of the
terrain (Weibel and Heller, 1990).

A variety of morphometric parameter can be derived from the DEM. The
most commonly used derivatives of DEMs are local relief, slope gradient and
azimuth, downslope and across slope curvature, relative radiance and flow path
models (Burrough, 1986, Oswald and Raetzsch, 1984; Mark, 1975; 1984; Pike, 1988;
Douglas, 1986; Evans, 1980; Weibel and Heller, 1991). Digital terrain models
(DTMs) are constructed using one of two approaches; one approach involves the
numerical calculation of the terrain parameter at a specific location using finite
difference approximation (Tobler, 1970; Eyton, 1991) which is applied in this
research. A second approach fits an equation such as a least square polynomial
(Evans, 1980; Young, 1978; Zevenbergen and Thorne, 1987) or an exact fitting
multiquadric equation (Hardy, 1971; Eyton 1974) to the land surface globally to
derive the morphometric parameter analytically. Other analytical techniques which
have been applied to describe a land surface as a whole are spectral analysis (Pike
and Rozema, 1975; Papo and Gelbmann, 1984), fractal analysis (Mark and
Aronson, 1984; Goodchild and Mark, 1987) , trend surface analysis (Clerici, 1980),
and kriging (Burgess and Webster, 1980a; 1980b).

Automated techniques used to display DEMs and DTMs are numerous such
as contour maps with and without edge enhancement or illumination, continuous or
classed grey scale or colour coded maps, hillshading models and perspective views
(Peucker, 1980; Oswald and Raetzsch, 1984; Eyton, 1984; 1990; 1991; Burrough,
1986; Judd, 1986; Moellering and Kimerling, 1990). Many of these display and
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visualization techniques are based on manual cartographic relief representation
used to display landform on topographic maps (Imhof, 1982; Keates, 1990).

2.7. Landform Maps

In Canada, landform classifications are in most instances incorporated into
soil, geology or ecological maps, whereas, in Europe, individual geomorphological
mapping programs are used to map landforms according to morphography
(appearance), morphometry (dimension and slope value), morphogenesis (origin)
and morphochronology (age) (Verstappen, 1983; Klimaszewski, 1988). The
Canadian map, which resembles the geomorphological map the closest, is the map
of surficial geology.

Certain differences exist between the representation of landform on
European and Canadian maps which are of importance for the application of
computer cartography to landform mapping. On European maps, the information
about landforms is represented in the form of different information layers. For
example, slope gradient, minor forms, curvature, subsurface material and bedrock,
present processes, hydrography, and processes and structure are superimposed as
separate layers on the German geomorphological map (Barsch and Liedtke, 1980;
Barsch and Staeblein, 1989). The layers are differentiated by varying hachures and
colours. The Dutch legend developed by the International Training Center (ITC)
(Van Zuidam, 1985) is similar to the German legend. The individual information
layers can be easily digitized for application in geographic information systems or
generated using digital terrain models (Burrough, 1986) because the European
systems follow a parametric approach to landform mapping.

On the Canadian map, the individual landform attributes are integrated into
one unit. Letter or number notations refer to the individual attribute
characteristics, which are defined in a separate legend. The Canadian map is easier
to read than the European map because the landform categories are represented as
comprehensive units derived using a landscape approach to landform classification.
As a result, however, the delineation of the individual attribute units cannot be
recovered. Consequently, the delineation of landform polygons representing all
parameters will hardly ever coincide with the polygon delineation of an individual
information layer, such as surface expression .
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Two Canadian mapping schemes, which include landform classifications, are
investigated in this research: the Terrain Classification System for British Columbia
commonly used by the Geological Survey of Canada (Fulton et al, 1974) and the
Canadian System of Soil Classification used by Agriculture Canada (E.C.S.S.,
1987a). The Terrain Classification System for British Columbia (Howes and Kenk,
1988), which is based on an earlier published terrain classification (Fulton and
Alley., 1974), is often used as guideline for surficial geology mapping in Canada
(Fulton et al., 1974) because a national landform classification for use in surficial
geology mapping does not exist. The Terrain Classification System for British
Columbia emphasizes the complete description of surfacc material, texture of
sediments, surface expression, geologic processes and qualifying processes (Fulton
and Alley, 1974; Howes and Kenk, 1988). Landform is specified by surface
expression and is concerned with the form and structure of slope elements, and the
arrangements of landforms, including relief and drainage patterns. In the recent
version of the Terrain Classification System (Howes and Kenk, 1988), the relief
modifier is replaced by a slope gradient modifier. In addition, attempts h::ve been
made to develop a terminology for surface expression which is free of genetic
interpretation. For example, descriptors of surface expression such as ridged,
undulating, or flat are used as opposed to end moraine, ground moraine or
floodplain.

The landform classification incorporated in the Canadian System of Soil
Classification (E.C.S.S., 1987a) is closely linked to the Terrain Classification System
for British Columbia. One of the objectives of the Canadian System of Soil
Classification is to provide a system which recognizes the landform component in
the mapping unit used by soil surveyors. Four components have been recognized
for the use in landform classification: genetic material, material modifier, surface
expression, and slope. The system allows to map all landforms comprehensively
rather than stress prominent features. The system applies to maps at scales of
1:50,000 to 1:500,000. The surface expression of a landform is mapped according to
the form consisting of an assemblage of slope elements and patterns of forms.

The definitions of surface expression and slope gradient classes used by the
Canadian System of Soil Classification and by the Terrain Classification System are
summarized in Table Al.l in the Appendix. In the table, the different surface
expression labels of both systems were correlated according to similar descriptions.
Most surface expression labels and descriptions are defined similarly in both
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systems and should provide the basis for the mapping of compatible landform
classifications.

Canada was one of the first countries to produce a computer based land
inventory, in which the different data layers in the land system classifications,
including landforms, are stored in a geographic information system (Tomlinson et
al., 1976; Thie et al., 1979). The Canada Soil Information System (CanSIS) was
designed to especially store and manipulate soil inventory data (Dumanski et al,
1975). However, DTMs have not been incorporated in such digital land inventory
nor have they been used in landform mapping by soil and geology surveys in
Canada because DTMs covering entire provinces have only recently been
generated. But applications of DTMs in soil classifications have been reported
elsewhere. For example, in the United States, DTMs of slope gradient and azimuth
have been used to facilitate premapping of soil units (Klingebiel et al., 1987) and
the combination of DTMs with soil premaps provided tabular statistical summaries
of soil unit delineations (Horvarth et al, 1987). Furthermore, DTMs have been
used for the automated delineation of landform in soil surveys to predict soil
drainage and soil moisture regimes (Bork and Rohdenburg, 1986; Bell et al., 1991).

2.8 Summary

In this thesis, landform refers to the morphology of the land surface only.
Material and processes are excluded from the classification. Furthermore,
landforms are mapped and classified as regions consisting of predefined
assemblages of landform elements as defined by the Canadian Ecological Land
Classification. Given the spatial aspect of mapping and classifying landform
regions, the classification methodology has to be based on attribute as well as
locational homogeneity.

The landscape approach and the parametric approach, have been used
commonly for mapping and classifying landform regions. The landscape approach
groups individual landform elements into comprehensive units of recurring
landform patterns based on qualitative classification criteria. The parametric
approach classifies landform units on the basis of selected measurable attributes
and is referred to as being a quantitative method. The parametric approach has the
main advantage over the landscape approach of facilitating the application of
numerical techniques and therefore computer technology to landform classification.
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For this reason, the parametric approach is applied in this thesis to provide an
objective landform classification while, at the same time, an attempt is made to
incorporate the comprehensiveness of the landscape approach.

Quantitative analysis of landforms has been carried out since the 1950's.
Since the 1970’s digital terrain models have been used in landform analysis and
classification. Since then, three main postulates have been defined which are
relevant for the classification of landform in this thesis: first, the approach is based
on the principle of general geomorphometry; second, landforms are defined by
geometric signature; and, third, the classification of landform patterns has to
incorporate the concept of spatial context into the classification process.

In this thesis, landform categories are analysed and classified according to
surface expression and quantitative modifiers of slope gradient and local relief as
defined by the Canadian System of Soil Classification and the Terrain Classification
System for British Columbia used by the Geological Survey of Canada. The specific
soil and geology maps, which are the subject of this research, are described in the
following chapter along with the study area and the digital elevz ion models used to
analyse and classify the landform categories.
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3. Study Area and Data Sources

Three criteria had to be satisfied for the selection of the study area: first, the
presence of landforms of varied relief and different surface expression; second, the
existence of land system maps at a scale of 1:50,000 or smaller containing landform
classification modifiers; and, third, the availability of Alberta 1:20,000 digital
elevation models (DEMs). These criteria were met for an area located in east
central Alberta in the northern part of the County of St. Paul. The location is also
referred to as the Sand River area and covers the eastern portion of the 1:50,000
topographic map sheet 73L0S, as well as the western portion of the map 73106
within the easting UTM coordinates 451200 to 480250 and northing coordinates
6011400 to 6032500 for zone 12U (Figure 3.1). The area consists of a wide variety of
glacially, glacio-fluvially and fluvially formed landform types of low to medium
relief. 1:50,000 soil and surficial geology maps which were mapped according to the
guidelines of the Canadian System of Soil Classification (E.C.S.S., 1987a) and the
Terrain Classification System (Howes and Kenk, 1988), and Alberta 1:20,00 DEMs
were available for the area.

3.1 Description of the Study Area

The elevation in the 21 km x 29 km large study area ranges from 525 to 685
meters above sea level. The lowest elevation is associated with the Beaver River in
the north which forms the major drainage system in the region flowing eastwards to
the Churchill River. The highest elevation is found in the central part of the study
area which is referred to as the Lac La Biche Upland (Andriashek and Fenton,
1989; Figure 3.2) or Vincent Upland (Brierley et al, 1990; Figure 3.3). The
landscape is characterized by ridged to rolling glaciofluvially streamlined terrain with
a strong NW to SE orientation. The local relief varies from 5 to 15 meters with slope
gradients of 7 to 15 percent.

The Garner Upland (Andriashek and Fenton, 1989) or Bunder Upiand
(Brierley et al., 1990) lies at a slightly lower eievation varying from 610 to 640
meters. The high relief hummocks and knolls form part of a thrust moraine
consisting of till of a higher clay content than the medium textured till found on the
Vincent Upland. Many lakes such as Bunder and Norberg Lake fill depressions
formed by the down-wasting process of the glacier. The local relief ranges from 10
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Figure 3.2. Physiographic units and direction of ice lobe/event modified after Andriashek and
Fenton (1989)
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Figure 3.3. Physiographic units and surficial deposits modified after Kocaoglu (1975) and
Brierley et al. (1990)
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to 20 meters and the slope gradient of 10 to 20 percent is higher than anywhere else
in the study area except for the steep banks along the Beaver River drainage way.

The Sugden Plain (Brierley ef al., 1990) or Kehiwin Plateau (Andriashek and
Fenton, 1989) in the east has the lowest relief in the study area of 0.5 to 1 meter
and slope gradients of 1 to 3 percent. The landscape is part of a ground moraine
and is comprised mainly of flat to smoothly rolling landforms draped by doughnut-
like hummocks. The landforms were formed by erosional and depositional
processes. Runoff is collected in large depressions which caused the accumulation
of organic material due to poor drainage. The relief is considerably higher to the
north of the Sugden Plain south of the meander neck of the Beaver River which is
related to a thrust moraine.

The landscape of the study area was formed by glacial, glaciofluvial and
fluvial processes as described by Kocaoglu (1975), Jones (1982), Andriashek and
Fenton (1989), Brierley et al. (1990), and Rains et al (in press). The last glacial
events took place during the late Wisconsin glaciation. Two independent theories
exist to explain the formation of the glacial, glaciofluvial and fluvial features.
According to the first theory, two independent ice lobes, the Seibert lobe, which
advanced from the north into the study area, and the Lac La Biche lobe, which
advanced from the northwest, are believed to have shaped the glacial and
glaciofluvial landforms (Andriashek and Fenton, 1989, Figure 3.2). The region
associated with the extent of the Seibert lobe coincides with a ground moraine
covering most of the Kehiwin Plateau (Andriashek and Fenton, 1989; Figure 3.2) or
Sugden Plain (Brierley et al, 1990; Figure 3.3). Before the Lac La Biche lobe
advanced, the Seibert lobe stagnated and the succeeding down-wasting process
tormed the hummocky area in the southwest associated with the Garner Upland
(Andriashek and Fenton, 1989) or Bunder Upland (Brierley et al, 1990). A later
advance of the Lac La Biche lobe overrode most of the area in the northwest which
had been covered by the Seibert lobe. A thrust moraine was formed at the contact
of the Lac La Biche and Seibert lobes extending southwards from the Beaver River
meander neck (Figure 3.3). Flutings on the Lac La Biche Upland were created by a
20 km wide ice stream of the Lac La Biche lobe. At the contact to the Seibert lobe
the flutings change their orientation from northwest to southeast direction to north
to south direction.

The second theory relates the Lac La Biche flutings tc a subglacial sheet
flow of major flood magnitude (Rains ef al, in press). The thrust moraine between
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Lac La Biche and Seibert flutings is inferred to be a product of subglacial
glaciotectonic processes caused by increased shear stress at the margins of the
meltwater sheet. A detailed field investigation related to the second theory has not
been carried out in the study area. The landform maps of the study area, however,
indicate that the Seibert and Lac La Biche fluting fields confluence in the south of
the area. This observation does not support the theory that the Seibert flutings were
overridden by the Lac La Biche flutings. On the contrary, the observation indicates
that the two fluting fields were formed at the same time (Shaw, personal
communication).

3.2 Landform Category Extraction from the Sand River Surficial Geology Map

A published surficial geology map at a scale 1:250,000 and a field copy map
at a scale of 1:50,000 of the Sand River area were obtained from the Alberta
Research Council (Fenton and Andriashek, 1983). The surficial geology is described
in an open legend according to composition, genetic class, genetic modifier,
morphology and relief. Only the morphological and relief modifiers, which are
directly related to the form, are considered in this research.

The term "morphology", as used on the surficial geology map, is identical with
the morphographic modifier used in this research to describe surface expression,
such as hummocky or ridged. On the geology map "morphology" refers to both the
shape of the landform within the map unit and the continuity of a particular genetic
category (Andriashek and Fenton, 1989; Table Al.3). The morphometric modifier
represented by local relief on the surficial geology map refers to the average
difference in elevation between hills or ridges and adjacent depressions within a
particular map unit (Andriashek and Fenton, 1989; Table A1.4). Polygons
differentiated by relief and morphographic modifiers were digitized and
transformed from a vector into a raster data set of S0 m grid resolution using the
programs GEODIGIT and VEC2RAS (Department of Geography, 1989). The grid
resolution differs between the geology and soil data sets and the digital elevation
model caused by differing map scales. The geology and soil maps are presented at a
1:50,000 scale which does not provide the detail to produce raster data sets of 25 m
grid resolution used by the 1:20,000 Alberta elevation models. All landform maps
derived from digital terrain models, soil or geology data sets are mapped at a scale
1:150,000 in this thesis.
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The landform categories of the geology landform map were colour coded as
presented in Figure 3.4 and listed in Table Al.6 in the Appendix. A different hue
was assigned to each category of surface expression. The hue varies in brightness
according to the local relief modifier and the brightness increases with an increase
in local relief. Consequently, the landform units can be distinguished not only
according to varying surface expression but also according to different local relief
classes.

3.3 Landform Category Extraction from the County of St. Paul Soil Survey Map

Two soil maps exist of the area. One was published in 1975 at a scale
1:126,720 as part of the western sheet of the Sand River Area Soil Survey
(Kocaoglu, 1975). The second one covers the County of St. Paul at a scale 1:50,000
(Brierley et al., 1990). In this research, the County of St.Paul soil map was preferred
over the Sand River soil map because the latter delineates landform types only in a
very general way. In contrast, the landform classification used for the County of
St.Paul soil map distinguishes the landforms of each soil polygon according to
surface expression (Table A1.3) and slope gradient (Table A1.4) as outlined in the
Canadian System of Soil Classification (E.C.S.S.,, 1987a). These modifiers are
incorporated in a closed legend. The slope gradient classes, representing the
morphometric component, and the surface expression categories, representing the
morphographic component of the landforms, were derived by airphoto
interpretation and field survey (Brierley et al., 1990).

For this research, polygons containing slope gradient and surface expression
were digitized from the County of St.Paul 1:50,000 soil survey map and converted
from a vector to raster data set of S0 m grid resolution using the programs
GEODIGIT and VEC2RAS (Department of Geography, 1989). A colour scheme
(Table A1.6) similar to the surficial geology map (Figure 3.4) was assigned to the
landform categories of the soil survey map (Figure 3.5); the brightness of the hue
increases with an increase in slope gradient. The soil survey map does not extend as
far north and east as the surficial geolegy map and the DEMs because the limit of
the soil map coincides with the county boundary of St. Paul (Figure 3.2 and 3.3).
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Figure 3.5. Soll survey landform map, modified after Brieriey et al. (1990)
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3.4 Alberta 1:20,000 Digital Elevation Model

The Alberta 1:20,000 Digital Topographical Data Base (DTDB) project was
initiated by Alberta Forestry, Lands and Wildlife in 1984 to provide a digital
database for use by government agencies and private sector companies (Toomey,
1986; Toomey, 1988; Johnson, 1988). Part of the project involved the generation of
Alberta 1:20,000 DEMs. For the DEMs, elevation data of a variable grid mesh
were sampled every 1.6 mm to 2.0 mm from 1:60,000 airphotos using stereo
compilation. Breaklines and spot heights were added. The elevation data were then
transformed to a 25 meter grid using the surfacing program SCOP (Stuttgart
Computer Program; Koestli and Wild, 1984). The accuracy of the data points varies
from 3 to 10 meters at a 90 percent vertical accuracy level and 5 to 15 meters at a
90 percent horizontal accuracy level (Alberta Bureau of Surveying and Mapping
and Resource Evaluation and Planning Division, 1985).

Four DEMs were provided by the Land Information Services Division of
Alberta Forestry, Lands and Wildlife (1985) corresponding to topographic map
sheets 73105 and 73106 as presented in Figure 3.1. The DEMs consist of elevation
data given in vector format as X, Y, Z coordinates, representing spot heights,
breaklines and a regular 25 meter grid of elevation points. The points
corresponding with the regular grid were extracted and placed into a raster data set.
The DEMs were then smoothed once using a low-pass filter to diminish the noise.
The noise consisted mostly of the grid sampling pattern which in some instances is
still visible on the curvature maps. Finally, the four DEMs were registered and
combined to form a new data set coincident with the soil and geology map (Figure
3.1).

3.5 Digital Terrain Models

From the combined DEM a wide variety of digital terrain models (DTMs)
can be derived. The list of models used in various studies is extensive and includes
variables such as altitude, relief, slope, fine texture, hypsometry (elevation
skewness), slope curvature in profile, slope curvature in plan, slope direction
(azimuth), topographic grain, parallelism in plan, proportion of fine and coarse
scale slopes, drainage topology, cluster versus random versus even spacing of
features (wavelength) (Strahler, 1950; 1956; Wood and Snell, 1960; Parry and
Beswick, 1973; Speight, 1976; Evans, 1972; Pike, 1988; Dikau, 1989; Weibel, 1989).
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1989). Variables used in studies of general geomorphometry are associated with five
main variable groups: elevation, slope, azimuth, curvature and texture (Evans, 1980;
Franklin, 1987; Pike, 1988; Weibel and DeLotto, 1988; Weibel, 1989). Regression
analysis has also proven that those variables are less correlated and are
complementary (Mark, 1975; Evans, 1980).

In addition to the above variable list, Mark (1975) described texture as
representing the shortest wavelength and grain representing the longest wavelength.
Both variables, texture and grain, define the horizontal variation of terrain whereas
relief describes the vertical variation of terrain (Evans, 1972; Mark, 1975). In
contrast, Franklin (1987) described relief as a surface variable based on texture
measures of entropy and angular second moment. Other measures which have been
used to characterize terrain roughness or texture are the variance power spectrum
(Pike and Rozema, 1975) and fractal dimension (Mark and Aronson, 1984;
Goodchild and Mark, 1987). According to Weibel (1989), the use of the latter
measurements in landform classification is limited, a point, which will be discussed
in detail in chapter 5 and 7. Morphometric variables of local relief, slope gradient,
azimuth, and curvature were selected for the display, analysis and classification of
landforms in this study.

Local relief describes the vertical dimension in terrain analysis and
represents the difference between the highest and lowest elevation occurring within
a finite area (Mark, 1975). Difficulties arise in defining the area over which the
elevation range is measured, these will be discussed further in chapter 5. Relief was
first used by Partsch (1911) as a measure to describe relief energy and has been
selected as variable in this study because it is used as a modifier on the surficial
geology map.

Slope gradient is one of the key modifiers used in ecological, forestry, earth
science, engineering and agricultural applications because slope gradient controls
the gravitational forces (Strahler, 1956) for runoff, erosion, mass movement and
trafficability. Slope gradient is the first derivative of elevation and presents the rate
of change of elevation over a distance (Evans, 1980; Eyton, 1991). Slope gradient is
calculated as the maximum slope of a plane tangent to the surface at a point (Eyton,
1991) and is measured in degrees or percent slope.

Slope azimuth represents change in elevation in the downslope direction
(Eyton, 1991; Evans, 1980) and is a circular distribution. In geology, azimuth
provides an indicator for trends of geologic formations and lineaments. With
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increasing gradient, azimuth influences microclimate, soil moisture, temperature,
and vegetation characteristics. However, in the low relief terrain, as present in the
study area, flat areas are portrayed as having the same variations in orientation as
areas of high relief although the change in azimuth does not have any ecological
implications. As a result, the slope azimuth distributions support only the statistical
analysis in this research, whereas the slope-azimuth pattern variation of the study
area is portrayed in the form of hillshaded models which are widely used to display
landform patterns (Moellering and Kimerling, 1990; Eyton, 1991; Johnson, 1988:
Horn, 1982; Judd, 1986).

Curvature is a measure of rate of change of slope and affects the divergence
and convergence, and the acceleration and deceleration of flow (Eyton, 1991;
Zevenbergen and Thorne, 1987; Evans, 1980; Young, 1972; Elghazali and Hassan,
1986). Curvature influences the infiltration capacity of water into soils which in turn
influences soil development. Curvature is the second derivative of elevation and
represents change of slope over distance (Evans, 1980; Zevenbergen and Thorne,
1987; Eyton, 1991). Evans (1980), and Zevenbergen and Thorne (1987) defined
profile curvature as the change of slope gradient and plan curvature as the change
of slope aspect which according to Zevenbergen and Thorne is derived transverse to
the direction of slope gradient. Directional downslope and across slope curvature, as
defined by Eyton (1991), is equivalent to profile and plan curvature but differs from
Zevenbergen and Thorne’s approach in the way curvature is calculated.
Zevenbergen and Thorne base the calculation of curvature on a polynomial
equation whereas Eyton uses a finite difference approximation to measure
curvature. The directional curvature value is signed and scaled. Negative curvature
represents concave landforms, positive curvature convex forms. Evans (1980) and
Eyton (1991) argued that across slope or plan curvature portray ridges and channels
better than downslope or profile curvature which portrays too much noise. In this
study, however, the reverse observation was made. Consequently, only downslope
curvature is used to measure curvature.

The DTMs of local relief, slope gradient, slope azimuth, and downslope
curvature were derived from the DEM using finite difference approximation for a
convolved 3x3 neighbourhood (Eyton, 1991). The method of finite differences
differs from second degree polynomials used by Evans (1980) and modified by
Zevenbergen and Thorne (1987) in that the finite difference approximation
produces sharper breaks because a value is estimated at a specific location derived
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from differences between two points. The method of second degree polynomial uses
the method of least squares which approximates a surface by fitting a second degree
polynomial to the entire neighbourhood providing smoother results. The equations
for deriving finite difference approximations of slope and curvature are described in
detail by Eyton (1991). The programs used to derive the DTMs and maps are part of
a display and analysis program package called TERRA FIRMA (Eyton, 1992).

3.6 Summary

The study area is located in the northern part of the County of St. Paul in
east central Alberta and consists of landforms of varying surface expression and
relief. The landscape was formed by glacial, glaciofluvial and fluvial processes.
Three data sets describing the study area were acquired: a surficial geology map
(Fenton and Andriashek, 1983), a soil survey map (Brierley et al., 1990) and Alberta
1:20,000 DEMs (Land Information Services Division, 1985). Landform categories,
characterized by surface expression and local relief or slope gradient, were digitized
from the surficial geology and soil survey map. DTMs of local relief, slope gradient,
azimuth and downslope curvature were derived from the combined DEM prior to
the display, analysis and classification of landforms, which will be the focus of the

following chapters.
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4. Interpretation of Landform from Digital Terrain Model Maps

Landform categories, as delineated on surficial geology and soil maps, have
been traditionally interpreted from airphotos, topographic maps, and field
otservations. In this research, the conventional airphotos and topographic maps are
replaced by digital terrain model (DTM) maps, while retaining the technique of
manual image interpretation. The use of DTM maps in image interpretation has the
advantage over topographic maps and airphotos in permitting a quantitative
representation of landform. Furthermore, the use of DTMs allows the application of
automated display techniques which provide a fast and flexible adjustment of
landform presentation according to the objectives of the mapping project.

A detailed evaluation of the use of Alberta 1:20,000 DTMs in terrain analysis
has been presented by Johnson (1988, p.56) who concluded that "... this study has
not provided a terrain analysis per se but rather, has provided an example of the type
of quantitative terrain descriptions which may be generated objectively and
consistently and then integrated into any detailed terrain analysis or evaluation
system". The landform interpretation described in this chapter builds on Johnson’s
research. Bu., instead of providing a general terrain analysis, this study focuses on
the specific interpretation of landform categories as mapped on Canadian surficial
geology and soil maps. On the Canadian soil and surficial geology maps, landform
categories have been differentiated according to surface expressions and
morphometric modifiers. Surface expression describes the form and pattern of a
landform, whereas morphometric modifiers categorize the landform categories
quantitatively. The delineation of homogeneous units of morphometric modifiers
will be addressed in the next chapter. The objective of the current chapter is the
visual interpretation of surface expression as described for landform mapping by the
Canadian System of Soil Classification (E.CS.S., 1987a) and the Terrain
Classification System (Howes and Kenk, 1988) (Table Al.1), and, inore specifically,
for landform mapping in the study area by the Sand River surficial geology survey
(Andriashek and Fenton, 1989) and the County of St.Paul soil survey (Brierley et al.,
1990) (Table A1.3) from digital terrain models.

This chapter is divided into the following three parts: first, automated
techniques used to display digital elevation models (DEMs) and DTMs in the form
of classed or continuous grey scale maps are described; second, the suitability of
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DTMs for the interpretation of surface expression is investigated; and, finally,
landform categories of surface expression are interpreted and mapped from DEMs
and DTMs of local relief, slope gradient, curvature and relative radiance and are
visually compared with the existing soil and surficial geology landform maps of the

study area.
4.1 Display of DTMs

To facilitate the interpretation of landform patterns from DTMs, mapping
techniques used to display and enhance the DEM and DTMs have to be selected
carefully. The appropriate technique is dependent upon user requirement, accuracy,
aesthetically pleasing presentation, available technology, and cost of production.
The transformation of the three-dimensional landform to a two-dimensional map,
while at the same time preserving the three-dimensional perception, is the most
difficult task in any landform presentation. Perspective views, contour mapping with
and without edge enhancement or illumination, colour coding and hillshading are
some of the visualization methods which have been used to maintain the depth
perception (Peucker, 1980; Oswald and Raetzsch, 1984; Eyton, 1984; 1990;
Burrough, 1986; Kraak, 1989; McLaren and Kennie, 1989; Weibel and Heller,
1991).

In this research, hillshaded models were chosen for the three dimensional
display of landform patterns, because they provide a planimetrically correct
presentation of the earth surface. Depth perception is achieved through shading as
described in der=:: »y Horn (1982). Computer methods of generating hillshaded
models have been presented, for example, by Judd (1986), Moellering and
Kimerling (1990), and Eyton (1991). In this thesis, a relative radiance model was
generated from the slope gradient and azimuth model according to an equation for
Lambertian reflection developed by Donker and Meijering (1977) and used by
Eyton (1991). A solar elevation of 25 degrees and a solar azimuth of 45 degrees
were selected to portray the low relief NW to SE oriented flutings in the study area
optimally.

The DEM and DTMs cf local relief, slope gradient, relative radiance and
downslope curvature were displayed as continuous or classed grey scale maps. The
generation of grey scale maps has been described by Oswald and Raetzsch (1984),
Jenson (1986), Johnson (1988) and Eyton (1991). Advantages and disadvantages of
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the use of continuous versus classed grey scale maps have been discussed in detail
by Tobler (1973) and Dobson (1973). The positions presented in these two papers
are relevant for the selection of the appropriate display type which differs for the
individual DTM and research objective. Tobler (1973) stated that classed maps lose
accuracy by introducing a quantization error due to classification whereas Dobson
(1973) argued that the ability of the map user to discriminate between classed
values increases with a decrease in the number of classed values and an increase in
the number of homogeneous regions. Monmonnier (1977) and Muehrke (1972)
supported Dobson’s thesis by stating that the use of classed values contribute to the
readability and generalization of the map.

Classed maps are very suitable for the delineation of quantitative
morphometric parameters such as local relief, slope gradient and downslope
curvature because the individual values can be differentiated more unambiguously
on a classed grey scale map than on a continuous grey scale map. One of the main
discussions, however, in producing classed maps is about the selection of
approprfate class limits. Evans (1976) and Burrough (1986) preferred a classification
based on standard deviation units whereas Johnson (1988) stated that the selection
of class limits should be based on the availability of published classification schemes
and the purpose of the map. Since the landform classification in this study is based
on the County of St.Paul soil survey and the Sand River surficial geology survey, the
DTMs of local relief and slope gradient are classed according to the classification
schemes used in these surveys (Table Al.4, Figure 4.3 and 4.4). A classification
scheme for downslope curvature is not provided by the surficial geology or the soil
surveys because downslope curvature is not used as a morphometric modifier. As a
consequence, downslope curvature is portrayed in this thesis according to Young's
(1972) curvature classification scheme (Table A1.5, Figure 4.5)

Elevation displayed in form of a classed grey scale map with contour overlay
is shown in Figure 4.1. The selection of the contour interval and the class limits for
this map is critical. The contour interval has to be small enough to show detail
withou: merging the contour lines and the class limits have to be selected so that
information is displayed in a distinguishable number of grey tones (Eyton, 1984).
Since the elevation range in the study area amounts to 160 meters, a contour
interval of 15 meters was selected in order not to exceed eleven grey tones
distinguishable to the human eye (Jenks and Know, 1961). However, at the lower
level of the elevation range, larger contour spacing of 20 meters and 25 meters were
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used to avoid merging of contour lines along the steep banks of the Beaver River.
Elevation higher than 675 meters were of very low frequency and were not
separated into an extra elevation class (Figure 4.1).

The generation of classed maps is not useful for perceiving landform patterns
from hillshaded model maps because the classed display does not provide enough
detail. Consequently, the relative radiance model was displayed as a continuous grey
scale hillshaded model (Eyton, 1991). The upper and lower 2.5 percent of the
distribution were clipped to enhance the contrast of the model.

The brightness of the grey tones on the grey scale maps is an indication of
steepness and orientation of landforms. On the hillshaded model, an increase of
slope gradient is indicated by increasing brightness for slopes pointing to the source
of illumination and decreasing brightness for slopes facing away from the source of
illumination (Figure 4.2). On the elevation (Figure 4.1), local relief (Figure 4.3), and
slope gradient maps (Figure 4.4), an increase in brightness correlates with an
increase in class number. On the curvature map (Figure 4.5), dark areas refer to
concave, grey areas to straight, and light areas to convex slopes.

4.2 Suitability of DTM Maps for Landform Interpretation

Landform categories are analysed from DTM maps according to the same
principles described for airphoto interpretation (Way, 1973; Verstappen, 1977; Van
Zuidam; 1986; Lillesand and Kiefer, 1987). The analyst uses his expertise and
knowledge of the area to interpret visual elements from the DTM maps according
to shape, size, site, tone, texture, and pattern. Surface expression, as interpreted in
this study, is defined by the pattern of these visual landform elements and includes
the study of topographic form, drainage pattern, landform boundaries and
impression of relief energy and slope steepness.

The ability to recognize different visual pattern elements varies from
DEM/DTM to DEM/DTM. DEMs (Figure 4.1) are used to provide a general
overview of altitude differences and to delineate the physiographic boundaries
within the study area. Detailed landform patterns, however, cannot be discerned
from DEMs because the selected contour interval of 15 meters is regarded as too
large to depict any specific landform such as hummocks or flutings. These landforms
consist generally of a relief of less than 10 meters. The contour intervals and class
limits cannot be changed because they are dependant on the range of elevation in
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the study area and the number of classes. To assess elevation differences within
different landform units, local relief models are used.

Hillshaded models (Figure 4.2) provide the most important data source for
the interpretation of topographic form, landform pattern, and geomorphic structures
(Pike and Thelin, 1989; Onorati et al., 1992) because of their close resemblance with
airphotos in terms of a realistic impression of relief. In some instances, the
hillshaded model is superior to airphotos because vegetation cover and shadow
casting does not affect the model (Burrough, 1986) and detail and fidelity can be
enhanced by the choice of the solar azimuth and solar elevation (Pike and Thelin,
1989). Furthermore, the interpretation of hillshaded models does not rely on the
need to see in three dimensions.

Maps of local relief (Figure 4.3), slope gradient (Figure 4.4) and curvature
(Figure 4.5) contribute to the interpretation of landform pattern and add a
quantitative dimension to the otherwise qualitative landform interpretation.
However, local relief maps derived for a convolved 3x3 neighbourhood, as
presented in this chapter, portray a content similar to slope gradient maps. The
determination of the finite area, for which the elevation range is measured, is
decisive for the derivation of local relief. The neighbourhood size of 3x3 grid cells
was too small to determine local relief appropriately. The determination of the
optimal finite area will be the focus of the next chapter. Slope gradient and azimuth
models have been found to be useful for the delineation of landform units in soil
surveys (Klingebiel et al, 1987; Bell et al, 1990). For the purpose of visual
interpretation, it is not required to present azimuth on a separate map because
change in azimuth is portrayed on the hillshaded model.

Maps of curvature distributions have a second, more important function in
landform mapping than solely adding a quantitative aspect to landform
interpretation. Curvature is well suited to delineate drainage lines which are of
significance in soil and surficial geology surveys (Speight, 1974; Pennock et al., 1987)
because curvature portrays convexity and concavity and depicts ridges and channels.
Frequently, flow path maps have been used to depict drainage lines (Douglas, 1987;
Mark, 1984). Johnson (1988) concluded and a test by the author confirmed that flow
path models represent too many insignificant channels of which many may be
omitted because they are related to noise.
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4.3 Comparison of a Landform Map Interpreted from DTMs with Surficial Geology
and Soil Landform Maps

The four main physiographic regions, which were described in chapter 3, can
also be differentiated from the DEM and DTMs. A region comprised of almost
featureless flat to undulating landforms in the east is separated by a hummocky to
rolling thrust moraine from a second region consisting of rolling to ridged landforms
in the central part of the study area. A third region consisting of hummocky terrain
is located in the southwest, and, finally, the Beaver River drainage way in the north
forms the fourth region. Each physiographic region is associated with a set of more
specifically defined landform categories mapped according to the definition of
surface expression by the E.C.S.S. (1987a) and Howes and Kenk (1988) (Table
Al.1), and more specifically according to the County of St. Paul soil survey (Brierley
et al, 1990) and the Sand River surficial geology survey (Andriashek and Fenton,
1989) (Table A 1.3). The landform units interpreted from the DTMs (Figure 4.1 to
4.5) are delineated on 2 DTM landform map (transparency) attached in a folder at
the back of the thesis. This landform map can be laid over any of the maps produced
from the DTMs, or the soil or surficial geology landform maps of the study area.
The correspondence of the landform categories interpreted from the DTM maps
with landform categories of the soil and surficial geology maps were qualitatively
assessed and are summarized in Table 4.1.

The landform category level, as delineated on the DTM landform map
(transparency), is characterized by an absolutely flat surface of less than 1 meter
relief and 2 percent slope gradient and incorporates lakes differentiated in a
separate category on the soil and surficial geology landform maps. The lakes can
only be differentiated within areas of more pronounced terrain, such as Bunder and
Norberg Lake within hummocky landforms in the southwestern part of the study
area, whereas Grassy Island Lake in the southeast (Figure 3.2 and 3.3) blends in
with the surrounding undulating landforms. "= := rurvature map, some pits and

lines show up on the lake surfaces of B Norberg Lake due to errors
associated with the SCOP program surfacii: Ynis (Koestli and Wild, 1984).
Other areas, also labelled as ievel, ».. ~... .4 poorly drained depressions

delineated as flat on the surficial geotogy =, and level(0-7%) on the soil map.
Those depressions are either associated with or;anic material, gleysolic, or peaty
soils, or are occupied by small lakes. The extent of these units cannot be delineated
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Table 4.1. Correspondence of DTM Landform Categories with Landform Categories of
the County of St.Paul Soil Classtfication and Sand River Surficial Geology Classification

Landform Categories

DT™M

level

undulating

rolling

hummocky-roiling
(medium relief)

hummocky-rolling
(high relief)

ridged
hummocky-ridged

hummocky

dissected

soll survey

lake, level(0-2%)
level(0-10%)

undulating

undulating
hummocky(5-9%)
hummocky-ridged(5-9%)

hummocky(>9%)

hummocky-ridged(9-15%)
hummocky
hummocky(>99%)
hummocky-inclined

dissected,
level(0-10%)

surficial geology

lake, flat

flat-hummocky,flat-
rolling, rolling(>10m)
hummaocky-rolling(1-3m)

rolling( < 10m), hummocky-
rolling(t-10m)

hummocky-rolling(1-10m)
ridged-rolling(3-10m)

hummocky-rolling(>3m),
rolling(1-3m), rolling(>3m)

hummocky-rolling(1-10m)

hummocky-rolling(1-10m),
hummocky-ridged(>3m)

hummocky(>3m)

varied, terraced
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on the DTM maps because the change of slope at the margins of these depressions
is too small to be portrayed on any of the DTM maps. However, drainage lines
visible on the curvature model, which vanish in these depression, can be used as an
indicator of their existence and location.

Undulating categories represent wavelike patterned landforms consisting of a
series of gentle slopes (E.C.S.S,, 1987a; Howes and Kenk, 1988; Table A 1.1). On
the surficial geology map, however, such a category does not exist and is labelled as
flat-rolling, flat-hummocky, rolling of less than 10 meters relief cr hummocky-
rolling(1-3m). Undulating units, delineated on the DTM landform map
(transparency), cover the eastern part of the study area, smaller areas are located in
the northwestern part of the study area and in between rolling, hummocky-rolling
and hummocky-ridged units. In some instances, these units contain the poorly
drained depression described above. Parallel convex and concave lines, which
represent the grid sampling pattern of the elevation data, appear on the curvature
map within undulating units, especially in the eastern part of the study area.

On the DTM landform map (transparency), rolling landforms are
differentiated from undulating landforms by a more pronounced relief, more
elongated shape and parallel to subparalle] arrangement as described in Table Al.1.
Landform units classified as rolling on the DTM landform map (transparency) are
often associated with undulating units on the soil survey map because the landform
category rolling is not considered in the County of St. Paul soil landform
classification (Brierley et al., 1990). For example, a rolling unit is delineated on the
DTM landform map (transparency) in the central part of the study area south of the
Beaver River and consists of streamlined parallel to subparallel features, such as
flutings, which are easily distinguishable especially on the hillshaded model. The
most prominent fluting runs from northwest to southeast indicating the direction of
the Lac La Biche ice lobe/event. On the curvature map, the fluting is surrounded by
a concave footslope, whereas on the slope gradient map, the flat top of the fluting is
associated with low slope gradients of 0 to 2 percent and the hillslopes are presented
by slope gradients of 5 to 9 percent. This fluting is incorporated on the surficial
geology map within the landform unit hummocky-rolling(1-10m) and differentiated
as a separate unit from the surrounding undulating landform as humsocky on the
soil survey map.

Hummocky-rolling units describe a landform category not defined by the soil
survey. The category hummocky-rolling consists of rolling landforms draped by
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hummocks. Individual hummocks can be especially well differentiated on all DTMs
in the northwestern part of the study area by their rounded form, flat, convex tops
and circular delineation of concave footslopes. Hummocky-rolling landforms are
divided into medium and high relief units. The medium relief units are associated
with some of the flutings in the central and northwestern part of the study area, and
within the eastern margin of the thrust moraine separating the eastern level to
undulating landforms from the rolling to ridged landforms in the central part of the
study area. Most of these units have been labelled hummocky(5-9%) and
hummocky-ridged(5-9%) on the soil survey and hummocky-rolling(1-10m) and
ridged-rolling(3-10m) on the surficial geology map. Hummocky-rolling landforms of
high relief are located north, within, and south of the Beaver River meander neck
and are partly dissected by fluvial processes. These areas are defined as
hummocky(9-15% and >15%) on the soil map, and rolling(3-10m and >10m) and
hummocky-rolling(3-10m) on the surficial geology map.

Ridged landform units are differentiated from rolling lzndform nunits
according to the Canadian System of Soil Classification (E.C.S.S., 1987a) by a "sharp
crested" in comparison to a more "rounded" rolling landform (Table Al.1). A ridged
landform unit labelled as hummocky-ridged(9-15%) on the soil survey map is
delineated in the central part of the study area. This particular unit is not
differentiated as a separate unit on the surficial geology map, while a triangular
feature in the northeast of the study area is defined as ridged on the surficial geology
map. The triangular form is caused by the arrangement of three landform features,
two ridges and a hummock. The two ridges were formed behind the outcrop of
bedrock which appears as a rounded hill.

Hummocky-ridged units are composed of ridged landforms draped by
hummocks and dissected by fluvial processes especially in areas of high altitude in
the south and central part of the study area. The parallel alignment of these
incisions is clearly recognizable on the DTMs. These units have been labelled
hummocky-rolling(1-10m) or hummocky-ridged(>3m) on the surficial geology map
and hummocky composed of a variety of slope gradients on the soil survey map.

One of the most striking units visible on the DTM maps portrays a field of
hummocky landforms located in the southwest of the study area. This unit consists of
irregular knobs and kettles without any main drainage lines visible and is associated
with hummocky landform units on both, the surficial geology map and soil survey
map. Areas defined as hummocky-inclined on the soil survey map and described
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according to Brierley et al. (1990) as "sloping, unidirectional surface not broken by
marked irregularities” cannot be differentiated as such on the DTM.

The iast units considered are associated with the Beaver River drainage way
and the most prominent creeks in the study area, such as St. Lina Creek (Figure 3.2
and 3.3). The steeply incised valley walls of the creeks and the Beaver River are
especially well delineated on the DTMs by high relief, steep slopes, and high
concavities and convexities. This unit is classified as dissected on the DTM landform
map (transparency) and is labelled as varied on the surficial geology map. On the
soil survey map, the creeks and the steep banks of the Beaver River are separated
into two different categories. Creeks are labelled as level(0-10%) whereas the
Beaver River valley walls are labelled as dissected. Neither dissected nor varied are
described as a surface expression in the Canadian System of Soil Classification
(E.C.S.S., 1987a) and the Terrain Classification System (Howes and Kenk, 1988) but
are defined in Table A1.3 accord...g to the County of St. Paul soil survey and the
Sand River Surficial geology survey. The two categories are characterized by
erosional and depositional processes such as gullying and mass movement. The
location of terraces delineated on the surficial geology map can only be guessed on
the hillshaded and curvature model maps because of their similarity in appearance
to landslides. Both forms, terraces and landslides, are characterized by a step-like
appearance represented as convex-straight-concave sequence on the curvature map.
The floodplain of the Beaver River is separately specified as level, labelled as flat on
the surficial geology and level(0-10%) on the soil survey map. The extent of the
floodplain is well delineated on the slope gradient map represented by slope
gradients of 0 to 2 percent.

4.4 Summary

The use of DTMs in landform mapping improves the traditional method of
image interpretation by providing a more flexible and quantifiable data source than
airphotos or topographic maps. The application of automat=d modelling and display
techniques allows the fast adjustment of DEMs according to specific characteristics
of the terrain and the specific objective of the mapping project by generating
appropriate DTMs, and by selecting suitable cnhancement techniques to portray
landforms. As a consequence, maps of DTMs provide suitable graphical displays for
the qualitative interpretation of landform categories as defined by soil and surficial
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geology surveys. Hillshaded models are particularly useful for the identification of
surface expression which cannot be delineated as easily on maps of local relief,
slope gradient and curvature models. Burrough (1986) argued that detail is lost on
hillshaded model ma—- in comparison to airphotos due to smoothing of the digital
data sets. Instead, the analysis showed, detail can be enhanced by increasing the
contrast of the hillshaded model, which can be achieved by changing the solar
azimuth, decreasing the solar elevation, and increasing clipping levels of the grey
scaled map. The selection of the appropriate solar elevation and solar azimuth is
important, in particular, when displaying hillshaded models containing
unidirectional features such as flutings.

Using a classed grey scale instead of a continuous grey scale to display the
DTMs of local relief, slope gradient and curvature is inefficient for detecting detail,
such as the identification of poorly drained depressions. In contrast, the division of
grey scale values into a ::ries of steps contributes to the readability especially of
drainage lines which are particularly well shown on downslope curvature maps. The
display of downslope curvature models, however, has the drawback of being
susceptible to the display of noise, such as the appearance of grid sampling lines
even after the data sets have b¢ 2n smoothed. As a result of an increasing roughness
found in higher order derivatives (Burrough, 1986), the use of second order
derivatives of elevation, such as curvature models, have been recommended by
Johnson (1988) and Evans (1980) as a method for checking compilation and
surfacing errors in the production of DEMs.

The interpretation of landform categories from DTM maps is still regarded
as a qualitative analysis based on the landscape approach rather than a quantitative
analysis based on the parametric approach to landform mapping (Cooke and
Door:kamp, 1990; Van Zuidam 1986). For this reason, the interpretation of
landform categories from DTM maps has not yet provided a method for the
generation of objective, reliable and reproducible landform: maps. As apparent from
the lasdform aps of the study area, the landform units of surface expression
interyr=ted from the DTMs do not coincide in all insiances with the landform :\nits
delineated on the soil and surficial geology maps. This inconsistency is caused by
sevesa! facts. First, the definition of suriuce expression varies between the Canadian
Soit Survey Classification, the Terrain Classification System, the County of St.Paul
soil survey, and the Sard River gewiogy survey. On the soil and surficial geology
landform maps of the study area, different categories are assigned for surface
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expression and units do not coincide in their areal extent between the two surveys.
Second, qualitative landform mapping is based on image interpretation which is
subjective to the operator’s judgement, expertise and knowledge of the area and to
the quality of the data sources. To provide a more reliable landform map, not only
the data sources must be made quantifiable but the process of landform mapping
has to be automated. A first step towards achieving this goal is the determination of
homogeneous landform units representing individual morphometric variables based
on numerical terrain analysis techniques. This task will be the focus of the next
chapter.
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S. Mapping of Morphometric Modifiers Using Neighbourhood Processing
Functions

The objective addressed in this chapter focuses on the development and
application of an automated technique for mapping homogeneous units of
morphometric modifiers, as represented on the County of St. Paul soil map
(Brierley et al, 1990) and the Sand River surficial geology map (Andriashek and
Fenton, 1989). On these maps, morphometric modifiers of slope gradient and local
relief are specified for entire landform units. According to Brierley et al (1990),
slope gradient refers to the dominant slope class within a landform unit whereas
local relief is defined by Andriashek and Fenton (1989) as the average difference in
elevation between a hill or ridge and an adjacent depression within a particular
landform unit. Slope gradient and local relief, mapped in Chapter 4 as classed grey
scale digital terrain model (DTM) maps (Figure 4.3 and Figure 4.4), do not conform
with the specification of morphometric modifiers as mapped on the County of St.
Paul soil map and the Sand River surficial geology map. Instead of presenting
hoinogeneous morphometric units, the DTM maps portray heterogeneous grid cell
patterns of classed slope gradient values. To map homogeneous morphometric
units, the morphometric modifiers must be determined for units larger than the
single grid cells used previously in automated mapping techniques. In the County of
St.Pau! soil survey and the Sand River surficial geology survey, those homogeneous
units are represented by recurrent landform patterns which can be delineated using
manual mapping techniques. However, the delineation of homogeneous landform
units using auv.omated mapping techniques is complex. As a result, the landform
units are replaced in this research by neighbourhoods which can be incorporated
into an automated mapping process using neighbourhood processing functions.

Two neighbourhood processing functions, a filtering algorithm and a function
for determining local relief, are introduced in this research for mapping
morphometric modifiers. Filtering techniques are used to simplify the information
contained in the DTM. Such a simplification can be achieved by reducing the small
scale variation or texture of the DTM through statistical generalization (Brassel and
Weibel, 1988). As a result, the size of the neighbourhood, over which the DTM is
filiezed, must be large enough to filter out the small scale variation determined by
texture measurements. Filtering techniques are used in this chapter to smooth the
slope gradient and curvature DTMs.
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The determination of local relief is not based on a function designed to
reduce the variation or texture of a DTM but is based on a measure designed to
calculate the vertical variation of elevation. As for the filtering process, the selection
of an appropriate neighbourhood size is essential for determining local relief. Local
relief derived from a 3x3 neighbourhood described in Chapter 4 (Figure 4.3) does
not cover the full elevation range between a hill and depression (Andriashek and
Fenton, 1987) but becomes a measure of slope gradient (Evans, 1972). As a
consequence, the size of the neighbourhood, from which local relief is derived, must
measure at least the distance between major ridges and channels defined as grain
(Pike et al., 1989).

The first step of this research involves the determination of neighbourhood
sizes according to texture and grain analysis. As a second step, neighbourhood
processing functions are used to derive, numerically, accurate morphometric
modifiers of local relief, slope gradient and downslope curvature from such units.
Finally, the resulting DTM maps are interpreted and visually compared with the
Sand River surficial geology map and the County of St. Paul soil map to assess the
correspondence between morphometric units mapped according to automated
techniques and morphometric units mapped according to manual techniques.

5.1 Determination of Neighbourhood Sizes Based on Texture and Grain Analysis

To describe the method for the determination of the optimal neighbourhood
size used in neighbourhood processing, a parallel is drawn to image interpretation
techniques used to map landform units manually. In image interpretation the
continuum of the land surface shown on the image is divided by the human
eye/brain system into a number of viewing fields of greater homogeneity than the
continuum as a whole (Dobson, 1973). The size of the viewing field is dependent on
the complexity and spatial variability of the land surface which is categorized
according to pattern and texture as described in the previous chapter. In computer
mapping, the viewing fields become neighbourhoods and the determination of the
neighbourhood sizes becomes a function of pattern variation.

The variation of landform patterns in the horizontal cimension has been
defined by grain and texture. Grain refers to the coarse scale or long wave landform
variation whereas texture is defined by the fine scale or short wave landform
variation (Evans, 1972; Mark, 1975). The long wave landform variation is associated
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with the spacing of major ridges and channels (Wood and Snell, 1960), which
determines the size of the area, from which local relief is derived. For this reason,
grain analysis has been used to select the appropriate neighbourhood size for the
determination of local relief (Pike et al, 1989). Additionally, Pike (1988) proposed
the application of grain analysis for selecting optimal neighbourhood sizes over
which any terrain parameter can be measured. In contrast, the objective of filtering
DTMs is the reduction of small scale variation represented by texture not the
reduction of large scale variation as determined by grain. For this reason, the use of
grain analysis is not the appropriate method for determining the neighbourhood size
used in a filtering process. As Weibel and DeLotto (1988, p.623)) pointed out "the
use of grain for the determination of window size is not always recommendable,
depending on the objective of the classification. Rather than setting the window to
the grain, it has to be tailored to the wavelength of the fundamental texture
elements of the topographic sample". Consequently, two different methods are used
in this thesis to analyse the landform variation: first, texture analysis is used to
determine the neighbourhood size for filtering the DTMs; and, second grain analysis
is used to determine the neighbourhood size for deriving iocal relief.

5.1.1 Grain Analysis

The grain of landform variation has been determined by Wood and Snell
(1960) using a method first described by Gutersohn (1932). According to the
method, the highest and lowest elevation points are plotted against a radial distance
from randomly selected points represented in a relief/area curve. If the full range of
local relief is reached, the relief/area curve increases at a smaller rate for an
increase of radial distance. This break point of the curve is called the kmick
(Gutersohn, 1932) and indicates the longest wavelength or grain of a land surface.
Pike et al (1989) automated this method by plotting the elevation range and
standard deviation for increasing neighbourhood sizes of a DEM. The measurement
of grain as described by Pike et al (1989) corresponds with the concept of
autocovariance. The concept of autocovariance has been used by Oliver and
Webster (1986), Kundert (1988, cited in Weibel (1989)), and Weibel and DeLotto
(1988) to determine grain from semivariograms, whereas Pike and Rozema (1975)
derived grain from periodicities of a power spectrum.
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Problems are however associated with the use of the semivariogram and
spectral analysis. Tests by Weibel (1989) revealed that different methods for
semivariogram estimation and different runs with the same method yielded different
results. Spectral analysis proved to be affected by edge effects, aliasing (distortion of
the spectrum by wavelengths shorter than twice the sampling interval) and a
directional bias (Weibel and DeLotto, 1988). As a consequence, the less elaborate
method of a relief/area curve described by Pike er al (1989) was implemented in
this research. The mean elevation range and standard deviation for increasing
neighbourhood sizes were plotted for the total study area (Figure S.1) and
separately for the individual geology landform categories (Figure 5.2.1 to 5.2.3).
Only landform categories, which cover more than 1 percent of the total study area,
were considered in the relief/area curve. Landform categories of less than 1 percent
coverage were omitted because edge effects would have become too large and
would have influenced the accuracy of the analysis.

§.12 Texture Analysis

Texture measures as used in landform classification have been developed
using first and second order statistics (Franklin and Peddle, 1987), power spectra
(Rayner, 1971; Pike and Rozema, 1975), semivariograms (Oliver and Webster, 1986;
Weibel and DeLotto, 1988; Weibel, 1989) and fractal dimensions (Mark and
Aronson, 1984; Goodchild and Mark, 1987). A study by Weszka et al. (1976)
revealed that first order statistics performed comparably if not better than second
order statistics or Fourier power spectra in texture analysis. Problems related to the
use of cooccurrence matrices, power spectra, semivariograms and fractal dimensions
in landform texture analysis have been discussed by Weibel and DeLotto (1988) and
Weibel (1989). As a result, the texture analysis used in this research is based on first
order statistics which are also easier to implement than the methods referenced
above.

First order statistics, such as the coefficient of variance, relative variance and
intraclass correlation, have been used to evaluate the accuracy and efficiency of soil
and terrain classifications by testing the homogeneity of map units (Webster and
Beckett, 1970; Bie and Beckett, 1971; Beckett and Webster, 1971; Beckett and
Burrough, 1971; Van Zuidam, 1986). The coefficient of variance is an absolute
measure of homogeneiiy and compares the standard deviation to mean ratio of a
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map unit with a predetermined threshold value of homogeneity. In contrast, the
relative variance and intraclass correlation are relative measures of homogeneity.
The relative variance compares the within unit variance with the total variance,
whereas the intraclass correlation compares the between unit variance with the total
variance. Both measures are based on the assumption that the variance within the
map units is smaller than the variance between the units for homogeneous map
units. Recently, a third measure of separability has been introduced by Gong and
Howarth (1992) which compares the between and within unit variance. However,
the method has not been effective in predicting the optimal grid neighbourhood
size.

In this thesis, relative variance was used to determine the optimal
neighbourhood size according to texture analysis. With respect to the determination
of grain, the relative variance is calculated for increasing neighbourhood sizes of up
to 19x19 grid points and plotted against a 0.5 relative variance (relative variance
values range from 0 for highest homogeneity to 1 for lowest homogeneity within the
landform units, whereas 0.5 relative variance forms the break point between an
equal within and between variance). If the relative variance exceeds a value of 0.5,
the within variance is greater than the between variance and the homogeneity within
the neighbourhoods is less than between the neighbourhoods. Consequently, the
neighbourhood size is too large to contain a homogeneous texture pattern and the
next smaller neighbourhood size is selected as the optimal size.

In the existing literature reviews, relative variance has not been used for
determining neighbourhood sizes for the use in landform mapping. As a result, the
break point of 0.5 relative variance as a threshold for determining sufficient
homogeneity within the map units has to be reviewed because standards for
thresholds have not been set before. Furthermore, to understand the behaviour of
relative variance in landform mapping and the possibility of using the parameter as
a measure for determining neighbourhood sizes, relative variance has to be assessed
in as much detail as possible. For this reason, relative variances of elevation, slope
gradient and curvature were calculated for the total study area. And additionally,
the relative variances of slope gradient were plotted for the different soil landform
categories to estimate texture variation between different landform types.
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5.2 Results of Grain and Texture Analysis and Their Implication for the Selection
of Neighbourhood Sizes

S.2.1 Selection oi the Optimal Neighbourhood Size for Determining Local
Relief

Local relief was plotted against increasing neighbourhood sizes for the entire
study area according to the mean range and mean standard deviation of elevation
(Figure 5.1). The relief/area curve based on mean range measurements represents
higher local relief values for the same neighbourhood sizes than the values of the
relief/area curve based on standard deviation measurements. This difference is the
result of the range representing the extreme values of local relief, whereas the
standard deviation represents more stabilized local relief values (Evans, 1972).
Although the rate of increase in the values of the two curves gradually diminishes,
no abrupt break point or knick representing the grain within the study area is
apparenf. Even the curves illustrating local relief for the individual geology
landform units (Figures 5.2.1 to 5.2.3) have no knick. The knick might be absent
because the largest neighbourhood size of 19x19 equalling a diameter of 475 meters
was selected at a size too small to reach the knick. Grain analysis by Pike et al.
(1989) implemented for 1:24,000 and 1:250,000 DEMs portrayed knicke at greater
than 1 km distance. However, the grain was derived by Pike et al (1989) for
landform samples of medium to high relief whereas the landform samples
considered here are at least one order of magnitude lower in relief.

To determine a neighbourhood size for calculating local relief in this
research, the curves are plotted against 3 and 10 meter relief values used as class
limits on the Sand River surficial geology map (Fenton and Andriashek, 1983). The
range of neighbourhood sizes, for which the local relief values associated with the
landform units can be accurately determined, were derived from these curves
(Figure 5.2.1 to 5.2.3) and are shown in Table 5.1. The ranges were The most
frequently occurring neighbourhood sizes are 5x5 and 7x7 for local relief derived
from the range and 7x7 and 9x9 for local relief derived from the standard deviation.
A neighbourhood size of 7x7 grid points was selected to derive local relief class
limits comparable to the ones used on the surficial geology map. This
neighbourhood size was selected based on visual inspection of local relief range
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Figure 5.1. Mean local relief of total study area for Increasing neighbourhood sizes
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Figure 5.2.1. Mean local feliei of geology landform categories 1 for Increasing neighbourhood sizes
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Figure 5.2.2. Mean local relief of geology landform categories 2 for increasing neighbourhood sizes
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Figure 5.2.3. Mean local relief of geology landform categories 3 for increasing neighbourhood sizes
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Tabie 5.1. Range of Neighbourtocd Sizes for the Assessment of Local Relief

Distributions According to Gaclogy Landform Category Modifiers

Landfcrm category

Lake

Variad

Flat

Fiat-Rolling
Rolling(1-3m)
Roiling(3-10m;)
Rolling{> 10m;j
Flat-Hummocky
Hummocky(>3rmn)
Hum-Rolling(1-3m)
Hum-Rolling(1-10m)
Hum-Ridged(>3m)
Ridge-Rolling(> 10m)

Neighbourhood-size

based on range
lower upper
5x5
22
5x5
10x10
2x2 6x6
4x4 12012
7X7
11x11
3x3
I3 77
2x2 15x15
3x3
4x4 15x15

Neighbourhood size
based on std.dev.
lower upper
7
3x3
99
>19x19
4x4 11x11
7 >19x19
14x14
>19x19
5x5
4x4 15x15
K) « >19x19
5x5
™7 >19x19
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maps generatea for different convolved neighbourhood sizes (not shown in this
thesis) and furiher statistical analysis presented in chapter 6.

The selec:ad neighbourhood size is far smaller than those referenced in the
literature, Pike (1988) based his classification of landform types on a neighbourhood
size of 21x21 for a grid resolution of 30 meters. Weibel and Heller (1991) used a
neighbourhcod size of 13x13 for a grid resolution of 25 meters. However, these
neighbourhood sizes were derived for landforms of higher relief than those present
in the study area. Autornatad analysis for the purpose of determining the grain of
low relief terrain has not been reported in the literature. Furthermore, the selection
of small neighbourhood sizes for this research can also be related to an
underestimation of the local relief class limits defined by Andriashek and Fenton
(1989).

5.2.2 Selection of the Optimal Neighbourhood Sizes for Filtering Slope
Gradient and Curvature DTMs

The c2lection of the neighbourhood size for map generalization using a filcer
function involves a tradeoff between accuracy and simplicity. If too large a
neighbourhood size is selected, too much detail may be lost, whereas if too small a
neighbourhood size is determined the map may not be sufficiently generalized.
Sufficient accuracy is maintained as long as the neighbourhood size stays below the
size derived for the threshold value of 0.5 relative variance. Prior to mapping, a level
of generalization is often set by the cartographer in the form of a minimum size for
map delineations to achieve an optimal visual effectiveness of the map (Brassei and
Weibel, 1988). Such minimum delineation sizes have been set by the E.C.S.S.
(1987b) for mapping units in Canadian soil surveys allowing for a smalles. "optimal”
landform unit delineation of 0.5 em? and a smallest "possible” delineation of 0.25
cm?. Since the soil survey map of the County of St. Paul is mapped at a scale of
1:50,600, a landform unit of 0.5 cm? covers an area of 354x354 meters. Given a grid
resolution of 25 meters, this area transiates into a neighbourhood size of 14x14 grid
cells. A delineation of 0.25 cm? would cover an area of 250x250 meters equivalent
to 2 neighbourhood size of 10x10 grid cells. These neighbuurhcod sizes represent
the recommended level of generalization and are compared with those derived from
relative variance analysis which represent the determined level of accuracy.
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To assess the texture of different niorphometric modifiers, the relative
variance curves of elevation, slope gradient and downslope curvature (Figure 5.3)
are analysed for the total study area. The relative variance for elevation increases
notably less than for slope gradient and is lower than the thieshold of 0.5 relative
variance for a neighbourhood size of 19x19. The course of the curve confirms the
results of the grain analysis. The kznick was never reached for a neighbourhood size
of 19x19 because the variation of elevation in the study area is so minimal. As a
result, the DEM does not need to be filtered at al! because the neighbourhood size
lies beyond the maxi:num. aeighbourhood size selected for this research.

The curve iepresenting relative variance of slope gradient approaches the
threshold of 0.5 relative variance at a neighbourhood size of 19x19 whereas the
curve of downslope curvature crosses the threshold of 0.5 relative variance at a 4x4
neighbourhood size. The increase in relative variance from elevation to downslope
curvature reflects the statement by Burrough (1986) that the roughness of DTM
data increases with the order of the derivative described in chapter 4. Consequently,
different neighbourhood sizes, which may not corfcrm with the level of
generalization set prior to mapping, have to be selecte. for generalizing various
DTMs. Fo: example, a smaller neighbourhood than that recommended by the
E.C.S.S. has ic be used to filter the downslope curvature DTM. A neighbourhood
size of 5x5, slightly larger than the threshold neighbourhood size of 4x4, was
eventually sele: to filter the curvature DTM. This neighbourhood size was
determined after visual inspection of curvature maps filtered for various convolved
neighbourhood sizes (the different filtered curvature maps are not shown here) by
giving simplicity preference over accuracy. The cuivature map would not have been
generalized sufficiently if a neighbourhood size of 3x3 had been used.

Before selecting the neighbourhousd size to filter the slope gradient map, the
relative variances for the individuzl so* *a~ i¥-.rm units are examined (Figure 5.4).
The result of the anz!sis is indicated in ". able 5.2 which represents the total
variances of the individual soil landform units and the neighbourhood sizes at a
relative variance of 0.5. The cvrve- of relative variance reveal that the variances
vary according to changes in terrain r. . ghness. Generally, landform types of smooth
texture, such as level(0-2%) and undulating are associated with a relatively low
relative variance and, consequently, the filtering process can be applied v~2r larger
neighbourhoods. In contras:, landform categories of high variation such as dicsected
associaied with the river banks, level(-10%) representing creeks, and hummociy
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relative variance
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Figure 5.3. Relative, variance of elevation, slops gradient and downslope curvature distributions for
study area accort. ‘», 10 Increasing neighbourhood slzes
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Soil Landform Categories 1
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Figure 5.4. Relative variance of slope gradient distribution for soil landform categories according to
increasing neighbourhood sizes
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Table 5.2. Total Variance arnd Optimal Neighbourhood Size of Slope Gradient
Distribution for Soil Survey Landform Categories

Landform category Totai variance Neighbotiirhood size
at 0.5 relative
variance

Total study area 4.361 >19x19
Lake 0.578 8x8
Level(0-2%) 0.991 12x12
Level(0-10%) 4.816 8x8
Undulating(2-5%) 1.020 14x14
Dissected(> 10%) 7.570 %9
Hum-Ridged(5-9%) 1.090 10x10
Hum-Ridged(9-15%) 1.567 10x10
Hummocky(5-9%) 1.571 11x11
Hummocky(9-15%) 3.024 9x9

Hummiocky(15-30%) 4.714 9x9
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units of slope gradients greater than 9 percent have the highest relative variance and
have to be filtered over smaller neighbourhood sizes of 8x8 and 9x9.

Furthermore, the unit /ake shows a large increase in relative variance
although the unit itself is regarded as the smoothest landform in the study area. This
abnormality is related to the way relative variance is calculated as the ratio of the
within variance to the total variance. The unit lake represents the lowest total
variance in the study area (Table 5.2). Any slight variation in the within variance
increases the relative variance overproportionally which is caused by the low total
variance. The reverse may be true for very rough landforms such as the dissected
valley walls. The unit dissected represents the highest total variance within the study
area, however, the reported relative variance is not higher than the one for landform
categories hummocky(9-15%) and hummocky(>15%).

The unexpected relative variance values may not only be related to an
extreme high or low total variance but also to an edge effect caused by the
neighhourhood analysis. For increasing neighbourhood sizes more and more slope
values are included in the neighbourhood which may not belong to the landform
unit. In the case of the dissected units, lower slope values outside of the landform
unit decrease the within variance of the neighbourhoods in comparison to the total
variance which results in a lower than expected relative variance. Consequently, the
use of relative variance to determine neighbourhood sizes has to be cautioned for
areas of small areal extent, narrow shape or extreme total variance.

The optimal neighbourhood size of 19x19 grid cells derived from the relative
variance curve for the total study area is far larger than the sizes derived for the
individual categories. Consequently, the neighbourhood size derived for the total
study area should not be binding for the determination of the optimal
neighbourhood size. Rather, smaller training units repiesenting different landform
variations should be selected and their relative variance tested individually.
However, as presented for the different landform categories of the soil survey map,
the neighbourhood sizes vary between the different landform types and can only act
as a margin within which the optimal neighbourhood size is selected. For the
landform categories of the County of St.Panl soil survey map, the neighbourhood
sizes fluctuate between 8x8 and 14x14, averaging to a neighbourhood size of 10x10.
The neighbourhood sizes recommended by the E.C.S.S. are comp.:able to ihe ones
derived from the relative variance measurements. Any neighbourhood size between
10x10 and 14x14 can be selected according to the E.C.S.S.. However, an odd
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neighbourhood size is required to determine the filtered value for the centre grid
point of a neighbourhood. Eventually, a lower neighbourhood size of 11x11 was
selected to also represent hummocky landforms in the study area as accurately as
possible. The neighbourhood size selected is comparable to that used by Weibel
(1989) of 13x13 for a grid resolution of 25 meter.

5.3 Implementation of Neighbourhood Processing Functions

In neighbourhood processing, each grid cell value is replaced with a value
calculated for a convolved neighbourhood. The following two neighbourhood
processing functions were used to generate DTMs: first, the range was used to
generate the local relief model; and, second, a modal filter was used to generate
smoothed slope gradient and downslope curvature models. When using
neighbourhood processing functions, the following drawback has to be considered.
Dependent on the size of the neighbourhood, a band of rows and columns of grid
cells consisting of half the neighbourhood size is lost around the margins of the data
set. This edge effect results from the use of large convolution neighbourhoods. At
the margins of the data sets, grid cells are not surrounded by the full neighbourhood
size. As a result, these grid cells were not included ir the neighbourhood process.

5.3.1 Function for Determining Local Relief

According to Evans (1972), the standard deviation of elevation provides a
more reliable measure of local relief than the range which is based on the extreme
values of the elevation variation. Using two standard deviation units, one at each
side of the center of the distribution, the derived local relief values statistically
re; resent only 68.4 percent of the elevation distribution from a neighbourhood. To
consider 95 percent of the distribution, the standard deviation has to be multiplied
by 1.96. Dividing the range by the standard deviation, the resulting ratio reaches a
value of 2 for neighbourbood sizes of equal to and greater than 7x7, as illustrated in
Figure 5.1. Given this result, the assumption was made for this research, that the
range represents 95 percent of the elevation distribution. Consequently, the range,
which is simpler and faster to calculate than the standard deviation, was used to
derive local relief. After the local relief medel had been generated, the DTM was
classed according to the class limits used in the Sand River surficial geology survey
(Andriashek "y, 1929; Table A1.4).
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§.3.2 Modal Filtering Function

One of the objectives of the research described in this chapter is the
application of a filtering technique that smooths the heterogeneous grid cell pattern
of classed digital terrain models to form homogeneous units of dominant slope
gradient and curvature class values. Several filtering techniques exist for this
purpose, such as the average filter or the majority filter. Averaging is an appropriate
filtering technique if ratio scale data are used, as is the case for the raw unclassed
digital terrain models. But according to the County of St.Paul soil survey, the
landform classification is based on classed slope gradient values. A majority filter is
commonly used to smooth classed data sets by replacing the center grid cells of a
neighbourhood with the dominant class value found within the neighbourhood
(Schowengerdt, 1983). In this research, however, a more sophisticated filtering
technique than the majority filtering technique was applied using both the ratio
scale unclassed data set and the classed data set. The filtering technique is based on
the calculation of the mode, as described by Bahrenberg and Giese (1975):

Mede = LCL + [(Np, - N 1)/(Np - N1 N+ D1 *RG
LCL = lower class limit of the majority class
Nm

Np.1 and N, . 1 = number of values in reighbouring classes

= number of values in majority class

RG = range of majority class limits

The caiculation of the mode initially generated an unclassed ratio scale data
set. The generation of a ratio scale data set has the advantage over the generation of
a classed data set that the ratio scale data can be used in parametric st..:istical
analysis and is not limited to the application of nonparametric analysis only.
Furthermore, the use of modal filtering improves the accuracy of the filtered data
because differences between the individual values within the class limits are
maintained. This detail is lost when the filtering process generates a classed data set
as is the case when majority filtering techniques are used. In a separate processing
step, the modal filtered data sets were classed according to the class limits used by
Brierley et al. (1990) for slope gradient (Table A1.4) and for downslope curvature
according to Young"s (1972) curvature classification scheme (Table A1.5).
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5.4 Interpretation of Morphometric Maps

5.4.1 Local Relief Map

The classed local relief units on the DTM map derived for a convolved 7x7
neighbourhood (Figure 5.5) was visually compared with the landform units and
associated local relief values portrayed on the Sand River surficial geology map
(Figure 3.4). Overall, the polygons on the local relief model map are comparable to
the same local relief categories represented on the Sand River surficial geology
map. The flat-rolling to flat-hummocky units in the east of the Sand River surficial
geology map, representing local relief values of 0 to 3 meters, can be easily
differentiated on the local relief model map from the moderately rolling areas in the
center of the study area, representing local relief values of 1to 10 meters. In the
west, south of the Beaver River, poorly drained depressions, specified as flat
landform categories on the Sand River geology map, are just visible as units of low
relief on the local relief model map. As presented on the Sand River geology map,
units of hummocky landforms in the southwest tend to have also high local relief
values of greater than 3 meters on the local relief model map. The highest relief in
the study area are related to varied landforms representing the banks of the creeks
and rivers which are also shown as areas of highest class values on the local relief
model map. No relief modifier was associated with these landform units on the
surficial geology map.

Flat areas representing the lakes and floodplains along the Beaver River are
largely reduced in size on the local relief mode: map. The increase in elevation
along the banks influences the local relief value up to half the distance of the
neighbourhood size which is again a result of an edge effect causeC .y the use of
neighbourhood processing functions. In some instances, for example along the lake
she es, the square shape of the neighbourhood is visible and does not produce the
preferred smooth pelygon delineations.

5.4.2 Filtered Slope Gradient Map

The filtered slope gradient map obtained for convolved 1ix11
neighbourhoods (Figure 5.6) was visually compared with the original classed slope
gradient map., A simplified more readable map was p-oduced as a result to
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smoocthing. Slope gradient units of large areal extent were created which can be
associated easily with the classed slope gradient units on the County of St. Paul soil
map (Figure 3.5).

The loss of detail caused by the neighbourhood process was not as extensive
on the filtered slope gradient map as on the local relief map; the location of water
courses of creeks (e.g. St.Lina creek in the center and south east), the Beaver River
floodplain, the steep banks of the former glaciogenic spillway, the lakes to the
southwest, and single hummocks or hills in the north west can easily be recognized
on the filtered slope gradient map. Fine details, however, such as differences
between creek valley bottoms and valley walls, differences between steeper slopes
and flatter hill tops of hummocks and ridges, are lost on the filtered slope gradient
map in comparison to the original slope gradient map. This detail, however, is not of
importance for delineating homogeneous slope gradient units of iarge areal extent.

To evaluate whether or not the generation of homogeneous units is
avi’ opriate for landform mapping as determined by the County of St. Paul soil
survey, the slope gradient class values portrayed on the filtered slope gradient model
map were compared with the landform categories of the County of St. Paul soil
survey map. Generally, the class values of the filtered slope gradient model map are
lower than the values shown on the County of St.Paul soil survey map. These lower
class values were als r2g:rse:ted on the original slope gradient model map and are
consequently not a result cf the filtering process. Johnson (1988) and Niemann
(1988’ a'so concluded that slope gradient class values were lower on DTMs than on
physical land classification maps of Alberta.

The difference in the slope gradient class values between the slope gradient
model map and the County of St. Paul soil map amounts, in most instances, to one
class interval. As a result, the slope gradient class differences are generally still
distinguishable between the different landform units. For example, slope gradient
model classes representing 2 to 5 percent slope correspond to soil survey classes
representing 5 to 9 percent slope, and slope gradient model classes representing S to
9 percent slope correspond to soil survey classes consisting of 9 to 15 percent slope.
In contrast, level units of 0 to 2 percent slope gradient cannot be differentiated from
undulating units of 2 to 5 percent slope gradient on the slope gradient mcdel map
because both units are represented by the same class values of 0 to 2 percent siape
on the slope gradient model map.
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Within areas of high spatial variability, the homogeneity of landform units
was improved on the filtered slope gradient model map over the original
heterogeneous classed grid cell pattern of the original slope gradient model. But the
filtering process did not produce the preferred large areas of homogeneous units
mapped in the County of St.Paul soil survey. For example, the County of St. Paul
soil landform units hummocky(9-15%) and hummocky(>15%) could not be
differentiated on the filtered slope gradient model map because the areal extent of
units of high slope gradient class values was reduced. Both landform units,
hurnmocky(9-15%) and hummocky(>15%), are represented on the filtered slope
gradient model map by a iixture of units of 5 to 15 percent slope.

5.4.3 Filtered Curvature Map

The generation of a filtered curvature map is only indirectly related to the
objective of this research because curvature does not exist as a quantitative modifier
on the County of St.Paul soil map or on the Sand River surficial geology map. But as
described in the previous chapter, curvature is of importance for the determination
of drainage lines, the location of poorly drained depressions, and the interpretation
of landform patterns. The curvature map filtered for a convolved 5x5
neighbourhood (Figure 5.7) was compared with the original classed curvature map.
The noise on the unfiltered curvature map, which is a consequence of higher order
derivatives (Burrough, 1986), was substantially redused on the filtered curvature
map. The main drainage lines, such as the St. Lina Creek, emerge as prominent
features on the filtered map because noise is no longer interfering with the more
pronounced drainage netwcrk. Consequently, differences between linear and
nonlinear channel and ridge networks between the hummocky and ridged to rolling
landform types is enhanced and more clearly visible.

5.5 Summary and Future Research Considerations

The generation of the local relief map as well as the filtered slope gradient
and downslope curvature mode! maps was based on context dependent
neighbourhood operators. An attempt was made to determine the neighbourhood
sizes based on texwure and grain analysis. Grain analysis of low relief landforms
using relief/are curves, a method described by Pike et al. (1989), did not present
any knick within the selected neighbourhood size range of up to 475m. The



76

pooyinoqubiau Gxg PaA|OAUOD B 1O} PAALIP J3YY [EPOW {9POW 8INjeAINd adojsumoq "2°S ainbiy




77

neighbourhood size was finally selected in accordance with an accurate
representation of the local relief class limits as shown on the Sand River geology
map. However, the selected neighbourhood sizes were much smaller than those
derived according to texture analysis of slope gradient. This result contradicts the
accepted definition in the literature that local relief represents the vertical variation
of the long wavelengths, whereas texture represents the smaller wavelengths.
Consequently, it was assumed that the local relief class limits defined by Andriashek
and Fenton (1989) for the Sand River surficial geology map were either
underestimated or that further research is needed to analyse the effects of grain
analysis on low relief landforms. As long as the area over which local relief is
derived, cannot be defined more accurately, it is recommended that slope gradient
instead of local relief is used as a quantitative modifier in landform classification.

In this research, the determination of neighbourhood sizes for automated
landform mapping based on relative variance has been implemented for the first
time. The use of relative variance hos the advantage of being a relative measure of
homogeneity for which a predetermined threshold is provided by the logical break
point of 0.5 relative variance representing equal values for within and between unit
variance. However, the variation of relative variance between the different landform
units causes difficulties in selecting a fixed neighbourhood size for mapping an
entire study area. As a consequence, neighbourhood sizes determined according to
relative variance can only act as a guideline within which the neighbourhood size for
filtering can be specified. The final selection of the neighbourhood size is a trade-off
between accuracy, with limits determined by texture or grain analysis, and simplicity
judged by visual inspection. The ultimate decision, as to which neighbourhood size
to select, is left to the analyst considering the objective of the mapping project and
the overall desired impression of the map. Additionally, the varying relative
variances and relief/area curves for different landform types of varying roughness
suggest that the application cf a flexible neighbourhood size should be implemented
instead of a fixed neighbourhood size. Methods of image segmentation considering
landform variation are discussed in chapter 7.

The application of a modal filtering technique greatly improves the
readability of the slope gradient and curvature maps. The application of the modal
filtering technique has the advantage over the use of the majority filtering technique
in that the former generates a ratio scale data set while it uses the majority concept
for filtering classed data sets. The ratio scale data set represents data value
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variations within class limits and does not generalize the data to be represented by
one class value only. As a result, the filtered ratio scale data set can be used in
parametric analysis.

Comparisons of the local relief and slope gradient model maps with the Sand
River surficial geology map and the County of St. Paul soil map revealed that the
areal extent of the derived homogeneous units and the morphometric class values is
comparable between the maps in spite of overestimation of slope gradient class
values on the County of St. Paul soil survey map. The results of landform mapping
using DTMs and neighbovrhood processing functions, described to this point in the
thesis, have so far beer ssed qualitatively, based solely on image comparison.
Before the effectiveness of DTMs and neighbourhood processing functions in
automated landform mapping can be properly evaluated, the models must also be
interpreted quantitatively using descriptive statistics. Such a statistical analysis is the
focus of the next chapter.
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6. Quantitative Analysis of Soil and Geology Landform Classifications

To provide comparable landform category definitions for Canadian soil and
geology survey maps, the Canadian System of Soil Classification (E.C.S.S., 1987a)
adopted many aspects of the Terrain Classification System used by the Canadian
Geology Survey (Howes & Kenk, 1988; Fulton ¢ al, 1974). As a resuit, the
definitions of surface expression provided by the Canadian System of Soil
Classification and the Terrain Classification System overlap substantially (Table
A1.1). Despite the attempt to provide comparable landform classifications, the two
landform classifications used in the County of St. Paul soil survey (Brierley et al,
1990) and the Sand River surficial geology map (Fenton and Andriashek, 1983),
vary not only according to surface expression definitions but also in the use of
morphometric modifiers (Table A1.3 and A1.4). As a result, the location and areal
extent of the individual landform units differ between the two surveys; aspects of
these differences have been examined previously in Chapter 4 and 5. The
differences beiween the two classifications are related to a lack of detail, and the
exact definition of surface expression, because the classification is not based on a
parametric system, and is the direct result of the subjectivity inherent in the
photointerpretation process.

Similar methodological deficiencies also apply to the descriptive comparison
of surface expression definitions as listed in Tables A1.3 to Al.4 and to the visual
comparison of digital terrain model (DTM) maps, and soil and geology landform
maps as described in Chapter 4 (Table 4.1) and 5. To avoid the subjectivity of such a
qualitative analysis, a two-step quantitative analysis is presented in this chapter.
First, landform categories are defined objectively on the basis of statistical measures
derived from DTM distributions of local relief, slope gradient and downslope
curvature; and, second, landform categories are statistically compared by testing the
similarity of DTM distributions between the individual landform categories.

The chapter is divided into three sections. In the first section, the general
suitability of DTM distributions to accurately represent landform categories and to
discriminate between landform categories is examined. A second section involves
the quantitative analysis of soil landform categories according to morphometric
characteristics, and according to differences and similarities between DTM
distributions. The same analysis is implemented to characterize and compare the
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geology categories. In a third section, the correspondence between geology 2nd soil
landform categories is statistically analysed according to areal overlap of the
individual categories, as well as similarity and differences between DTM
distributions. The detail of the statistical analysis was designed to provide the basis
for redefining the description of landform categories and to refine the selection of
rigid landform parameter definitions as anticipated by the E.CS.S. (1987a) for
future landform classifications.

6.1 Statistical Methods

The quantitative analysis implemented in this research is based on the
concept of geometric signature defined by Pike (1988) as a set of measurements that
describes topographic form precisely enough to distinguish geomorphologically
disparate landforms. The statistical measurements are derived from morphometric
variable distributions®-! represented by DTMs of local relief, slope gradient and
downslope curvature and involve the overlay of soil and geology landform data sets
not only with unclassed but also with classed DTMs. Classed DTMs have to be
considered in this analysis because the soil and geology landform classifications are
defined according to classed morphometric modifiers. The data used in the analysis
appear in three different measurement scales: landform categories are represented
as nominal scale data, classed DTMs as interval scale data, and unclassed DTMs as
ratio scale data. Consequently, the statistical methods have to be selected not only
according to the research objectives but also according to the data types.

Most of the quantitative landform analysis methods published in recent years
rely on the availability of ratio scale data (Strahler, 1956; Gardiner, 1976; Speight,
1977; Evans, 1980; O’Neill and Mark, 1987; Pike, 1988; Pennock et al, 1987,
Carrara, 1983). For example, first order statistics, based on first moment and second
moment measurements of morphometric variable distributions, such as mean and
variance, were used to summarize, compare, and evaluate landform characteristics
of different landform and physiographic regions (Evans, 1980; Pike and Thelin,
1989). For the analysis of interval and nominal scale data, however, nonparametric

BT The term morphometric variable distribution is used whenever general
morphometric characteristics of landform categories are described whereas the term
DTM distribution has the same meaning as morphometric variable distribution but
refers in this thesis specifically to the characteristics derived from the DTM
distributions of 1 relief, slope gradient and downslope curvature.
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methods must be implemented. Histograms, cross-tabulations and nonparametric
tests were uscd by several authors to describe and compare different landform
categories (Gregory and Brown, 1966; Horvarth et al., 1537, Westerveld et al., 1987,
Dikau, 1990b; Onorati et al., 1992).

In this research, both, parametric and nonparametric, methods were used to
describe the morphometric characteristics of the individual landform categories.
Nonparametric measurements in form of histograms and cross-tabulations were
used to determine dominant and secondary morphometric classes for the individual
landform categories. Such measurements have been used before by Horvath et al.
(1987) to facilitate the mapping and description of soil units. Parametric
measurements were used in the present research in the form of standardized ranges
and coefficients of variance derived from unclassed DTM distributions. Finally, the
landform categories were ranked according to magnitude and variance of local
relief, slope gradient and downslope curvature, as used by Pike (1988) to
differentiate between soft and hard landform types affected by landslides. All of
these statistical measurements were carried out to characterize the landform
categories more accurately and more extensively than the dominant class modifier
of local relief and slope gradient used currently in geology and soil landform
classifications.

The second group of statistical methods used in this study evaluated the
possibility of discriminating between landform categories on the basis of DTM
distributions. Several multivariate analysis techniques have been used to
differentiate between landform categories, including an indexing system based on
first moment and second moment measurements of altitude, slope gradient and
curvature distributions (Pike, 1988), F-tests to determine the discriminatory power
of factor scores derived from a diversity of morphometric variables (Gardiner,
1976), and canonical (Pennock et al, 1987) and stepwise discriminant analyses
(Carrara, 1983) used to select landform attributes relevant for landform analysis.
While all of these analytical techniques use frequency distributions of several
samples representing the same landform category, this study focuses on the analysis
of one frequency distribution which represents the entire landform category.

Differences and similarities between the morphometric variable dist-ibutions
of the individual landform categories can be examined through the use of statistical
tests. A nonparametric test, the Chi-square-test, was used by Westerveld et al
(1984) to compare ecological land units based on nominal and interval scale data.
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The test, however, is meaningless when the class frequencies approach zero (Sicgel,
1956). This phenomenon occurred ir: this research for the morphometric classes of
several landform categories. Strahler (1956) faced the same problem when he used
the Chi-square-test to compare differences between slope gradient distributions of
different landscapes. To circumvent the problem of zero frequency counts, Strahler
rearranged the limits of the classes su they contained at least S percent of the data
distribution. For this study, the Chi-square-test still had to be rejected because the
class limits are fixed, imposed by the geology (Andriashek and Fenton, 1989) and
soil survey classifications (Brierley et al, 1990).

The same principles, however, used by Westerveld et al. (1987) to compare
the similarities and differences between landform categories were applied in this
study by using a parametric F-test instead of the nonparametric Chi-square-test. F-
tests have been used to compare variances of two different distributions (Davis,
1986) and can be applied here because the morphometric variables are also
expressed as ratio scale data. The F-test was chosen over other tests because the F-
test is not as affected by skewness and small sample sizes as other tests. The F-test,
as applied in this thesis, compares the variances of each individual DTM
distribution of local relief, slope gradient, and downslope curvature for every
landform category combination within the geology classification, within the soil
classification, and between the two classifications. The null hypothesis for these tests
states that the variances of the morphometric variable distributions between two
landform categories are the same and that the samples are derived from the same
overall distribution at a significance level of 1 percent (Davis, 1986).

Finally, the relative variance was used to determine which DTM distribution
best represents the landform categories as homogeneous units. The measure of
homogeneity assumes that the morphometric distribution variance within the
landform categories is less than the variance between the landform categories
(described in Chapter 5). The relative variance is often used to test the accuracy and
uniformity of map unit polygons in svil and geomorphology surveys (Beckett and
Burrough, 1971; Webster and Beckett, 1971; Van Zuidam, 1986).

6.2 Morphometric Variable Selection

The morphometric variables represented by the DTM distributions of local
relief, slope gradient and downslope curvature selected for the statistical analysis
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are the same as the ones used in previous chapters (Chapter 4 and S). However, the
use of elevation and azimuth data is restricted because the frequency distribution of
the variables were not derived for each landform unit individually but for the entire
landform category.

Elevation is not directly considered in the analysis because the clevation
magnitude might vary from unit to unit within the same landform category. The
resulting elevation range for the entire category might not represent the range
within a unit but rather between units and would distort the elevation range for the
entire landform category. For this reason, elevation was replaced in this research by
local relief which measures the range of elevation over a neighbourhood as
described in Chapter S.

A similar problem affects the azimuth data. Azimuth distributions are used to
differentiate between inclined, ridged and hummocky landform categories. Inclined
landforms are unimodal, ridged landforms are bimodal whereas hummocky and most
other landforms are multimodal. If azimuth values differ between two landform
units within the same category, unimodality, bimodality or multimodality is not
present in the overall frequency distribution of the landform category. Secondly, the
statistical analysis of azimuth data is more complex as a result of the circular nature
of the data (Davis, 1986). In this research, modality of azimuth data was derived
from the visual inspection of azimuth histograms. The modality was used only tc
make a distinction between hummocky, inclined and ridged landform units if the
graphical display of the classed data distribution permitted.

The frequency distributions of the DTMs were determined for unclassed and
classed data sets. DTMs of local relief, slope gradient and downslope curvature
were categorized according to the class limits used in Chapter 4 and 5 (Table Al4
and ALS5). The azimuth distribution was divided into eight classes each associated
with one of the eight cardinal compass points. A ninth class was added for slopes of
less than 0.5 percent slope gradient (flat).

6.3 Overall Statistical Analysis of Morphometric Variables
6.3.1 Representation of Statistical Measures

The overall statistical analysis of morphometric variables represented by
DTM distributions of local relief, slope gradient, and downslope curvature was used
to determine the suitability of various DTMs to accurately represent the
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morphometric modifiers of the landform classifications and to discriminate between
landform categories of the soil and geology classification. The following DTMs were
analysed; local relief derived from convolved 3x3 to 11x11 neighbourhoods, slope
gradient and filtered slope gradient derived from convolved 7x7 to 13x13
neighbourhoods, and downslope curvature and filtered downslope curvature derived
from a convolved 5x5 neighbourhood. For the statistical analysis the following
measurements were used (Table 6.1 and 6.2):

1.

The measure of percent correspondence presents the percent overlap between
the morphometric modifier classes associated with the landform categories and
the corresponding DTM classes. This measurement was used to determine how
accurately the morphometric modifiers were represented by corresponding DTM
classes. The percent correspondence measure is listed only for those DTMs which
coincide with the morphometric modifiers of the landform categories (local relief
for geology landform categories and slope gradient for soil landform categories).

. The overall correspordence of landform categories with dominant DTM classes

is presented as a measure of percent dominant class overlap. The dominant class
overlap determines how definite a landform category is associated with one DTM
class only.

Relative variance specifies the homogeneity of DTM distributions within
landform categories. As stated in Chapter 5, the relative variance was derived
from the ratio of the pooled within landform category variance and the total
variance for each DTM distribution. If the relative variance exceeded a value of
0.5, the variance between the categories was smaller than within the categories
and the DTM did not represent the landform categories as homogeneous units.

. The percent discriminatory power determines how well each DTM distribution

discriminates between landform categories according to the results of the F-test
given in appendix 2 (I7igure A2.2.1 to A2.2.3 for the soil classification and Figure
A24.1 to A2.4.3 for the geology classification). The discriminatory power was
derived by counting the number of times the DTM distributions of two landform
categories were not similar according to a 99 percent significance level and then
by dividing this count by the number of landform category combinations (105 for
the 15 soil landform categories and 190 for the 20 geology landform categories).
The measure of discriminatory power was used by Westerveld et al. (1984) to test
the ability of morphometric variables for the differentiation of landform

categories.
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6.3.2 Results

The statistical measures shown in Table 6.1 and 6.2 were used to determine
which DTM distribution, local relief, slope gradient, or downslope curvature,
represented the landform categories most accurately. Furthermore, the measures
were used to determine empirically the outcome of neighbourhood processing
implemented in Chapter 5. According to the measure of percent correspondence,
the local relief modifiers associated with the geology landform categories were most
accurately represented by a classed local relief distribution derived for a convolved
7x7 neighbourhood. The neighbourhood size was the same size as that determined
in Chapter S according to a qualitative assessment of the relief/area curve. All other
statistical measures listed in Table 6.1 and 6.2 do not suggest a strong trend which
would indicate an improvement or deterioration in lc:al relief distribution accuracy
for increasing or decreasing neighbourhood sizes.

The effect of the filtering process derived from neighbourhoods of increasing
sizes was analysed using the slope gradient DTM distributions. The measure of
correspondence decreases slightly for neighbourhoods of increasing sizes. All other
statistical measurements show an improvement in accuracy for landform categories
obtained from filtered DTM distributions. The increase of percent dominant class
overlap for filtered DTM distributions derived from neighbourhoods of increasing
sizes is related to the effect of modal filtering which reduces the number of cases for
classes containing the smallest frequencies. This assimilation process reduces the
variance within the landform categories reflected by a lower relative variance for
filtered data sets. At the same time, the discriminatory power increases, which
indicates that the ability of the DTM distributions to discriminate between the
landform categories has improved. According to the percent discriminatory power,
slope gradient distributions differentiate more accurately between landform
categories than local relief distributions, whereas, according to the relative variance,
local relief distributions portray landform categories as more homogeneous than
slope gradient distributions. The higher relative variance of local relief distributions,
however, may not be related to an improvement in accuracy but may be explained
by an increase in the number of local relief classes greater than 10 meters for
increasing neighbourhood sizes which decreases the within variance and
consequently the relative variance. The increased frequencies found for local relief
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Table 6.1. Statistical Measures Assessing the Suitability of Different DTM Distributions
for Delineating Soil Landform Categories

% dominant % discri-
DTM % corre- class relative minatory
distributions spondence overlap variarice power1
Local relief(3x3) 58.26 0.6556 75.24
Local relief(5x5) 56.63 0.6103 77.14
Local relief(7x7) 59.01 0.5722 70.48
Local rellef(9x9) 58.60 0.5449 62.86
Local relief(11x11) 61.31 0.5266 66.67
Slope gradient (SG) 25.02, 55.76 0.6653 75.24
55.76
Filtered SG(7x7) 2469, 58.63 0.6528 82.86
53.55
Filtered SG(39) 24.29 59.92 0.6349 84.76
54.09
Filtered SG(11x11) 2392, 61.16 0.6202 85.71
54.69
Filtered SG(13x13) 2339, 62.30 0.6074 85.71
54.83
Downslope curvature (DSC) 0.9810 80.95
Fittered DSC(5x5) 0.9659 89.52

1 The percent discriminatory power is derived by counting the number of times, DTM distribuilons
are not similar between two landform categories at a 99% significance level using an F-test,
divided by the total number of possible landform category combinations which is 105 for the 15
soll landform categories. For individua! F-test results see Figure A2.2.1t0 A2.2.3

* % correct classification for one slope gradient class interval lower than assigned to the soll
landform category
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Table 6.2. Statistical Measures Assessing the Sultability of Different DTM Distributions
for Delineating Geology Landform Categories

% dominant % discri-
DT™ % corre- class relative minatory
distribution spondence overlap variance power’
Local relief(3x3) 50.28 55.98 0.7217 69.47
Local rellief(5x5) 65.95 50.78 0.6913 68.42
Local relief(7x7) 69.14 55.67 0.6682 67.27
Local rellief(9x9) 67.10 55.48 0.6520 64.74
Local relief(11x11) 62.61 57.41 0.6418 63.68
Slope gradient (SG) 54.49 0.7308 68.42
Fiitered SG(7x7) 55.86 0.7455 73.68
Fitered SG(9x9) 57.05 0.7418 73.68
Filterod SG(11x11) 57.78 0.7389 75.24
Fittered SGi(13x13) 58.63 0.7373 79.47
Downslope curvature (DSC) 0.9899 74.21
Fittered DSC(5x5) 0.9892 74.74

! The percent discriminatory power is derived by counting the number of times, DTM distributions
are not similar betweer: two landform categories at a 99% significance level using an F-test,
divided by the total number of possible landform category combinations which is 190 for the 20
geology landform categories. For individual F-test results see Figure A2.4.1 to A2.4.3
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classes greater than 10 meters, in turn, reduces the discriminatory power of the local
relief distribution.

The measures of relative variance and percent discriminatory power are even
more contradictory when comparing the downslope curvature distribution with the
slope gradient and local relief distributions. According to the measure of
discriminatory power, the downslope curvature distributions allow for a more
accurate differentiation between landform categories than any other DTM
distribution, whereas a very high relative variance indicates a low homogeneity of
downslope curvature distributionr within the landform categories. The low
homogeneity indicates a high variance within the landform categories which is
caused by a high kurtosis. The high kurtosis, which is expressed by a high
concentration of values around zero, is particularly a result of downslope curvature
being a second order derivative of elevation.

Furthermore, the variance of the filtered downslope curvature values within
the landform categories is overestimated; this is caused by the modal filtering
process used in this research. In the modal filtering process, the lower and upper
class limits were set very high to include the extreme values of the distribution.
Consequently, the modal values of the very concave and very convex classes are
disproportionally increased and decreased (see Chapter 5 for a description of the
modal filtering methods) which causes the within landform category variance to be
further increased for downslope curvature distributions. To a lesser degree, the
overestimation of the extreme modal class values applies not only to the curvature
DTMs but also to the upper class of the filtered slope gradient DTMs.

The calculation of percent dominant class overlap for dominant downslope
curvature classes is meaningless because most landform categories are represented
by straight slopes caused by the high concentration of values around zero. In
addition, no percent correspondence was determined because curvature was not
used as a morphometric modifier in the soil or the geology landform classification.
Measures of the azimuth distributions are also not listed in Tables 6.1 and 6.2
because the landform categories are not described by a specific azimuth direction
but according to varying azimuth modalities as described in section 6.2. The F-test
and relative variance are not of any value for differentiating the modality status |
between landform categories because these tests compare the azimuth distribution
variances instead of similarities in unimodality, bimodality, or multimodality
between the landform categories.
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According to the relative variance, no DTM distribution differentiates
between the landform categories satisfactorily. The between category variance is
greater in all cases than the within category variance, reflected by a higher than 0.5
relative variance. The relative variance, however, may be an inappropriate method
to measure the homogeneity of the landform categories because too little is known
about the application of relative variance in landform mapping (see Chapter 5). The
chance, however, is greater that the landform maps are inaccurate because the
delineation of the landform categcries was also dependent on other than landform
characteristics. Comparing the percent discriminatory power, the relative variance
and the percent dominant class overlap of the soil and geology landform
classifications, in some instances, the measurements vary more between the soil and
geology landform classifications than between the DTM distributions. Consequently,
the interpretation of surface expression and the use of morphometric modifiers, on
which basis the landform categories were delineated in the soil and geology
landform mapping projects, influence the result of the statistical analysis more than
the differences between the DTM distributions. The following sections, therefore,
analyse and discuss the accuracy of the soil and geology landform classifications in

even greater detail.

6.4 Analysis of the Soil and the Geology Landform Classifications
6.4.1 Representation of Statistical Measures

Based on the digital overlay of the County of St.Paul soil landform
classification and the Sand River geology landform classification with DTM
distributions of local relief, slope gradient, azimuth and downslope curvature, the
following statistical measures were derived represented in various diagrams and
tables:

1. Classed frequency distributions of local relief, slope gradient, downslope
curvature and azimuth derived for each landform category of the geology and soil
classification are presented as histograms (Figure A2.1.1 to A2.1.15 for soil
landform categories and Figure A2.3.1 to A2.3.20 for geology landform
categories). The frequency distributions of the original DTMs and the filtered
DTM:s are considered in these histograms. The filtered slope gradient DTMs
were derived from a convolved 11x11 neighbourhood (fiit.sl.grad.(11x11)) and the
filtered downslope curvature DTM from a convolved 5x5 neighbourhood
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(filt.dsl.curv.(5x5)). Local relief was determined by the calculation of ranges from
convolved 3x3 (local relief (3x3)) and 7x7 neighbourhoods.

. The dominant and secondary DTM classes for local relief, slope gradient and
downslope curvature and the associated percent frequencies were derived from
the histograms and are presented in Table 6.3.1 to 6.3.3 for soil landform
categories and Table 6.5.1 to 6.5.3 for geology landform categories. The
dominant DTM class is of special importance because the notation of the
quantitative modifier used in the County of St.Paul soil survey is based on the
determination of the dominant slope gradient class (Brierley ef al., 1990).

. The standardized range containing SO percent of a morphometric variable
distribution was calculated for each landform category by adding plus and minus
0.67 standard deviation units to the mean. The standardized range is used as
another measure, which represents the majority of the morphometric distribution
(50%), and can be used to replace the nonparametric modifier represented by
the dominant class. The standardized range for curvature was not of great
importance in the analysis because most categories are represented by straight
slopes caused by a high concentration of values around zero as described in
section 6.3.2. However, the range between the lower and upper limits indicates
the variability of the land surface.

. The coefficient of variance was calculated as a ratio of the standard deviation
and the mean, and was used by Pike and Thelin (1989) to represent topographic
homogeneity within physiographic regions. This measure was used in this study to
indicate the comparability of two landform categories not only with respect to
their variances as shown by the F-test but to recognize differences between the
mean and the variance of the DTM distributions within the landform category. A
coefficient of variance above 1.0 suggests that the standard deviation is higher
than the mean and the landform category is considered to be heterogeneous. A
coefficient of variance of less than 1.0 indicates that the sta~dard deviation is less
than the mean and the landform category is most likely to be homogeneous. The
calculation of a coefficient of variance from the downsicpe curvature distribution
is meaningless because downslope curvature distributions contain a high
frequency of zero curvature values resulting in a mean value of or near zero.

. The landform units were ranked according to a method used by Pike (1988) to
differentiate between hard and soft terrain types affected by landslides. The rank
was used in this study to provide another measure for differentiating between
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landform categories of the same dominant class and similar variance. Arank of 1
was assigned to the landform categories of lowest relief and slope gradient
magnitude represented by the highest frequency of 0 to 1 meter local relief and 0
to 2 percent slope gradient. The ranks of local relief and slope gradient variance
were assigned according to increasing variance values and indicate the degree of
landform roughness within a landform category. The rank for downslope
curvature, which was determined according to the highest percent of straight
slopes, is closely related to the rank of slope gradient variance because the
standard deviation of slope gradient is simply another expression of the degree of
curvature (Evans, 1972). The statistical measures listed in points 2 to 5 are
summarized in a series of tables (Table 6.3.1 to 6.3.3 for the soil landform
categories and Table 6.5.1 to 6.5.3 for the geology landform categories)-

6. The measure of similarity between landform categories was determined for those
categories which had the same morphometric variable distributions at 2 99
percent significance level (Table 6.4 for soil landform categories and table 6.6 for
geology landform categories). The measure of morphometric variable
distribution similarity is based on a comparison of variances using the F-test. The
F-test results for local relief(7x7), slope gradient and downslope curvature are
listed in appendix 2 for F-values at a significance level of less than 1 percent or
1.70 (Table A2.1.1 to A2.1.3 for soil landform categories and Table A2.2.1 to
A2.2.3 for geology landform categories). The measure of similarity was derived
by counting the number of times morphometric variable distributions were not
significantly different between two landform categories implemented for every
combination of landform categories. For example, a count of 3 indicates that the
distributions of local relief(7x7), slope gradient and downslope curvature are not
significantly different between two landform categories. Westerveld ef al. (1934)
used this count of similarity as a measure to determine correspondences between

landform categories.

6.4.2 Analysis of the County of St.Paul Soil Landform Classification

The measure of percent correspondence (Table 6.1) represents 2 very low
overlap of only 25.02% between slope gradient classes associated with soil landform
categories and the corresponding slope gradient DTM classes whereas the value of
55.76% dominant class overlap (Table 6.1) is more than twice as high as the value of
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percent correspondence. These two measures differ because the corresponding
slope gradient DTM classes are generally one if not two class intervals below those
estimated by the soil survey for the quantitative modifier (Table 6.3.2). For this
reason, the percent correspondence is calculated a second time for slope gradient
DTM class limits one interval below that assigned to the soil landform category
(Table 6.1). The percent correspondence of slope gradient for soil landform
categories increases from 25.02% to 57.70%. This result confirms the observation
made in Chapter 4 and 5 that slope gradient was overestimated on the County of
St.Paul soil survey map.

The characteristics of the individual landform categories can be best
interpreted from the histograms (Figure A2.1.1 to A2.1.15) and the statistical
measurements given in Table 6.3.1 for local relief distributions, in Table 6.3.2 for
slope gradient distributions, and in Table 6.3.3 for downslope curvature
distributions. Measures of morphometric distribution similarities between the
landform categories according to F-test results for local relief, slope gradient and
downslope curvature are listed in Table 6.4 (for single variable listings see Figures
A22.1t0 A2.2.3).

The landform category lake represents the flattest of all landform categories
in the study area and has the highest percentage of 0 to 1 meter local relief and 0 to
2 percent slope gradient which is also reflected by a high frequency of straight slopes
and the lowest rank of local relief and slope gradient magnitude. The landform
categories level(0-2%), undulating(0-5%), undulating(2-5%) and hummocky(5-15%)
are of slightly higher relief than category lake and are similar according to the rank,
dominant class and standardized range. While only the landform categories level(0-
2%) and undulating(2-5%) are drawn from the same population according to the F-
test results (Table 6.4), the category hummocky(5-15%) is not significantly different
from the category lake. The two categories, lake and hummocky(5-15%), can only be
differentiated according to the standardized range which is higher for hummocky(5-
15%) than for lake caused by a higher mean value of the landform category
hummocky(5-15%;. This discrepancy between the mean and the standard deviation
between the two landform categories is expressed by different coefficients of
variance. Lake has a coefficient of variance twice as high as hummocky(5-15%). The
higher than expected variance of the category lake is probably related to an increase
of slope gradient and local relief values at the margins of lakes which causes the
category lake to appear as rough as hummocky(5-15%). According to the
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Table 6.3.1. Statistical Measures Describing Local Relief Characteristics for Soll Landform

Categories

Local relief(7x7) (meters)

Standardized

Landform categories Dominant Rank range Rank
(% of total area) & 2.class %FQ' mag? w3 uL var’ cVvé
Lake 0-1 (55.35) (1) 0.18 3.00 (&) 1.32
(2.33) 1-3 (29.12)
Level(0-2%) 13 (39.86) 2 0.74 439 (6) 1.06
(10.74) 0-1 (31.90)
Level(0-10%) 3-10 (63.31) ®) 313 10.26 (14) 0.86
(2.31) 1-3 (24.35)
Undulating(0-5%) 1-3 (47.91) (3) 148 4.27 [l 0.73
(0.49) 3-10 (36.47)
Undulating(2-5%) 1-3 (50.34) (s 136 4.99 ) 0.85
(22.57) 3-10 (36.03)
Dissected(>5%) >10 (98.14) (15) 16.25 23.18 (12) 0.26
(0.13) 3-10 (1.86)
Dissected(> 10%) >10 (86.15) (14) 1345 23.15 (15) 0.40
(2.87) 3-10 (13.39)
Hum-Inclined(>9%) >10 (55.81) (13) 8.09 14.36 (10) 0.42
(0.40) 3-10 (43.93)
Hum-Inclined!> 15%) 3-10 (51.68) (11) 6.28 12.88 (11) 0.51
(0.70) >10 (41.11)
Hum-Riaged(5-9%) 3-10 (69.03) ©) 307 671 (6) 0.56
(8.18) 1-3 (24.59)
Hum-Ridged(9-15%) 3-10 (63.58) (9) 447 925 ®) 0.52
(1.43) >10 (21.64)
Hummocky(5-9%) 3-10 (65.23) (7) 3.18 7.57 ) 0.61
(19.81) 1-3 (21.72)
Hummocky(9-15%) 3-10 (65.23) (10) 473 10.51 (9) 0.57
(19.37) >10 (23.99)
Hummocky(> 15%) 3-10 (53.31) (12) 646 1347 (13) 0.52
(8.45) >10 (42.61)
Hummocky(5-15%) 13. (68.49) ) 157 4.09 (1) 0.66
(0.22) 3-10 (26.45)

! frequency, 2 magnituds, 3 lower limit, ¢ upper limit, 3 variance, ¢ coefficient of variance



Table 6.3.2. Statistical Measures Describing Slope Gradient Characteristics for Sol

Slope gradient (percent)
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Landform Categories
Dominant Rank
Landform categories & 2. Class %FQ’ mag?
Lake 0-2 (90.95) (1)
2-5 (7.02)
Level(0-2%) 0-2 (80.43) (3)
2-5 (15.27)
Level(0-10%) 0-2 (40.18) (8)
25 (35.49)
Undulating(0-5%) 0-2 (74.00 4)
2-5 (25.56)
Undulating(2-5%) 0-2 (72.46) (5)
25 (23.78)
Dissected(>5%) 9-15 (36.88) (15)
15-30 (29.24)
Dissected(>10%) 9-15 (42.50) (14)
59 (26.13)
Hum-Inclined(>9%) 5-9 (42.25) (13)
25 (29.90)
Hum-Inclined(> 15%) 2-5 (33.56) (11)
59 (32.89)
Hum-Ridged(5-9%) 2-5 (48.89) (6)
0-2 (41.58)
Hum-Ridged(9-15%) 2.5 (44.26) 9)
0-2 (28.69)
Hummocky(5-8%) 25 (47.90) (7)
0-2 (38.89)
Hummocky(9-15%) 25 (43.08) (10)
59 (25.94)
Hummocky(> 15%) 25 (35.94) (12)
59 (32.90)
Hummocky(5-15%) 0-2 (82.05) (2)
25 (14.58)

Standardized
T A o
000 162 @ 1.69
019 251 @) 1.28
1.27  6.38 (13)  1.00
072 215 (1) 0.75
054 289 ) 1.02
747 1595 (15 054
6.76 13.25 (14 048
421 852 (100 050
305 7.74 (11) 065
145 388 ©) 0.68
212 505 8) 0.61
147 439 'ty 0.75
221 628 9) 0.71
311 820 (12) o067
059 236 &) 0.89

! frequency, 2 magnitude, 3 lower limit, 4 upper limit, 5 variance, © coefficient of variance
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Table 6.3.3. Statistical Measures Describing Downslope Curvature Characteristics for Soil
Landform Categories

Downslope Curvature (percent/25meters)

Standardized

Dominant Rank range Rank

Landforin categories & 2.class %FQ' mag? w o var’

Lake s, (7685  (2) 073 0300 (3
oV (18.69)

Level(0-2%) st (69.82)  (5) 08 035 (4
cv (23.09)

Level(0-10%) o, (4518  (10) 805 1017 (14)
str (30.20)

Undulating(0-5%) st (8472 (1) 035 007 ()
cv (12.58)

Undulating(2-5%) st (7133) @) 073 076 (5
cx (14.07)

Dissected(>5%) vy, (45.87)  (15) 743 035 (15
cv (31.92)

Dissected(> 10%) cv, (34.10)  (14) 232 153 (13)
cX (33.36)

Hum-inclined(>9%) oV, 4322)  (13) 454 1317 (1)
cx (31.61)

Hum-Inclined(> 15%) oV, (4242) (1) 164 111" (10)
cx (27.26)

Hum-Ridged(5-9%) st (8557)  (6) 078 075 (1)
cv (21.82)

Hum-Ridged(9-15%) str (4383)  (8) 072 08 (6
*
cX (29.19)

Hummocky(5-9%) st (52.35) @) 081 08 (8
cx (25.04)

Hummocky/(9-15%) st (34.73) ©) 136 124 (9
cv (32.36)

Hummocky(> 15%) oV, @7.38)  (12) 192 158 (12)
X (30.15)

Hummocky(5-15%) st (0600  (4) 053 046 (2
cv (15.90)

! frequency, 2 magnitude, 2 lower limit, ¢ upper limit, S variance
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standardized range, category hummocky(5-15%) resembles more closely the
categories level(0-2%) and undulating than any of the hummocky categories.
Hummocky(5-15%) should therefore be relabelled as undulating or level(0-2%).

Contrary to the results of the F-test, which indicate no significant difference
between the categories undulating(2-5%), hummocky(5-9%) and hummocky-
ridged(5-9%), only the categories hummocky(5-9%) and hummocky-ridged(5-9%)
are alike according to the statistical measures presented in Table 6.3.1 to 6.3.3. The
categories hummocky(5-9%) and hummocky-ridged(5-9%) can only be differentiated
using the azimuth distribution (Figure A2.1.10 to A2.1.12). Hummocky(5-9%)
should be represented by azimuthal multimodality, and hummocky-ridged(5-9%) by
azimuthal bimodality. Based on visual inspection of the azimuth histograms,
hummocky(5-9%) and hummocky-ridged(5-9%) are both represented by a slight
bimodality whereas more than 50% of the category hummocky-ridged(9-15%)
consist of NE and SW, and E and W facing slopes. These azimuth directions
correspond with the direction of the flutings in the study area (Andriashek and
Fenton, 1989). The NE-SW striking ridges can be associated with the direction of
the Lac La Biche ice lobe/event trending from northwest to southeast and the E-W
striking ridges with the direction of the Seibert ice lobe/event trending from north
to south. Furthermore, the landform categories hummocky(9-15%),
hummocky(>15%), hummocky-inclined(>9%) and hummocky-inclined(>15%),
which are similar according to the distributions of local relief, slope gradient and
downslope curvature (Table 6.4), should also be distinguishable on the basis of the
azimuth distribution. Hummocky-inclined categories should be more unimodal than
hummocky categories. According to the azimuth histograms (Figure A2.1.8 and 9,
and Figure A2.1.13 and 14), only hummocky-inclined(>15%) portrays a slight bias
towards unimodality.

The distinction made by the soil survey between several hummocky,
hummocky-inclined and hummocky-ridged landform categories according to different
slope gradient classes cannot be made according to the dominant siope class derived
from the DTM distributions. For example, hummocky(5-9%), hummocky(9-15%)
and hummocky(>15%) are all characterized by the same dominant slope gradient
class of 2 to 5 percent slope (Table 6.3.2) The slope gradient class limits are of lower
magnitude than the class limits associated with the landform categories of the soil
survey as discussed in Chapter S. Only, slope gradient histograms and standardized
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ranges reflect the increase of frequencies found going from lower to higher class
values.

A reversal of slope gradient ranks exists between hummocky-inclined(>9%)
and hummocky-inclined(>15%). Hummocky-inclined(>9%), the category with the
less steep slope gradient modifier, is characterized by steeper DTM slope gradient
values than hummocky-inclined(>15%). This inconsistency may be explained by the
location of the category hummocky-inclined(>9%) at the margin of the soil map.
The morphometric variable distribution represented within the study area reflects
only parts of the frequency distribution which may not be representative for the
dist.ibution of the entire landform category. This edge effect may also affect other
categories especially of the geology classification.

The landform category level(0-10%) implies a surface expression of flat or
nearly flat terrain. But, as described in Chapter 4, level(0-10%) represents the
floodplains and creek valleys on the soil survey map. The ranks for magnitude and
variance values for slope gradient, local relief and downslope curvature are
consequently higher than expected for a level surface expression. For example,
level(0-10%) has a rank of 8 for slope gradient magnitude whereas the rank of
variance at 13 is the third highest of all 1S soil landform categories. The presence of
floodplains with a high frequency of gentle slopes are responsible for the lower rank
of slope gradient magnitude than slope gradient variance whereas the presence of
the creek valleys is related to an increase of the variance rank. Furthermore, the
surface expression of creeks is reflected by a higher percentage of concave than
convex slopes as indicated in Table 6.3.3 and Figure A2.1.3.

Both dissected categories are associated with the roughest land surface in the
study area located along the river valley walls. As a result, the dissected categories
are represented by slope gradient and local relief magnitudes and variances of
highest rank. The slope gradients are steeper for category dissected(>5%) than
dissected(>10%). The reversal between the actual steepness and the associated
slope gradient modifier is not related to an edge effect as described for the two
hummocky-inclined categories. To avoid confusion between the two dissected
categories, both categories should be combined to form one category only.

In summary, the hierarchy of landform categories established by the soil
survey according to slope gradient classes and variability of surface expression
coincides generally with the ranks derived according to magnitude and variance of
the slope gradient distributions. For some classes, ranks of slope gradient magnitude
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differ from ranks of slope gradient variance which suggests that not only the
dominant class but also the variance has to be considered for the determination of
the morphometric modifier class and class ranges. The standardized range fulfills
this requirement and provides a more precise measure of majority slope gradient
values than the dominant slope class. But as pointed out by O'Neill and Mark
(1987), and Strahler (1956), the mean and therefore the standardized range is often
higher than the mode because the slope gradient distributions show generally a
positive skewness.

6.4.3 Analysis of the Sand River Geology Landform Classification

The local relief modifiers of the geology landform categories are for 69.14%
of all cases correctly classified by the DTM classes of local relief(7x7) (Table 6.2).
But only 55.6/% of the landform categories are associated with a single
corresponding dominant local relief DTM class. The percent of correspondence is
higher than the percent dominant class overlap because the local relief modifiers
extend over two class intervals for several landform categories. For example,
hummocky-rolling(1-10m) covers the local relief classes 1 to 3 meters and 3 to 10
meters.

In the following section, the individual landform categories are characterized
according to class frequency distributions presented as histograms (Figure A2.3.1 to
A23.20), and the statistical measurements listed in Tables 6.5.1 to 6.5.3.
Furthermore, the landform categories are compared according to measures of
morphometric distribution similarities (Table 6.6, and for F-test results of the
individual morphometric distributions see Figure A2.4.1 to A2.4.3). The landform
categories of lowest relief, lake, is closely related to flat-hummocky and flat-rolling
landform categories which is expressed by a high count of morphometric distribution
similarities according to the F-test results (Table 6.6). But category lake does not
show any resemblance with category flat, which, according to the definition of
surface expression, is represented by a lower relief than associated with the
categories flat-hummocky and flat-rolling. The statistical measures (Table 6.5.1 to
6.5.3) show that flat has a higher standardized range and a higher variance for all
DTM distributions than flat-hummocky and flat-rolling. Furthermore, the F-test
results indicate that flat is not significantly different from rolling(1-3m) and ridged(3-
10m). This inconsistency between the landform category label and the actual
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Table 6.5.1. Statistical Measures Describing Local Relief Characteristics for Geology Landform
Categories

Local relief(7x7) (mciers)

Standardized

Landform categories Dominant Rank fange Rank

(% of total area) &2.class %FQ'  mag® w  uL va®  CV®
Lake 01 (55.99) m 0.18 2300 0) 1.32
(1.81) 13 (28.05)

Varied >10 (63.44) (18) 929 2423 (20) 0.66
(5.48) 3-10 (28.05)

Terrace >10 (61.12) (17 883 17.90 (16) 0.51
(0.66) 3-10 (26.47)

Flat 13 (37.42) 7)) 024 7.05 (12) 1.40
(8.82) 0-1 (30.17)

Flat-Hummocky(0-3m) 13 (58.23) ) 038 3.81 (&) 1.22
(7.57) 0-1 (25.39)

Flat-Rolling(0-3m) 13 (66.13) @) 1.16 299 1) 0.66
(1.79) o-1 (16.64)

Rolling(1-3m) 13 (44.47) () 091 643 Y 1.12
(7.09) 3-1n (29.08)

Rolling(3-10m) 3-10 (49.01) () 231 940 (13) 0.90
(11.68) 13 (30.37)

Rolling(> 10m) 3-10 (53.20) (13) 646 14.08 (14) 0.55
(2.26) >10 (43.38)

Hummockv(1-3m) >10 (49.12) (14) 593 1525 (18) 0.66
(0.18) 3-10 (32.90)

Hummocky(3-10m) >10 (64.08) (19) 851 17.66 (17 052
(0.20) 3-10 (35.35)

Humocky(>3m) 3-10 (61.96) (12) 532 1097 )] 0.52
(12.37) >10 (29.42)

Hum-Rolling(1-3m) 13 (4637 () 088 5.67 6) 1.09
(a.91) 310  (3252)

Hum-Rolling(1-10m) 3-10 (61.60) vy 264 726 (a) 0.70
(22.98) 13 (27.53)

Hum-Rolling(3-10m) >10 (50.41) (15) 727 1513 (15) 0.52
(0.94) 3-10 (45.62)

Hum-Rolling(>3m) >10 (54.51) (16) 824 1448 (10) 0.41
(0.25) 3-10 (44.32)

Hum-Rolling(>10m) >10 (82.89) (20) 1233 23.90 (19) 0.48
(0.03) 3-10 (14.47)

Hum-Ridged(>3m) 3-10 (69.14) (1) 517 9.98 © 0.47
(2.85) >10 (23.02)

Ridged(3-10m) 3-10 (64.35) (10) 427 10.51 (11) 0.63
(0.14) >10 (22.68)

Ridge-Roiling(3-10m) 3-10 (60.03) (9 269 845 ©) 0.77
(8.03) 13 (25.65)

1 fraquency, 2 magnitude, 3 lower limit, ¢ upper limit, * variance, 8 coefficient of variance
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Table 6.5.2. Statistical Measures Describing Slope Gradient Characteristics for Geology Landform

Categories

Slope gradient (percent)

Standardized

Dominant Rank range Rank

Landform categories &Z.class %FQ'  mag’ ww var  CV®

Lake 0-2 (90.20) 7)) 0.00 1.58 ) 1.61
25 (7.80)

Varied 9-15 (29.76) (19) 468 13.68 (19) 0.73
25 (18.78)

Terrace 25 (32.35) (18) 381 10.28 (18) 0.68
59 (30.10)

Flat 0-2 (76.19) 4) 0.00 384 (9) 1.58
25 (14.62)

Flat-Hummocky(0-3m) 0-2 (89.54) ) 013 218 ) 133
2.5 (9.38)

Flat-Rolling(0-3m) 0-2 (91.61) (1) 049 1.78 It 0.85
25 (7.83)

Rolling(1-3m) 0-2 (70.38) ©) 034 369 (6) 1.24
25 (20.30)

Rolling(3-10m) 02 (48.85) ) 090 5.50 (13) 1.07
25 (33.05)

Rolling(> 10m) 25 (38.22) (13) 305 7.87 (15) 066
59 (36.21)

Hummocky(1-3m) 0-2 (27.75) (14) 273 877 (16) 0.78
25 (25.06)

Hummocky(3-10m 59 (37.42) an 393 1039 (17) 0.67
25 (30.28)

Hummocky(>3m) 25 (40.62) (12) 256 6.67 (11) 0.66
59 (29.28)

Hum-Rolling(1-3m) 0-2 (71.50) (5) 025 342 (5) 1.29
25 (22.82)

Hum-Rolling(1-10m) 0-2 (45.55) ®) 1.18 421 (@ 0.84
15 (42.99)

Hum-Rolling(3-10m) 59 {37.07) (15) 362 635 (149 059
25 (33.14)

Hum-Rolling(>3m) 59 (42.61) (16) 400 841 (12) 0.53
2-5 (33.43)

Hum-Rolling(>10m) 1530 (26.64) (20) 461 1759 (20) 0.87
59 (21.38)

Hum-Ridged(>3m) 25 (44.27) (11) 243 6.19 @ 0.65
59 (26.74)

Ridged(3-10m) 25 (42.25) (10) 235 627 8) 0.68
59 (25.58)

Ridge-Roiling(3-10m) 0-2 (43.00) 9) 1.04 499 Q) 0.98
25 (42.26)

1 fraquency, 2 magnitude, 3 lower limit, 4 upper limit, % variance, ® coefficient of variance



Table 6.5.3. Statistical Measures Describing Downslope Curvature Characteristics for Geology

Downslope curvature (percent/25meters)

Landform Categories
Oominant Rank
Landform categories & 2.class %FQ' mag?
Lake s,  (7780) @)
cv (17.80)
Varled ov, (3693  (19)
str (25.69)
Terrace cv: (39.05) (16)
str (26.26)
Flat s, (3905)  (6)
o (24.94)
Flat-Hummocky(0-3m) str, (86.73) (@)
X (7.58)
Flat-Rolling(0-3m) s, (8840) (1)
cx (7.09)
Rolling(1-3m) s, (6763  (5)
cv (17.34)
Rolling(3-10m) str, (5469 (8
cx (23.88)
Rolling(>10m) s, (3577  (10)
cx (33.49)
Hummocky(1-3m) e, (34.13)  (15)
cv (31.15)
Hummocky(3-10m) ov. (3954  (18)
ox (31.31)
Hummocky(>3m) cv: (38.28) (14)
str (28.99)
Hum-Rolling(1-3m) s,  (70.23) @
cv (14.80)
Hum-Rolling(1-10m) s, (67.28)  (7)
cx (22.13)
Hum-Rolling(3-10m) o, (3828 (1)
str (32.24)
Hum-Rolling(>3m) cv: (35.89) (17)
X (32.77)
Hum-Rolling(> 10m) o', (3158  (20)
vex (26.64)
Hum-Ridged(>3m) ov., (3885  (13)
str (29.37)
Ridged(3-10m) ov. (3841  (12)
cx (30.00)
Ridge-Rolling(3-10m) st, (53200 ()
cv (22.66)

Standardized

_smngg_.‘_‘ Rank

LL uL var®

066 031 @
-

277 175 (19)
®

246 167 (n
»

128 046 ©)
*

038 049 @
L ]

037 045 )
L ]

089 075 )
-

126 1.44 (13)
»

109  1.29 (10)

150 158"  (16)
L ]

220 213 (18)
]

454 120 (19)
*

093 097 )
*

081 085 )
[

405 125 ©)
[ {

.38 1.40 (15)
*

590 695 (20)
L ]

454 112 (12)

401 105 (8
[ 4

432 123 (1)

! frequency, 2 magnitude, % lower limit, * upper limit, S variance, ® coefficlent of variance

vev = very concave (< 4.44%/25m), cv = concave (-4.44 10 -0.44%/25m), str= straight (-0.44 to

0.44%/25m), cx = convex (0.44 t0 4.44%/25m), vex = very convex (> 4.44%/25m)
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landform characteristic is related to the fact that category flat is associated with two
landform features on the geology map, organic depressions and floodplains of the
Beaver River. The form of these landform features are characterized by high
frequencies of concave slopes (Table 6.5.3 and Figure A2.3.4). As a result, the
variances of the morphometric distributions are larger.

Most rolling, hummocky, hummocky-rolling, and ridged landform categories
associated with the same local relief modifier class are not significantly different
according to the results of the F-test. The same landform categories often have
similar dominant classes and standardized ranges also. For example, rolling(3-10m)
resembles hummocky(>3m), hummocky-rolling(3-10m), hummocky-rolling( >3m),
and ridged-rolling(3-10m). Some of these categories can be differentiated by
inspecting the azimuth distributions. Rolling(>10m), hummocky-rolling(1-3m),
hummocky-rolling(1-10m) and ridged-rolling(3-10m) show a bimodality for NE-SW,
and E-W facing slopes (Figure A23.9, 13, 14, and 20), the same direction as
hummocky-ridged(9-15%) of the soil classification. Hummocky( >3m) portrays a
good example of the multimodality of hummocky landforms (Figure A2.3.12).

Hummocky(1-3m,. hummocky(3-10m), and hummocky-rolling(>10m) are
associated with higher DTM relief values than indicated by the relief class modifier
of the geology classification. The variable distributions are not representative for
these three landform categories because the units are cut off at the margins of the
data sets; the reduction in size of these landform units is expressed by the small
areal extent of the units of less than 1 square kilometer (see percent of total area on
Table 6.5.1). The high local relief values are generally associated with high slope
gradient values except for hummocky(1-3m) which is represented by a dominant
slope gradient class of low magnitude. An edge effect from neighbouring grid cells
of higher elevation are most likely the reason for an disproportional increase of the
local relief value for hummocky(1-3m).

The same edge effect influences also the local relief distribution of the
landform category terrace. Terrace is described as consisting of a flat tread and a
steep riser (Howes and Kenk, 1988). This characteristic should be reflected in a
bimodality of flat and steep slopes and low and high relief. Whereas local relief does
not reflect this bimodality, the bimodality is slightly visible on the histograms for
slope gradient (Figure A2.3.3). The large range of relief and slope gradient values
are shown by high variances of the morphometric variable distributions which are
similar to the variance for hummocky(3-10m) according to the F-test results. Varied
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is represented by an even higher variance than terrace caused by a high variability of
the land surface along the river and creek valley walls which are partly related to
landslides as described in Chapter 4.

In summary, geology landform categories are more difficult to differentiate
than soil landform categories because many categories are defined by two surface
expression labels. For example, flat-rolling, hummocky-rolling and ridged-rolling all
consist of a combination of rolling with another surface expression label.
Furthermore, the local relief modifiers of the geology classification extend more
often over two class intervals than do the slope gradient modifiers of the soil
classification. Lower values of percent dominant class overlap, relative variance,
discriminatory power, and a higher count of morphometric distribution similarities
according to the F-test results for geology landform categories compared to the
equivalent values for soil landform categories indicates a lack of precision in
defining geology landform categories.

6.5 Comparison of the Sand River Geology Landform Classification with the
County of St.Paul Soil Landform Classification

6.5.1 Representation of Statistical Measures

The comparison of the geology and soil landform classification is presented
in the form of cross-tabulations and as a measure of morphometric distribution
similarities. From the cross-tabulations, the correspondence between the soil and
geology classification was calculated according to the total overlap of landform
categories of the one classification with the corresponding dominant category of the
other classification. The measure of similarity was derived by counting the number
of times morphometric distributions were not significantly different between two
landform categories at a 1% significance level using an F-test (Table A2.3.1 to
A2 3.3). To facilitate the association between the two statistical measures, percent
category overlap and number of morphometric distribution similarities were
combined into one table of landform category correspondences. The
correspondences between both classifications differ because the number of
categories varies between both classifications. For this reason, two tables were
generated; Table 6.7 presents the comparison of the geology categories with the soil
categories and Table 6.8 shows the comparison of the soil categories with the
geology categories.
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6.5.2 Results

Comparing the geology and the soil landform data sets, 54.19% of the
geology landform categories overlap with a corresponding dominant soil landform
category (Table 6.7) and 49.02% of the soil landform categories overlap with a
corresponding dominant geology landform category (Table 6.8). These values
suggest a low correspondence between the landform categories of the two
classification schemes which can be attributed to two facts: first, the number of
categories differ between the two landform classifications (the soil survey map
contains 15 categories and the geology map contains 20 categories); and, second, the
delineation of the landform units was based on two different quantitative modifiers
(slope gradient was used in the soil survey and local relief in the geology survey).

Inspecting the tables of correspondence (Table 6.7 and 6.8), landform
categories of one classification correspond frequently with many categories of the
other landform classification not only according to the measures of percent overlap
but also according to the measure of similarities for all morphometric distributions.
In many instances, the correspondence according to percent overlap does not
coincide with the correspondence according to measure of morphometric
distribution similarities. This apparent diversity of correspondence between the
different landform categories requires a more detailed discussion to provide a better
understanding of the relationships between the landform categories of the soil and
geology landform classifications.

Most landform categories of the one classification correspond with landform
categories of the other classification which have similar slope gradient or local relief
magnitudes. For example, category lake of the geology classification overlaps highly
with category lake of the soil classification, flat of the geology classification
corresponds with level(0-2%) of the soil classification, flat-hummocky, flat-rolling,
rolling(1-3m), and hummocky-rolling(1-3m) with undulating, etc. In most instances,
the overlap resulting from the comparison of soil with geology categories
correspond with the overlap resulting from the comparison of geology with soil
categories. Shifts in overlap, however do occur, especially for categories consisting
of large areal units. For example, soil landform category undulating(2-5%) does not
correspond highly with the geology landform categories flat-rolling or flat-
hummocky, although these two categories showed the highest overlap with
undulating(2-5%) for the geology with soil classification comparison. In contrast,
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Table 6.7. Correspondence between Geology and Soll Categories According to Percent
Category Overlap and Measures of Morphometric Distribution Similarities

Soli Categories
Geology Lake Level Level Undu' Undu' Diss? Diss? Hudn® Hudn® Hu-Ri* HuR® Hum® Hum® Hum® Hum®
categories 02 010 05 2§ 55 >10 930 >15 58 915 59 915 >15 515%
take 88.98 2.45 0.34 3.38 024 235 225
&) {2) (2 (n 6 3
Varled 524 2044 029 1778 242 20.96 1116 917 355
(1) (1) (1) 1)
Terraced 34.80 64.91 0.29
) . (3 )}
flat 108 5308 992 430 11.78 369 008 143 188 752 6511 063 0.10
@ _m ) (2) 2 (1) (1) (1) @ _ (@
Flat-Hummocky 1361 0.13 84.02 2.25
&) (2 1) 2) (2) [ {2
Flat-Rolling 455 059 94.87
(1) ¢ (.
Rolling(1-3m) 2656 1.26 42.47 14.02 5.73 951 042
(1 (0 {1 (2 (1) (3)___ 3 (2) (1)
Rolling(3-10m) 640 1.83 54.87 0.16 4.02 0.18 2536 337 3.99
@ 1) (3 (3 @ )
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Hum-Rolling(1-10m) 584 083 037 1952 0.01 052 503 416 5012 1217 049 075
(3) M. 3 0 (1)
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(2) (1) (1) 3 (3 @ _ @
Hum-Rolling(>3m)
(2) (1) B () (&) B )
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(1)
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(2 2 2) @ (3
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2) () (2) (2) a3 2
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{Number of morphometric distribution simiarities are listed in brackets. A measure of 3 indicates that the two categories are
similar for all morphometric distributions (local rellef, slope gradient and downsiope curvature) at a 1 % significance level
using an F-test. For individual F-test results see Figure A2.5.1 to A2.5.3)

! Undulating, 2 Dissacted, 2 Hummocky-inclined, 4 Hummocky-Ridged, 3 Hummocky

54.19% total overiap of geology landform categories with dominant soll landform categories
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undulating(2-5%) shows a dominant overlap with hummocky-rolling(1-10m)
although hummocky-rolling(1-10m) overlaps mainly with hummocky(5-9%) of the
soil classification. Both categories, hummocky-rolling(1-10m) and undulating(2-5%)
cover large areas of the landform maps and consequently often appear as the
dominant corresponding class.

The measure of morphometric distribution similarities can be used as
another indicator to detect or confirm the correspondence between two categories.
In most instances, a dominant overlap between categories is associated with
similarities for all morphometric distributions between the same categories. In other
instances, the lack of morphometric distribution similarities may be an indicator for
a misinterpretation or mislabelling of the categories by the photointerpreter. For
example, rolling(3-10m) shows a dominant overlap with undulating but according to
the number of morphometric distribution similarities no correspondence exists
between these two categories because undulating is associated with landforms of
lower magnitude and variance than rolling(3-10m).

The measure of morphometric distribution similarities can also be used as an
indicator to point to those categories which do not overlap with the category but
have similar morphometric distributions. This measure applies, for example, to
those geology categories which are located outside of the boundary of the County of
St. Paul and do not overlap with any soil category. Hummocky-rolling(>3m) is such a
category which corresponds with soil categories hummocky-inclined(>9%),
hummocky-inclined(>15%), hummocky(9-15%), and hummocky(>15%). Other
categories, which show a dominant overlap with one category, may be similar to
another category also. For example, hummocky(9-15%) of the soil classification is
not significantly different from hummocky(>3m), hummock-rolling(>3m),
hummocky-ridged(>3m), ridged(3-10m), and ridged-rolling(3-10m). However, the
measure of morphometric distribution similarity has to be used with caution. For
example, hummocky(5-15%) is not significantly different from category lake of the
geology classification. But the standardized range and the coefficient of variance
differs between the categories because the mean of the lake category is lower than
the variance as has been described in section 6.4.2.

The relationship between the categories varied, flat, and terrace of the geology
classification and level(0-2%), level(0-10%), and the two dissected categories of the
soil classification is complex. The complexity, however, is not related to differing
landform delineations from airphotos but to differing surface expression definitions.
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Varied in the geology classification describes two landform features, river valley
walls and creek valleys. River valley walls are represented as dissected(>10%) and
dissected(>5%) on the soil classification, whereas the creek valleys are labelled as
level(0-10%) on the soil classification. Consequently, varied overlaps with all three
categories which is also reflected by a bimodality of the classed slope gradient
distribution of 9 to 15 percent slope and 2 to 5 percent slope (Figure A2.3.2 and
Table 6.5.2). The high variance of the slope gradient distribution for varied is a
result of this bimodality which is far higher than the variance for dissected or level(0-
10%) of the soil classification. Consequently, the morphometric distributions do not
correspond between varied and level(0-10%), and varied and dissected(>10%) except
for downslope curvature (Figure A2.5.3).

Additionally, level(0-10%) represents not only creek valleys mapped as varied
on the geology map, but also floodplains mapped as flar on the geology map. For
this reason, no strong resemblance of level(0-10%) in respect of variances or
standardized ranges is indicated with the one or the other geology class. Instead, the
morphometric distributions of the soil category level(0-10%) are not significantly
different from many morphometric distributions representing other geology
landform categories.

Furthermore, geology landform category terrace is not significantly different
from the soil categories level(0-10%) and dissected(>10%) according to the
morphometric distribution similarities. In this case the similarity is also reflected by
an overlap between the categories. But according to the dominant class,
standardized range and coefficient of variance of local relief and slope gradient
(Table 6.3.1 and 6.3.2, and 6.5.1 and 6.5.2), there exists no resemblance between
these categories. And finally, category flat of the geology classification not only
represents floodplains but also represents poorly drained depressions mapped as
level(0-2%) on the soil classification as indicated by a high overlap between the two
categories. However, the variances differ between the two categories which is a
result of category flat being associated with two landform features.

As described in detail above, the relationship between the landform
categories of the soil and geology landform classifications is not as straight forward
as expected given the correspondence of surface expression definitions (Table
A13). The complexity of the correspondence can be attributed to two reasons: first,
double labelling of surface expression names and close resemblance of the
quantitative modifier classes especially of the geology landform classification are the
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reason for the high correspondence between so many similar landform categories;
and second, the usefulness of the F-test for determining morphometric variable
distribution similarities is limited because only the variances not the means of the
distributions are compared. The general application of the F-test in landform
analysis is further discussed in the next section.

6.6 Discussion and Summary

6.6.1 An Assessment of the Application of F-Tests in Landform Analysis

The application of the F-test to compare morphometric variable distributions
is not always appropriate for determining similar landform categories and requires
further discussion. The results of the F-test indicate more often a similarity between
two morphometric variable distributions for which the similarity according to the
standardized range does not exist. This inconsistency is due to an assumption made
for the F-test that two distributions having similar variances also have similar
means. This assumption implies that for an increase of the standard deviation the
mean increases also as expressed in a linear relationships. Slope gradient, however,
does not show this linear relationship as was stated by Evans (1972). Evans
demonstrated that the standard deviation increases disproportionally for a low mean
expressed by a curvilinear relationship and a positive skewness of slope gradient
distributions (O’Neill and Mark, 1987). For this reason, landform -categories
represented by a low mean of local relief and slope gradient such as lake, level, flat,
and undulating are all represented by a coefficient of variance higher than 1.0,
whereas areas of a high mean of slope gradient and of a high mean of local relief,
such as dissected or varied, have coefficients of variance less than 1.0. If the variances
of two landform categories with a high and low coefficient of variance are compared
using an F-test, the result of the F-test may suggest similarities in distributions,
whereas the means of the two categories differ. Consequently, the F-test can only be
used as a screening process for identifying two distributions which show no
significant difference. If the coefficient of variance differs between these two
categories, it can be concluded that neither the two means nor the standardized
ranges correspond between the two categories. To test if the difference between the
means of these categories is significant, a t-test can be applied in future analysis.
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Pike and Thelin (1989) also reported anomalous values for coefficients of
variance which were used to compare the level of homogeneity for different
American physiographic regions. Pike and Thelin stated that physiographic
provinces such as the Superior Upland and St.Lawrence Valley show a higher
heterogeneity than expected. Pike and Thelin associated these anomalies with an
incorrectness of the Fenneman taxonomy of physiographic regions, whereas the real
reason could be related to the positive skewness of slope gradient data.

6.6.2 Summary

The quantitative analysis presented in this chapter reveals a lower
correspondence between the soil and geology landform classification than expected
particularly after comparing the qualitative descriptions of the two landform
classifications. These differences are partly related to double labelling of surface
expression which dilutes the exact definition of landform categories. A similar lack
of precision is caused by extending the quantitative modifier class, which is used to
differentiate between two categories of the same surface expression, over two class
intervals. Additionally, the two classifications are based on two different
quantitative modifiers; local relief is used in the geology classification and slope
gradient in the soil classification. However, not only is the correspondence between
the two classifications insufficient neither is the correspondence between the
quantitative modifiers of the classifications and the corresponding DTM
distributions.

All these inaccuracies can be related to the following error sources:

1. The boundaries of the soil and geology unit polygons may not coincide with the
boundaries of the landform units themselves because other parameters have
priority for the delineation of the boundaries (e.g. material modifiers) (Niemann,
1987; Horvarth et al, 1987; Crown, personal correspondence).

2. Boundary lines of several parameters are never identical although they may show
similarities. Consequently, the unit boundary on the maps form a compromise
between several parameter boundaries (Smith and Campbell, 1989; Burrough,
1986; Thie et al., 1979).

3. Especially in geomorphology, landform changes are gradual and never abrupt
which may result in variations of boundary locations from survey to survey
(Burrough, 1986; Smith and Campbell, 1989).
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4. Errors are introduced during digitizing, encoding, and vector to raster conversion
of the soil and geology landform data sets (Walsh et al, 1987; Burrough, 1986;
Smith and Campbell, 1989). Some landform categories were not encoded as
precisely as represented in the legend of the geology landform classification due
to limitations in the numerical representation. For example, hummocky(1-3m)
over rolling(3-10m) was encoded as hummocky-rolling(1-10m).

5. Slope gradient was probably overestimated on the soil survey map caused by
inaccurate slope measurements from aerial photographs (Johnson, 1988) due to a
strong vertical exaggeration by stereoscopic viewing. An underestimation of the
DTMs caused by faulty DEMs, smoothing of the DEMs, or surfacing of the
DEMs is less likely.

6. The DEM, geology and soil landform data sets vary according to their grid
resolution as a result of using different map scales. The DEMs were surfaced at a
scale of 1:20,000, whereas the landform units were digitized from 1:50,000 maps.
The difference in scale is manifested by a grid resolution of 25x25 meters for the
DEM and 50x50 meters for the soil and geology landform data sets.
Consequently, the overall accuracy can only be as good as the least accurate
parameter (Walsh et al., 1987).

Despite the analysis being influenced by the preceding list of error sources,
the following trends are apparent which confirm the interpretations made in
Chapters 4 and S. Landform categories described in the geology classification as
hummocky over rolling are difficult to grasp numerically; but ranking of landform
categories contribute to an understanding of the relief and slope gradient magnitude
and landform variability. The quantitative modifiers of the landform ciassifications
should be more precisely specified than currently described in the soil and geology
survey map legends. Generally, slope gradient values are overestimated on the soil
survey map and local relief underestimated on the geology map. The landform
classification should not be based solely on the dominant morphometric variable
classes but some form of variance measure should be added to represent the
variability of landforms. The standardized range was introduced in this study to
represent the majority of the morphometric variable distribution and was found to
provide a more accurate measure than the mode.

The selected morphometric variables were appropriate for characterizing the
different topographic properties of the landforms. However, based on the F-test
results, the following two observations were made: first, the F-test results do not
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correspond in all instances with similarities of landform categories according to the
mode and mean; differences between the mean and variance of two landform
categories were however expressed by different coefficients of variance. Second,
landform categories may not be significantly different according to the distribution
cf one morphometric variable but are different according to distributions of other
variables; only the combination of F-test results derived for all variables provides an
account for landform similarities and differences. For the comparison of the
different landform categories, as implemented in this chapter, the statistical analysis
had to be applied separately to the morphometric variables to describe the
morphometric characteristic individually. The results of the F-test analysis, however,
suggests that the individual variables have to be integrated into a multivariate
analysis for the classification of landform categories from DTMs; this will be
addressed in the following chapter.
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7. Automated Landform Classification

In this research, landform categories have so far been delineated using digital
terrain models (DTMs) and visual image interpretation as described in Chapter 4.
The image interpretation process, however, is subjective relying on the operator’s
expertise, knowledge of the area, and ability to differentiate between tone and
texture patterns on an image. In this chapter, an automated classification
methodology is described which replaces the descriptive image interpretation
process by a quantitative decision making process. The automated classification is
assumed to be more reliable than the sometimes vague image interpretation
because the decision making process remains no longer the task of the photo
interpreter but is assigned to the computer (Schowengerdt, 1983).

Automated classification requires an integrated, multivariate and synthetic
systems approach (Dobson, 1983; Pike, 1988) which cannot be achieved by simply
overlaying the individual DTMs to generate a single new model of morphometric
class composites (Burrough, 1986; Schmid, 1987; Gardiner, 1976). Such a
summation of morphometric characteristics resembles an inventory rather than a
classification and lacks the synthesis required in a landform classification (Wright,
1972). Additionally, a multitude of meaningless polygons is created because each
variable consists of different units of varying areal extent (Thie et al, 1979). To
synthesize the morphometric characteristics to a limited number but meaningful
landform categories, a multivariate statistical approach has to be applied (Burrough,
1986; Pike, 1988). In such a statistical approach, the interrelationship between the
morphometric characteristics of landform categories, represented by DTMs of local
relief, slope gradient and downslope curvature, are interpreted and a set of
quantitative decision rules is generated providing the basis for the classification.

The two objectives of the automated landform classification were: first, to
replicate as accurately as possible an existing specific landform classification based
on landform categories derived using conventional airphoto interpretation; and
second, to reproduce a landform classification which should be sufficiently
generalized to be applicable to any Canada land survey. The two automated
landform classifications implemented in this thesis were based on supervised
training field selections; for the first classification, training fields were selected from
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the County of St.Paul soil landform map. For the second classification, training
fields were selected from DTM maps, as described in Chapter 4.

7.1 Principles of the Automated Landform Classification

The assumption that landform categories can be discriminated on the basis of
a set of measurements defined as geometric signatures (Pike, 1988) provides the
basis for the application of image processing and classification techniques in
landform analysis (Weibel and DeLotto, 1988). As described in Chapter 2, the use
of conventional automated classification techniques considers only attribute
characteristics determined for single grid points. This technique may be sufficient to
classify discrete landform elements but not sufficient to classify landform patterns.
For example, a single grid point represented by morphometric class values of low
local relief, gentle slope gradient and slight concavity can be part of a lower
footslope of a hummock, ridge, tread of a terrace, or valley. This study is not
concerned about the classification of a specific landform element, such as a
footslope, but focuses on the classification of landform patterns, such as ridged or
hummocky landforms, described in general geomorphometry by a continuous, rough
surface (Evans, 1981).

For the classification of landform patterns, spatial characteristics in the form
of texture and context information have to be incorporated into the classification
process. Pike (1988) and Weibel (1989) used statistical texture measures to
discriminate and classify different landform types. But the textural classifiers were
still used as point classifiers and not as contextual classifiers although the
information for determining the texture measure was derived from the
neighbourhood surrounding the grid point. Weibel (1989) was aware of this
deficiency and improved the classification by including a post-processing region
growing algorithm based on a method introduced by Starr and Mackworth (1978). In
this algorithm, elements ambiguously classified according to a maximum likelihood
classifier were assigned to a surrounding region consisting of unambiguously
classified elements. Other region growing algorithms which use spatial-based
contextual classifiers have been described by Kettig and Landgrebe (1976),
Landgrebe (1980), Pavlidis (1982), and Cross et al. (1988).

In addition to a statistical approach to texture and context analysis, a
structural approach to pattern recognition has been described by Fu (1982).
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Chorowicz et al. (1989) used such a structural approach to classify landform types by
applying a descriptive language modifier; geomorphological pattern characteristics
defining the landform type in the form of a grammatical sentence were recognized
from a succession of landform elements along profile lines. Dikau (1990a), in turn,
proposed a landform classification model in which point descriptors based on
statistical texture measures, and contextual descriptors based on structural
modifiers, would be used simultaneously. According to Dikau (1989; 1990a),
hierarchically ordered landform components should be synthesized to larger
landform components based on semantical modelling rules. The landform
components are aggregated according to a specific catalogue of spatially defined
descriptors.

The use of a structural approach to determine landform pattern in
comparison to a statistical approach is more difficult to model (Harris, 1980) and
has not been fully automated in landform classification either by Chorowicz et al.
(1989) or by Dikau (1989; 1990a). In contrast, a relatively simple context classifier
based on frequencies is described by Wharton (1982) which can be easily
implemented into an automated classification using multivariate statistics (Gong
and Howarth, 1992; Eyton, 1993). This approach utilized the contextual information
derived from neighbourhoods in the form of land cover class frequency counts to
provide the data base for a cluster analysis. A similar frequency-based contextual
classifier was used in this research to classify landform patterns which replaces the
textual point classifier used by Pike (1988) and Weibel (1989).

7.2 Frequency Signatures

Two prerequisites have to be fulfilled before the above described contextual
classifier can be applied in landform classification; first, data sets containing a
limited number of variables representing landform characteristics have to be
available in order not to exceed the total number of variables manageable in a
multivariate analysis; and, second, a neighbourhood size representing homogeneous
landform patterns has to be selected for which the contextual classifier can be
determined. Referring to the first point, Eyton (1993) used a mix of different land
cover types as land use characteristics. Initially, land cover types were classified from
the spectral bands of the remotely sensed data. The frequencies of these land cover
types obtained for convolved neighbourhoods formed the data base for the
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preceding land use classification. In contrast, Gong and Howarth (1992) reduced the
grey level vectors of the spectral bands through compression using principal
component analysis. In this research, frequency counts were determined for DTM
classes of local relief, slope gradient and downslope curvature as classed in previous
chapters (Table A2.4 and A2.5). The use of morphometric classes for determining
the frequency counts is suitable for this research because the Canadian System of
Soil Classification (E.C.S.S., 1987a), the Terrain Classification System (Howes and
Kenk, 1988), the County of St.Paul soil landform classification (Brierley et al., 1990),
and the Sand River surficial geology landform classification (Andriashek and
Fenton, 1989) use classed morphometric modifiers to discriminate between
landform categories. Azimuth classes representing different modality status were
not used as variables for the frequency counts because of the difficulty involved in
the automated determination of the modality status as described in Chapter 6.

As for the second prerequisite, the contextual classifier has to be determined
from neighbourhoods of homogeneous texture as described in Chapter 5. In this
classification, the selection of a fixed neighbourhood size was based on the results of
the texture analysis applied to the slope gradient distribution. The slope gradient
distribution was used because it forms the s’ igle most important morphometric
variable in landform analysis. The selected neig..bourhood size of 11x11 grid points
or 275x275 meter for slope gradient is close to the neighbourhood size of 13x13 or
325x325 meter used by Weibel (1989) and the area defined by a 300 meter radius
proposed by Speight (1974).

Only a certain range of landforms, however, can be identified by a fixed
neighbourhood size (Weibel and DeLotto, 1989) because landforms vary in scale.
To consider the varying scale and therefore context of a landform, Weibel and
DeLotto suggested the use of variable neighbourhood sizes derived from a
hierarchical classifier. This approach has been employed in image processing by
Tanimoto and Pavlidis (1975), Catanzariti and Mackworth (1978), Cross et al
(1988), and Franklin and Wilson (1991; 1992). The classification implemented in
this chapter, however, is based on a fixed neighbourhood size for the following two
reasons: first, computer algorithms are easier to implement using fixed
neighbourhood sizes than the more complex algorithms required to determine
varying neighbourhood sizes; and, second, fixed neighbourhood sizes provide equal
distances which guarantee an equal information spread (Weibel, 1989). Equal
information spread is of importance to this landform classification because,
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according to the Canadian Ecological Land Classification (Wiken, 1980), landform
units mapped at a certain scale are supposed to represent landforms or landform
patterns of a certain size and extent only. The landform map scale of 1:250,000 to
1:50,000 associated with the County of St.Paul soil landform map and the Sand
River geology landform map refers to the ecosection level which represents
assemblages of local landforms or a local landform (Table 2.1). The assumption was
made for this research that the individual landform patterns mapped at the
ecosection level can be represented by the fixed neighbourhood size of 275x275

meters.
7.3 Classification Methodology

The classification of landform categories is based on supervised training field
selection. Supervised training field selection was chosen over unsupervised selection
because the determination of training fields is based on specific landform categories
defined by the Canadian System of Soil Classification (E.C.S.S., 1987a), the County
of St.Paul soil classification (Brierley et al, 1990), the Terrain Classification System
(Howes and Kenk, 1988), and the Sand River geology classification (Andriashek and
Fenton, 1989). Decision rules for classifying the entire study area were generated
from the morphometric characteristics of the selected training field samples using
discriminant analysis. The frequency counts of four local relief, five slope gradient
and five downslope curvature categories, as classed in previous chapters (Table A2.4
and A2.5), formed the data base for the discriminant analysis implemented by the
SPSSX statistical package (SPSS Inc., 1986). Constants and coefficients derived
according to Fisher’s (1936) linear classification functions, which define the feature
space of the landform categories, were used to classify the entire data set.
Experiments working with DTMs showed that the DTMs are nearly normal. One
category of each of the three variable groups failed the tolerance test implemented
by the SPSSX discriminant analysis because the fixed neighbourhood size is a closed
system and will always produce a constant sum of frequency counts. As a result, the
variance of one category per variable group can be accounted for by the other
categories. Consequently, one category per variable group was removed from the
classification. Finally, the resulting landform classification was smoothed to reduce
noise and edge effects using a majority filter for a convolved 5x5 neighbourhood.
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Training sample sets were collected for two different landform classifications:
first, training areas were sampled on the basis of landform categories delineated on
the County of St.Paul soil survey map; and, second, training areas were selected
from DTM maps according to a synthesis of landform definitions described by
Brierley et al., (1990), E.C.S.S. (1987a), Andriashek and Fenton (1989), and Howes
and Kenk (1988) ¢(Table A2.1 to A2.4), The landform training samples were selected
from a hillshaded-slope-gradient-overlay and a hillshaded-local-relief-overlay
(overlays are not shown here). No training area samples were derived solely on the
basis of the Sand River surficial geology landform classification (Andriashek and
Fenton, 1989) because the quantitative analysis (Chapter 6) showed that the geology
landform categories were not distinguishable as well as the County of St.Paul soil
landform categories. Double naming of geology landform categories and overlap of
local relief class ranges would have resulted in a poor discrimination.

7.4 Automated Soil Landform Classification

7.4.1 Classification Process

Samples representing the County of St.Paul soil landform categories were
collected in a supervised training field selection except of landform category
dissected(>5%) which has a too small areal extent to represent a training area of
sufficient size. The overall correct classification (57.57%) of the training field
samples based on the first discriminant analysis was very low (Table 7.1). This low
value is explained by the morphometric attribute similarities of several categories as
described in Chap. :r 6. In a second discriminant analysis, category lake was merged
with category level(0-2%), categories undulating(0-5%) and hummocky(5-15%) were
merged with category undulating(2-5%), and categories hummocky-inclined(9-30%)
and hummocky-inclined(15-30%) were merged with category hummocky(>15%).
The decision to merge categories was based on the results of the contingency table
of the first discriminant analysis (Table 7.1) and the landform category
correspondences represented by similarity measures of morphometric distributions
described in Chapter 6 (Table 6.4). Furthermore, the remaining landform category
samples were cleaned by removing observations which were misclassified in the
previous discriminant analysis. The overall correct classification improved from
57.67% to 94.26% in the final discriminant analysis (Tabie 7.2). The remaining nine
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Table 7.1. Classiication Results of Automatically Generated Soil Landform Categories Based on
Supervised Training Fleld Selection According to County of St. Paul Soll Landform Categories:

First Discriminant Analysis

Actual category Predicted category membership

membership 1 2 3 4 5 7 8 9 10 11 12 13 14 15
(No. of observations) Lake Level Level Und Und Diss Huln Huln HuRl HuRI Hum Hum Hum Hum
1 Lake 289 61

(350) 826 174 %
2 Level(0-2%) 461 114 189 46

(810) 569 14.1 23.3 5.7%
3 Level(0-10%) 135 29 8 45 3

(220) 81.4 13.2 36 205 1.4 %
4 Undulating(0-5%) 18 116 22 39

(195) 9.2 59.5 113 200%
5 Undulating(2-5%) 87 6t 35 35 13 91

(746) 11.7 8.2 48.1 4.7 16.1 12.2%
7 Dissected(> 10%) 567 12 7 a9 1 134 3

(758) 741 16 09 51 01 177 04 %
8 Hum-Inclined(>9%) 16 152 6 36

(210) 76 724 29 17.4 %
9 Hum-Inclined(> 15%) 7 5 21 118 34 11 40 4

(238) 29 21 88 48.7 143 46 168 1.7 %
10 Hum-Ridged(5-9%) 57 423 84 70

(644) 89 67.2 13.0 10.9%
11 Hum-Ridged(9-15%) 5 -7 218 1

(220) 23 97.3 0.5 %
12 Hummocky(5-9%) 69 126 601 60 11

(867) 8.0 14.5 69.3 69 1.3%
13 Hummocky(3-15%) k| 82 31 63 15 74 391 6

(711) 44 68 73 44 89 21 104 8550 08 %
14 Hummocky(> 15%) 103 59 9 6 88 321

(612) i6.8 4.2 9.6 15 1.0 144 825 %
15 Hummocky(5-15%) 44 7 3 56

{110) 40.0 6.4 2.7 50.9%

—— — ow———

Overall correct classification §7.67%

— —— — en—
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Table 7.2. Classification Results of Automatically Generated Soil Landform Categories Based on
Supervised Training Field Selection According to County of St.Paul Soil Landform Categories:
Final Discriminant Analysis

Actual category Predicted category membership

membership 2 3 5 7 10 1 12 13 14
(No. of observations) Level Level Undul Diss HuRi HuRi Hum Hum Hum
2 Level(0-2%) 888 24

(912) 97.4 26 %
3 Level(0-10%) 134 8

(142) 94.4 5.6 %
5 Undulating(2-5%) 4 756 13

(774) 0.5 97.7 1.7 0.1 %
7 Dissected(> 10%) 543 12 6 1

(562) 96.6 21 11 0.2%
10 Hum-Ridged(5-9%) 32 434

(466) 6.9 93.1 %
11 Hum-Ridged(9-15%) 3 214

(217) 1.4 98.6 %
12 Hummocky(5-9%) 1 42 566 7

(616) 0.2 6.8 919 11 %
13 Hummocky(9-15%) 2 1 24 2 354 13

(396) 0.5 0.3 6.1 05 894 3.3%
14 Hummocky(> 15%) 49 9 1 463

(532) 9.2 1.7 21 87.0%

Overall correct classification 94.26%
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categories are listed in the legend of Figure 7.1 which shows the result of the
automated soil landform classification.

7.4.2 Comparison of the Automated Soil Landform Classification with the
County of St.Paul Soil Landform Classification

A visual comparison between the automated soil landform classification map
(Figure 7.1) and the County of St.Paul soil landform map (Figure 3.5) shows that the
overall landform pattern corresponds between the two maps. Especially areas of low
relief classified as level(0-2%) and undulating(2-5%), and the Beaver River valley
walls classified as dissected(>10%) are represented by the same categories on both
maps. In contrast, hummocky and ridged landform units are not represented by only
one category in the automated soil landform classification. For example, landform
categories hummocky(5-9%), hummocky-ridged(5-9%) and hummocky-ridged (9-
15%), located in the center of the County of St.Paul landform map, consist of a
composition of Aummocky-ridged(5-9%), hummocky(5-9%), and undulating(2-5%)
categories on the automated soil landform classification map. The representation of
a single County of St.Paul soil landform category by a composition of automatically
classified soil landform categorics is reflected by a low overall class correspondence
of only 32.60% (Table 7.3). The number of category overlaps shown in Table 7.3 are
similar with the landform category correspondences represented by similarity
measures of morphometric distributions described in Chapter 6 (Table 6.4).

The automatically classified landform categories, which overlap with a single
County of St.Paul soil landform category, such as hummocky and hummocky-ridged
(Table 7.3), are often arranged in a certain pattern on the automated soil landform
classification map. For example, areas of very high convexity and concavity, such as
the edges of knobs or kettles within the County of St.Paul soil landform category
hummocky(>15%), are classified as dissected on the automated soil landform
classification map, whereas lower lying areas between the hummocks are
represented by category level(0-10%) characterized by a high concavity (Table 7.4).
Sections of less concave or convex slopes are correctly classified as
hummocky(>15%).

The pattern of automatically classified soil landform categories, which
represent category hummocky-ridged(9-15%) located in the center of the County of
St.Paul soil landform map, is even more pronounced than the pattern representing
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7.3. Overlap of County of St.Paul Scil Landform Classification with Automated Sail Landform Classlfication

Automatically classified soil landform categories

St.Paul soil 2 3 5 7 10 11 12 13 14
categories Level Level Undut  Diss HumRi HumRi Humm Humm Humm
1 Lake 9225 1186 3494 1 2953 3 63 285
§3.6 69 203 0.1 17.2 0.0 0.4 1.7%
2 Level(0-2%) 23284 6537 27701 708 17482 225 762 1692 1985
29.3 7.0 349 0.9 22.0 03 1.0 2.1 2.5%
3 Level(0-10%) 49 2423 1676 2437 6124 99 109 1601 2526
0.3 14.2 9.8 143 35.9 0.6 0.6 9.4 14.8%
4 Undulating(0-5%) 435 2352 136 634 35
121 65.5 3.8 17.7 1.0 %
5 Undulating(2-5%) 13353 3423 88110 1657 36407 1647 11998 6959 3234
8.0 2.1 52.8 1.0 21.8 1.0 7.2 4.2 1.9%
6 Dissacted(>5%) 964 4
99.6 0.4%
7 Dissected(> 10%) 318 13750 384 2649 106 818 3202
1.5 64.8 1.8 125 0.5 3.9 15.1%
8 Hum-Inclined(>9%) 674 358 34 355 3 348 1208
226 12.0 1.1 11.9 0.1 11.7 40.5%
9 Hum-Inclined(> 15%) 1285 193 548 461 229 12 707 1749

248 3.7 10.6 89 4.4 0.2 13.6 33.7%

10 Hum-Ridged(5-9%) 215 4312 12554 255 20550 1779 11713 7284 1782
04 71 208 0.4 34.0 29 19.4 12.1 3.0%

11 Hum-Ridged(9-15%) 48 1443 987 28 2640 2317 939 1814 348
05 13.7 9.3 0.3 25.0 218 8.9 17.2 3.3%

12 Hummocky(5-9%) 1163 13761 26749 2745 43573 6880 26326 20816 4383
0.8 94 18.3 1.9 29.8 4.7 18.0 14.2 3.0%

T3 Hummocky(0-15%) 1208 28886 6951 7215 25194 13881 8419 30387 20909
09 202 49 50 176 9.7 59 212  146%

14 Hummocky(>15%) 191 12604 817 9012 4785 6830 1092 10152 16933
03 20.2 1.3 14.4 7.7 10.9 1.8 16.3 27.1%

15 Hummocky(5-15%) 20 163 996 392 3 3
1.2 98  60.0 23.6 5.2 0.2 %

Overall class correspondence 32.60%
Numbers printed in bold represent the proposed dominant landform categories.
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category hummocky(>15%). The core of category hummocky-ridged(9-15%) is
correctly classified as hummocky-ridged(9-15%) on the automated soil landform
classification map, whereas the footslopes of the ridges are represented by category
level(0-10%). Category level(0-10%) represents areas of high concavity (Table 7.4)
because training areas for the category were sampled along creeks and along
floodplains of the Beaver River. Creeks, however, cannot always be unambiguously
identified by the geometric signature of category level(0-10%) in the automated soil
landform classification. Creeks, classified as level(0-10%) on the County of St.Paul
soil landform map, are often narrowcr than the width provided by the squared
neighbourhood size from which the contextual classifier is derived. For this reason,
signatures of landform categories of lower relief and slope gradient magnitude
surrounding the creeks often dilute the signature associated with creeks.
Consequently, creeks are most often represented by landform categories of less
pronounced relief and slope gradient magnitude, such as hummocky-ridged(5-9%).
For example, the surface expression of the St. Lina Creek on its course from the
south of the study area to the Beaver River is nearly lost within hummocky-ridged
and hummocky landform units because the surface expression of the creek smooths
in with the surrounding landform features.

The same edge effect, which affects the creeks or any other narrow feature, is
also visible on the automated soil landform classification map around Norberg and
Bunder Lake classified as level(0-2%) in the automated soil landform classification,
and other level(0-2%) categories located between hummocky and hummocky-ridged
landform units. Towards the margins of these landform units, more and more grid
points of higher relief magnitude are included within the neighbourhood because of
the neighbourhood size of 275x275 meters. This edge effect causes the signatures of
the morphometric class characteristics to change from level(0-2%) to undulating(2-
5%) and further to hummocky-ridged(5-9%) the closer the grid cell is located
towards the margin of level(0-2%) landform units.

Eyton (1993) and Wharton (1982) were aware of the edge effect caused by a
contextual classifier derived for large neighbourhoods. Based on visual inspection of
the classified maps, Eyton identified land use categories, which represented
boundary areas, and joined these boundary categories with the remaining categories
using a post-classification procedure based on the Mahalanobies distance (a
statistical distance for group proximity). Since Eyton’s classification was based on an
unsupervised training field selection, the categories were determined according to a
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cluster analysis, which generates any predetermined number of categories.
Consequently, some additional categories were created which represented only the
boundary areas between the core areas of distinctive land uses. In this research, a
supervised training field selection was used and categories, which represent the
bouvndary areas in one instance, have a distinct meaning at another location. As a
result, the landform units cannot be relabelled. To smooth out the edge effect, a
majority filter for a convolved 5x5 neighbourhood was applied to this classification.
The filtering process improved the overall impression of distinctive categories
slightly but not sufficiently for aggregating smaller units to larger ones. The
application of a post-processing region growing algorithm, as implemented by
Weibel and DeLotto (1989), might prove to be an effective means for removing
edge effects in future research.

Furthermore, the objective of this research was the grouping of composite
landform elements to regions of ridged or hummocky landform patterns according to
the requirements at ecosection level. However, the neighbourhood size was
determined to be too small, to satisfy this objective. A single landform element was
identified when instead the entire pattern of local landforms or a local landform
should have been classified. In contrast, if the neighbourhood size had been
increased, landform features, such as creeks, would have been even less likely
labelled correctly by the geometric signature of category level(0-10%) because the
edge effect would have been further intensified by widening the misclassified
margins around the landform categories. Consequently, the selection of the
neighbourhood size is a trade off between accuracy and generalization. The
difficulty in satisfying both in a landform classification is caused by the fact that
specific landforms only occur over a limited range of scales (Weibel and DeLotto,
1988).

7.5 Automated DTM Landform Classification

7.5.1 Classification Process

The objective of the second automated landform classification was to
determine landform categories independently from the landform categories mapped
on the County of St. Paul soil map (Brierley et al, 1990) and the Sand River geology
map (Andriashek and Fenton, 1989). Eight landform categories were selected as
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training areas for the automated DTM landform classification from a hillshaded-
slope-gradient-overlay and a hillshaded-local-relief-overlay based on a synthesis of
Canadian landform category definitions (Brierley et al, 1990; E.C.S.S., 1987a;
Andriashek and Fenton, 1989; Howes and Kenk, 1988) (Table A2.1 and A2.3). The
categories used in the automated DTM landform classification were similar to those
interpreted from DTM maps in Chapter 4 (Table 7.5). The categories, however,
were differentiated predominantly on the basis of local relief and slope gradient
class magnitudes and not on the basis of surface expression used as main selection
criterion in the DTM landform interpretation.

The results of the quantitative analysis implemented in Chapter 6 indicates
that categories of similar surface expression cannot be differentiated when they are
represented by the same local relief and slope gradient magnitude. As a result,
categories described as rolling and hummocky-rolling of medium relief in the DTM
landform interpretation were combined as category rolling in the automated DTM
landform classification (Table 7.5), and categories hummocky-rolling of high relief
and hummocky-ridged of the DTM landform interpretation were combined as
category hummocky-rolling. Furthermore, surface expression dissected was divided
into the following two categories in the training field selection: first, dissected 1 is
associated with the Beaver River valley walls close to the floodplains and the lower
less steep slopes of creek valleys represented by slope gradient of greater than 9
percent (Table 7.9); and, second, dissected 2 corresponds with steep middle and
upper convex slopes of the Beaver River drainage way represented by slope
gradients of greater than 15 percent (Table7.9). Although automatically classified
landform categories were selected according to quantitative modifiers, the
categories were still labelled according to surface expression to provide a descriptive
indicator for an increase in magnitude and variance of local relief and slope
gradient. For example, rolling is associated with higher magnitude of local relief and
slope gradient than undulating.

In the first discriminant analysis, the automated DTM landform classification
showed a high overall correct classification of 90.06% which is much higher than the
initial overall correct classification of 57.67% obtained in the first discriminant
analysis of the automated soil landform classification. The improved discrimination
of landform categories in the automated DTM landform classification can be
explained by the selection of the categories according to differences in magnitudes
of local relief and slope gradient. After removing misclassified observations, the
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Table 7.5. Correspondence of Categories Selected for Automated DTM Landform
Classification with Categories Selected for DTM Landform Interpretation

Landform Categories Selected for

Automated DTM Classification DTM Interpretation
(local relief, slope gradient)

Level (0-1m, 0-2%) Lake, Level

Undulating (1-3m, 0-2%) Undulating

Rolling (3-10m, 2-5%) Rolling, Hummocky-Rolling
(medium relief)

Hummocky-Rolling (3-10m, 2-9%) Hummocky-Rolling (high relief),
Hummocky-Ridged

Ridged (>10m, 5-9%) Ridged

Hummocky (>10m, 5-15%) Hummocky

Dissected1 (>10m, >9%) Dissected, Level

Dissected2 (>10m, >15%) Dissected
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Table 7.6. Classification Results of Automatically Generated DTM Landform Categories Based cn
Supervised Training Field Selection According to DTM Landform Interpretation: Final Discriminant Analysis

Actual category Predicted category membership
membership 1 2 3 4 5 6 7 8
(No. of observations) Level Undul Roll HuRo Ridge Hum Disst Diss2
1 Level(0-2%,0-1m) 390

(390) 100.0 %
2 Undulating(0-2%,1-3m) 394

(394) 100.0 %
3 Rolling(2-5%,3-10m) 3 561

(564) 05 99.5 %
4 Hum-Rolling(2-9%,3-10m) 6 854 61 16

(937) 06 91.1 6.5 1.7 %
5 Ridged(5-9%, > 10m) 28 295

(323) 87 913 %
6 Hummocky(5-15%, > 10m) 13 29 713 4

(759) 1.7 38 939 0.5 %
7 Dissected1(>8%,>10m) 71

(71) 100.0 %

6 6 291

8 Dissected2(> 15%, > 10m)

(303) 20 20 96.0%

Overall correct classification 95.40%
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correct classification improved to 95.04% in a second discriminant analysis (Table
7.6). Confusion is highest for categories hummocky-relling(2-9%), ridged(5-9%) and
hummocky (5-15%) because the slope gradient class ranges overlap for these
categories.

7.52 Comparison of the Automated DTM Landform Classification with
Manually Mapped Landform Classifications

The automated DTM landform classification (Figure 7.2) claims to be a
generalized landform classification and therefore applicable to any land survey. To
determine how well landform patterns are represented by the automated DTM
landform classification, the classification was visually compared with the DTM
landform map (transparency placed in a folder at the back of the thesis), the County
of St.Paul soil landform map (Figure 3.5) and the Sand River geology landform map
(Figure 3.4). Four main landform regions, which were also recognized on the other
landform maps and the maps of physiographic units (Figure 3.2 and 3.3), are also
apparent on the automated DTM landform classification map. In the east of the
map, the terrain is classified as level and undulating representing low relief landform
categories. The central portion of the map is covered by medium relief landform
categories mainly represented by the category rolling, whereas the southwest of the
map is mostly categorized as hummocky-rolling and hummocky. The Beaver River
drainage way forms the fourth region represented by dissected and hummocky
categories.

While the rmain landform regions coincide on all four landform maps,
individual geology or soil landform categories are represented by several different
landform categories on the automated landform classification map (Table 7.7 and
7.8) because the definitions of the landform categories differ between the
classifications. However, the complex overlap between various landform categories,
as apparent between the County of St. Paul soil landform classification and the
automated soil landform classification, is greatly reduced on the automated DTM
landform classification because fewer landform categories were used. The number
of landform categories was reduced because the classification had to be as
generalized as possible to apply to different land surveys. Consequently, specific
categories, represented only by the geology or the soil landform classification, were
not considered by the automated DTM landform classification. For this reason, an
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Table 7.7. Overlap of County of St.Paul Soll Landform Classification with Automated DTM Landform
Classtfication

St.Paul soil Automatically classified DTM landform categories
categories Level Undu' Rol® HuRo® Ridged Humm* Diss1® Diss2®
Lake 8557 3827 2910 1405 7 246
505 226 17.2 8.3 0.0 15 %
Level(0-2%) 21277 28268 18974 8654 389 1923 26 5
268 356 239 10.9 0.5 24 0.0 0.0%
Level(0-10%) 20 2718 4738 4826 214 3598 9 1080
0.1 157 274 279 1.2 20.8 0.5 6.3%
Undulating(0-5%) 331 1708 1522 31
92 416 424 0.9 %
Undulating(2-5%) 11367 81654 6005z 12926 945 2407 194 1123
67 478 352 76 0.6 1.4 0.1 0.7%
Dissected(>5%) 255 247 468
26.3 255  48.1%
Dissected(>10%) 277 988 1375 10295 6338 2023
1.3 46 65 483 298 9.5%
Hum-inclined(>9%) 28 1251 142 1103 68
1.1 48.3 55 426 26 %
Hum-Inclined(> 15%) 1 144 468 2373 62 2078 58
0.0 2.8 90 458 1.2 40.1 1.1 %
Hum-Ridged(5-9%) 100 8662 37033 12223 1504 1006
0.2 143 612 202 25 1.7 %
Hum-Ridged(9-15%) 40 772 4117 3431 1833 an
0.4 73 390 325 17.4 35 %

Hummocky(5-9%) 1062 18834 81208 39062 3615 6441 209 415
0.7 125 53.8 25.9 24 43 0.2 0.3%

Hummocky(9-15%) 1090 5351 35566 68988 8913 23027 382 835
0.8 3.7 24.7 47.9 6.2 16.0 03 0.6

Hummocky(> 15%) 177 726 5402 28061 4722 20534 1604 1378
0.3 1.2 8.6 448 75 328 26 2.2%

Hummocky(5-15%) 1 1130 385 134
0.7 68.1 23.2 8.1 %

Dominant landform categories are highlighted.
! Undutating, 2Rolling, 3 Hummocky-Rolling, 4 Hummocky, ® Dissected
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Table 7.8. Overlap of Sand River Geology Landform Classification with Automated DTM Landform

Classification

Geology Automatically classified DTM landform categories
categories Levet Undu' Rol?  HuRo® Ridged Humm* Dissi® Diss2®
Lake 8574 3611 2812 1484 19 172
514 217 16.9 89 0.1 0.1 %
Varled 81 2803 6485 9813 1429 11053 12341 9407
0.2 5.3 12.1 18.4 27 20.7 23.1 17.6%
Terrace 744 910 932 2617 623 554
11.7 14.3 146 41.0 9.8 8.7%
Fiat 21450 29569 15340 7659 484 8679 710 1117
252 348 18.1 9.0 0.6 10.2 0.8 1.3%
Flat-Hummocky(0-3m) 15628 44765 12207 750 796 222 40
210 602 16.4 1.0 1.1 0.3 0.1 9%
Flat-Rolling(0-3m) 1913 11254 3156 268 55 10
115 67.8 19.0 1.6 0.3 0.1%
Rolling(1-am) 10312 20721 16853 6383 1078 4542 249 274
149 428 24.3 9.2 1.5 6.5 0.4 0.4%
Rolling(3-10m) 3191 27928 44225 19640 4317 10541 1324 3754
28 243 38.5 17.1 38 9.2 1.2 3.3%
Ralling(> 10m) 50 3934 7609 3959 5293 389 514
0.2 18.1 35.0 18.2 24.3 18 2.4%
Hummocky(1-3m) 41 228 134 297 118 674 137 11
25 13.9 8.2 18.1 7.2 41.1 8.4 0.7%
Hummocky(3-10m) 69 298 222 737 28 130
4.7 20.1 15.0 49.7 1.9 8.8%
Hummocky(>3m) 660 3109 19198 60994 6406 27750 316 223

0.6 26 16.2 514 54 234 0.3 0.2%

Hum-Roling(1-0m) 5852 21908 13338 4457 336 695 264 638
123 481 281 9.4 0.7 1.5 0.6 1.3%

Hum-Rolling(1-10m) ~ 4232 46657 114499 48092 5541 6311 586 1222
19 20.5 50.4 21.2 24 28 0.3 0.5%

Hum-Rolling(3-10m) 90 1343 3152 1846 2580 493 36
0.9 14.1 33.0 19.4 27.0 5.2 0.4%
Hum-Rolling(> 3m) 7 71 317 722 3
04  48.1 15.7 357 0.2 %
Hum-Ralling(> 10m) 8 106 190
26 349 62.5%
Hum-Ridged(> 3m) 189 217 4805 16722 431 5080 12
07 .08 i75 609 16 185 0.0 %
Ridged(3-10m) 112 389 542 13 319 5
8.1 282 393 0.9 23.1 0.4 %
Ridge-Rolling(3-10m) ~ 946 13315 40068 14799 3071 4865 166 1018
1.2 170 512 189 39 6.2 0.2 1.3%

Dominant landform categories are highlighted.
! Undudating, 2 Rolling, 3 Hummocky-Rolling, 4 Hummocky, S Dissected
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overall class correspondence measure comparing the automated DTM landform
classification with the soil or geology landform classification is not given.

The definitions of landform categories differ between the classifications
because the categories of the DTM, soil and geology landform classifications were
mainly differentiated on the basis of surface expression, whereas the categories of
the automated DTM landform classification were mainly discriminated on the basis
of morphometric classes. Consequently, the soil landform categories hummocky and
hummocky-inclined of greater than 9 percent slope gradient and geology landform
categories hummocky-ridged, hummocky-rolling and hummocky of greater than 3
meter local relief were all predominantly classified as hummocky-rolling in the
automated DTM landform classification (Table 7.7 and 7.8). In contrast, soil and
geology landform categories, which differ only according to their associated
morphometric modifiers but are labelled by the same surface expression, are
represented by different landform categories in the automated DTM landform
classification. For example, rolling(1-3m) of the geology landform classification is
associated with category undulating in the automated DTM landform classification,
while rolling(3-10m) is associated with category rolling in the automated DTM
landform classification, and, finally, category rolling(>10m) is associated with
category hummaocky-rolling. The same observation applies to most of the hummocky,
rolling or ridged categories in the soil and geology landform classification except for
category hummocky(I-3m) and hummocky(3-10m) in the geology landform
classification. These categories were cut off at the margin of the map and only
represent the smaller steeper portion of the landform unit as described in Chapter
6. For this reason, the categories are associated with automatically classified
landform categories of higher than expected magnitude of relief and slope gradient,
such as hummocky instead of hummocky-rolling.

Furthermore, soil landform category level(0-2%) and geology landform
category flat, which represent predominantly lakes and poorly drained depressions,
have a higher overlap with category undulating than with category level of the
automated DTM landform classification. This unexpected overlap can be explained
by two reasons: first, edge effects, as described in section 7.4.2,, also occur in the
automated DTM landform classification around lakes and other areas of low relief;
and, second, undulating and level categories were defined slightly differently by the
automated DTM landform classification than by the County of St.Paul soil landform
classification. As shown in Chapter 6, the slope gradient class limits of the soil
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landform category undulating(2-5%) were overestimated in the County of St. Paul
landform classification. For this reason, in the automated DTM landform
classification, the categories level and undulating were differentiated on the basis of
local relief only, whereas the slope gradient class limits (0 to 2% slope) remained
the same for both classes. The change of the slope gradient class limits for
undulating is justified by the high overlap of the County of St. Paul landform
categories undulating(0-5%) and undulating(2-5%) with category undulating of the
automated DTM landform classification.

While the morphometric class limits appeared to be underestimated for
undulating in comparison to level in the automated DTM landform classification, the
morphometric class limits associated with dissected 1 and 2 appear to be
overestimated in the automated DTM landform classification. Most of the units
classified as dissected(>10%) on the County of St. Paul soil map, are associated with
hummocky rather than with dissected units on the automated DTM landform
classification. The delineation of the category dissected, however, differs not only
between the automated DTM landform classification and the County of St.Paul
landform classification but also between the two automated landform classifications.
On the automated DTM landform classification, the two dissected categories cover
only narrow bands of steep slope portions along the Beaver River, whereas most of
the river valley walls of less steep slopes are identified as Aummocky. In contrast, on
the automated soil landform classification, dissected(>10%) covers nearly the entire
Beaver River valley walls which include also the less steep portions of the slopes. As
a result, landform category dissected(>10%) of the automated soil landform
classification interferes also with many other landform categories of the County of
St.Paul soil landform classification (Table 7.3). In contrast, the interference of
dissected with other categories is greatly reduced on the automated DTM landform
classification.

The surface expression labels associated with the automatically classified
landform categories may not correspond, in all instances, with the actual landform
feature because landform categories are discriminated by the automated landform
classification only on the basis of quantitative modifier frequency counts occurring
within the closer proximity of a grid cell. For example, the Beaver River floodplains
were classified as hummocky-rolling and rolling. The surface expression does not give
any indication that the category represents floodplains; but both landform features,
rolling hills and floodplains, consist predominantly of 3 to 10 meter local relief, 2 to
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5 percent slope gradient and a majority of concave and convex slopes with a shift
towards concavity (Table 7.9). Landform features of rolling hills or floodplains can
only be differentiated according to their wider proximity and context in which they
occur. Within their closer proximity, the landform categories are classified by the
same numerical characteristics derived from a neighbourhood and can therefore not
be differentiated by the automated classification process.

A similar effect applies also to single hummocks and ridges which are
differentiated in a separate unit as hummocky-rolling within an area of rolling
landforms located in the NE of the study area. These hummocky and ridged
landform features were discriminated from the surrounding landform categories
because the morphometric class frequency counts of these features exceeded the
predetermined pattern of those frequency counts obtained for rolling landform
categories. In the automated classification process, the context of a landform is fixed
by the neighbourhood size and the frequency counts are limited to the
morphometric measurements derived within that fixed neigbourhood. If the
signature locally exceeds the predetermined frequency counts, the neighbourhood is
placed into a different landform category. In contrast, a manual mapping process is
flexible and can identify landforms of different sizes by their shape and
morphometric modifier magnitude. Consequently, any automated landform
classification still has to be interpreted and remapped subsequent to the initial
automated mapping process as requested by Muehrcke (1972).

7.6 Summary and Future Research Considerations

The automated landform classification was implemented to integrate DTMs
of local relief, slope gradient and downslope curvature in a multivariate, synthetic
classification to generate new landform classification models. In this research, a
contextual classifier consisting of morphometric class frequency counts obtained for
neighbourhoods of fixed size was used in the automated classification of landforms.
The two objectives of this classification were: first, to replicate as accurately as
possible an existing specific landform classification based on landform categories
delineated on the County of St.Paul soil map; and, second, to produce a landform
classification which would be sufficiently generalized to be applicable to any
Canadian land survey. Many of the County of St.Paul soil landform categories were
represented by a multitude of landform categories in the automated soil landform
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classification because they were too similar according to morphometric class
characteristics. For this reason, the landform categories could not be discriminated
appropriately in a numerical classification. The inadequate discrimination of
landform categories resulted in a heterogeneous pattern of landform units which is
difficult to visualize and comprehend. As a result, interpretation and mapping is
required subsequent to the initial classification.

The landform categories of the automated DTM landform classification were
delineated from DTM image overlays according to morphometric characteristics
and a synthesis of Canadian landform category definitions. The selection of the
landform categories was based on the results derived from the quantitative analysis
undertaken in Chapter 6 and of the DTM landform interpretation described in
Chapter 4. Landform categories of larger areal extent than shown on the automated
soil landform classification map were generated in the automated DTM landform
classification because fewer landform categories were used and the change of
landform characteristics were adjusted according to morphometric class differences.
The disadvantage of the improved generalization was a loss in detail on the
automated DTM landform classification map. But, generalization was given priority
over accuracy in the automated DTM landform classification to improve the
readability of the map and to allow the application of the landform classification in
multiple land surveys.

The classification of landform regions containing landform patterns by
simultaneously extracting single landform features of small areal extent was not
achieved by this automated landform classification. This can be explained by the
following two reasons: first, a fixed neighbourhood size does not conform with the
varying scale of landform features and patterns; and, second, the computer has to be
trained during the decision making process to analyse and classify the individual
landform features and landform patterns in the same way as the human eye and
brain interprets an image. During the process of image interpretation, the surface is
perceived under a continuous series of transformations as the perceiver moves
within a flexible array of dimensions (Zusne, 1970). As illustrated in this research, a
contextual classifier based on frequency counts derived from neighbourhoods of a
fixed size cannot differentiate between the varying scale of the landform features.
One area for future research consideration is therefore to incorporate the
complexity of perceptual invariance associated with visual interpretation (Zusne,
1970) into the quantitative decision making process. The quantitative decision
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making process has to rely on decision rules which consider a flexible array of
dimensions. Numerous examples have been provided in image processing to
segment the image into regions of varying neighbourhood sizes, such as region split
and merge algorithms (Pavlidis, 1982; Cross et al., 1988; Franklin and Wilson, 1991;
1992). Indeed, first attempts have been made to employ such algorithms in landform
classification (Weibel, 1989; Dikau, 1990a) but future research is required to further
develop and refine these approaches for the application in a contextual based

landform classification.
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8. Conclusions and Future Research Considerations

According to Dobson (1983), automation and spatial analysis serves as an
integrated systems approach to geographic problem solving in which the problem is
defined, the appropriate methods are chosen, and the tools are selected from a
broad repertoire of automated and manual techniques. This thesis has presented an
example of this approach to landform mapping, analysis, and classification. A
number of manual, semiautomated and automated interpretation techniques were
applied to digital terrain models (DTMs) to address the following two research
objectives: first, to analyse an existing soil landform classification and geology
landform classification to assess the accuracy and compatibility of those
classifications and to determine suitable sets of morphometric modifiers which
describe the landform categories quantitatively; and, second, to map and classify
landform categories from DTMs defined according to Canadian landform
classifications.

The research showed that DTMs can be used flexibly in qualitative as well as
quantitative landform interpretation. Digital terrain models should supplement and,
in some instances may replace, the airphotograph in landform mapping and
classification projects. The following DTMs and DTM mapping products are
recommended for use in visual interpretation of landforms. Classed elevation
models are suitable for the delineation of broad physiographic units, whereas
hillshaded models provide the most realistic representation of landform; hillshaded
models should be used for the interpretation of surface expression. The possibility to
interpret hillshaded models without seeing in three dimensions, the flexibility of the
model, and the ability to combine the model with other data sources are three
reasons for replacing airphotographs with DTMs. To add a quantitative modifier to
the qualitative description of landform, the hillshaded model can be digitally
overlaid with colour classed slope gradient and downslope curvature maps. Slope
gradient has been identified as a more suitable morphometric modifier in landform
classification than local re’~f *-.ause slope gradient can be determined more

unambiguously than local : ‘esearch results indicate that the selection of a
neighbourhood size, from - «a relief is derived, poses a problem in the
objective determinatici: »f . .. .ef. Curvature proves to be the most suitable

morphometric modifier for i.. :dentificatio= of drainage patterns. But the areal
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extent of poorly drained depressions and lakes, which are of importance in soil and
geology classification for locating organic material, could not be exactly delineated
from classed curvature or siope gradient maps.

In this research, special emphasis was placed on the use of numerical
techniques to provide an alternative to the subjective qualitative interpretation.
Furthermore, the inclusion of context was a major component of the numerical
techniques used for mapping and classifying landforms. For example, a modal
filtering technique was applied to an extended neighbourhood(11x11) instead of to
the immediate neighbourhood(3x3) for the generalization of DTM maps.

The selection of the neighbourhood size based on texture and grain analysis
has always been a problem in context based mapping and classification. In this
thesis, relative variance has been used for the first time as a texture measure for the
determination of optimal neighbourhood sizes. The application of relative variance
has the advantage over other texture measures because of its straight forward
implementation, and because the threshold for acceptable homogeneity within a
neighbourhood can be unambiguously determined. This threshold is formed by a
logical breakpoint, at which the within neighbourhood variance becomes greater
than the between neighbourhood variance. The use of relative variance to
determine the optimal neighbourhood size according to the homogeneity measure
of slope gradient distributions was useful; but problems do exist for the
determination of neighbourhood sizes according to homogeneity measures of other
DTM distributions, such as downslope curvature and elevation. Further research is
required to test whether or not the relative variance can be used as a homogeneity
measure to determine the grain of low relief landforms. In addition, relative
variance tends to decrease with an increase of the sampling size and differs from
area to area depending on the variability of present landforms. For this reason, the
determination of the neighbourhood sizes for different regions of the study area is
advised.

The implementation of an automated technique to classify categories of
different landform assemblages was one of the most important objectives of the
research. The principal problem in the implementation of an automated
classification technique was the incorporation of context into the classification
process. In this thesis, a context based classifier using morphometric class frequency
counts was used for the first time in classifying landform. The method provides a
first step in the attempt to build the human interpretation process into an
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automated interpretation model. The context based landform classification was a
considerable improvement over classifications based on attribute homogeneity only,
but the classification still showed some deficiencies. Edge effects and the incorrect
discrimination between landform categories were the two main problems
encountered on the classified landform maps. Two reasons suggested for the
inadequate discrimination of landforms: first, the ability of the human eye/brain
system to adjust the interpretation radius (neighbourhood) according to varying
texture of different landforms was missing in the classification programs; and,
second, the landform category training areas were selected according to qualitative
descriptors instead of quantitative descriptors. To consider the varying texture of
landform in the classification process, the determination of variable neighbourhood
sizes has to be incorporated into future context based classification programs.
Attempts have been made in image analysis research to provide a solution to the
problem by developing region split and merge algorithms (Kettig and Landgrebe,
1976; Pavlidis, 1982; Cross et al, 1988; Franklin and Wilson, 1991; 1992). The
applicatidn of these techniques needs to be refined for future application in
landform classification.

Additionally, the replacement of the qualitative interpretation technique with
a quantitative interpretation technique, while at the same time maintaining the
qualitative definition of landform categories, is not sufficient for the generation of a
more objective and reliable landform classification. To make the landfonn category
definitions amenable to numerical interpretation techniques, quantitative modifiers
must be added to the qualitative landform category definitions. For example,
hummocky landforms should also be differentiated from rolling landforms by
selecting areas of steeper slope gradients, more pronounced curvature, relief of
higher variation and multimodal rather than bimodal azimuth distributions.

In the future, these specific quantitative modifiers should also be added to
the map legends to provide the user with a more accurate account of landform
characteristics. The determination of quantitative modifiers in a post-classification
analysis poses no problem if the data are available in digital form and if they are
incorporated into a geographic information system. For the determination of
quantitative modifiers in this thesis, the soil and geology landform categories were
digitally overlaid with DTM distributions. The quantitative modifiers were then
determined for each landform category from several DTM distributions in the form
of statistical measures, such as the mode, the mean, and the variance. The
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standardized range provides a suitable measure for combining the mode, the mean
and the variance into one parameter, if the number of quantitative modifiers must
be reduced. Additionally, not every DTM distribution of local relief, slope gradient,
azimuth, and curvature is of importance for the quantitative characterization of
landform categories. Slope gradient, however, is the most appropriate variable for
the representation of landform characteristics because the variance of slope
gradient provides an additional indication for roughness of the landform. Curvature
is only of importance if special emphasis is placed on the assessment of drainage
patterns and the moisture content of soil or surficial materials.

A post classification analysis also provides a method of assessing the accuracy
of predefined landform category definitions by comparing the predefined landform
category definitions with the landform characteristics of the mapped landform
categories. This assessment is of special importance when other parameters. such as
material modifiers, have been incorporated into an integrated systems zpprvach for
mapping soil or geology categories, and when the boundaries of the soil ar:d geology
polygons have been adjusted to fit the boundaries of all of the parameters integrated
in the classification. Clearly, such a detailed assessrient was not implemented after
the final compilation of the County of St. Paul soil survey and Sand River geology
survey map, because the quantitative modifiers of several landform categories did
not coincide with those determined from associated DTM distributions.
Furthermore, the comparison of the soil and geology landform classifications
showed that the landform categories on the maps varied between the two
classifications, although the definitions of the landform categories were in many
respects compatible. This result confirms the need for a more rigidly defined
landform classification and the need for reliable interpretation and classification
techniques.

The automated landform classification presented in this thesis provided an
approach to integrate various classed DTM distributions in a multivariate
classification process. The formation of comprehensive landform categories as
proposed for Canadian Ecological Land Classifications was the objective of the
classification process. The classification implemented in this thesis, however, has
been restricted to the classification of form only. In future research projects, other
parameters related to material and process modifiers should be incorporated into
the multivariate classification. The integration of these parameters into a landform
model may allow the prediction of genetically defined landform categories as used
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in Canadian terrain classification systems and the Canadian Soil Landform
Classification. An increase in the number of components incorporated into the
classification, however, increases the complexity of the modelling process,
particularly when spatial dependency measurements required for the consideration
of context information are included in the analysis. In this thesis, difficulties arose in
determining neighbourhood sizes for the classification of landform categories
because neighbourhood sizes changed according to landform variability and
according to different morphometric variable distributions. If material and process
parameters are included in the automated modelling process, problems associated
with the measurement of varying spatial dependencies will be even more difficult to
solve.

While the human analyst is flexible in making inferences about context and
attribute relationships based on knowledge and expertise, the computer has to be
trained by setting up rules for each assumption leading to a decision. Computer
capabilities would * : exhausted if all of the assumptions made by the human anaiyst
were built into a program. Consequently, human input and interaction during the
modelling process is necessary to produce a meaningful landform map. The research
results suggest that the computer is an indispensable tool for transforming and
displaying landform data objectively and efficiently; but as stated by Imhof (1982},
the insight into problem formation, the interpretation of results and the final
judgement about the content and the design of a map remains the critical work of
the human analyst.
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Appendix 1

Relevant Definitions of Landform Categories and Classification Schemes
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Table A1.1. Comparison of Surface Expressicn Definitions between Canadian System of
Soil Classification (E.S.C.C., 1987a) and Terrain Classification System (Howes & Kenk,

1988)

Terrain Classification

plain - leve! or vury gently
sloping, unidirectional surface;
local surface lrrejularities
generally have a velief of less
than 1 metre. Slopex <= 5% (3)

gentle siope - unidirectional
surface with a slope gradient

3-15 (5-26%), and a smooth,
longitudinal profile that is

either straight, concave or convex;
local surface irreguiarities
generally have a relief < 1m.

moderate siope - same as above
slope gradient 15-26 (26-50%)

moderately staep slope - same as
above; slope gradient 26-35
(50-70%).

steep slopes - same as abcve:
slope gradients > 35 (70%)

rolling - Elongated hillocks with
slopes dominantly between 3 and
15 (5-26%) with local relief > 1m.
In plan, assemblage of parallel or
sub-parallel linear forms with
subdued relief.

ridges - Elongated hillocks with
slopes dominantly between 15 and
35 (26-70%) if composed of uncon-
solidated materials; tadrock siopes
may be steeper. Loca; relief >1m.
In plan, an assembii 1o of paraliel
or subparallel linear forms.

Soil Classification

ievei - A flat or very gently

sloping, undirectional surface with

a genisally constart slope not broken
v 'naixed elevations and depressions.
Slopes generally < 2% (1)

inclined - sloping, unidirectional
surface with a generally constant
slope not broken by marked
irregularities; slopes 2-70% (1-35 ).
form of inclined slopes is not
related to the initial mode of

origin of the underlying material.

steep - Erosional slopes > 70% (35 ),

on both consolidated and unconsolidated
materials. The form of a steep erosional
slope on unconsolidated materials is not
related to the initial mode of origin of

the underlying material.

rolling - very regular saquence of
moderate slopes extending from rounded
sometimes confined concave depressions
to broad, rounded convexities producing
a wavelike pattern of moderate refief.
Slope length Is often 1.6 km or greater
and gradients > 5% (3).

ridged - long, narrow elevation of
the surface, usually sharp crested
with steep sides. The ridges may
be paraliel to subparatlel, or
intersecting.



undulating - gently sloping hillocks
and hollows with muitidirectional
slopes generally up to 15 (26%);
local relief > 1m. In plan,
assemblage of non-linear, generally
chaotic forms that are rounded or
irreguiar in cross-profile.

hummocks - steep sided hillocks and
hollows with multidirectional slopes
dominantly between 15 and 35 (26-
70%) if composed of unconsolidated
materials; bedrock slopes may be
steeper. Local religf > 1m. in plan,
assembiage of non-linear,generally
chaotic forms that are rounded or
irregular in cross-profile.

depressions - Circular or irregular
area of lower elevation than the
surrounding terrain and marked by an
abrupt break in slope; side slopes
within the depression are steeper than
the surrounding terrain; depressions
are two or more meters in depth.

terrace - a single or assemblage
of step-like f:»ms where each step-
like form consists of a scarp face
and a horizontal or gently

inclined surface above it.

fan - relatively smooth segment

of a cone with a slope gradient from
apex to toe, up to, and incl. 15
(26%); longitudinal profile that is
either straight, concave or convex.

cone - cone or segmant of a cone with
a relatively smooth slope gradient
from apex totoe > 15 (26%), and a
longitudinal profile that is either
straight, cincave or convex.
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unduiating - very regular sequence

of gentle siopes that extends from
rounded, sometimes confined concavities
to broad rounded convexities producing
a wavelike pattern of low local

relief. Siope length generally

< 0.8 km and the dominant siope
gradient is 2-5% (1-3 ).

hummocky - very complex sequence of
slopes extending from somewhat rounded
rlepressions or kettles of various sizes

to irreguiar to conical knolls and knobs
Generally lack of concordance between
knolls and depressions. Slopes generally
9-70 % (5-35)

terraced - scarp face and the
horizontal or gently inclined
surface above it.

fan - fan shaped form similar to segment
of a cone and having a perceptible
gradient from the apeX to the toe.

apron - relatively gentle clope at the
foot of a stesper slope formed by
materials from the steeper, upper slopes

veneer - mantie of unconsolidated materials too thin to mask the minor irregularities of the surface
of the underlying material. It ranges in thickness form 10 cm to 1 meter and possesses ho form
typical of the material genesis.

blanket - mantle of unconsolidated materials thick enough to mask minor irregularities of the
surface of the underlying units, but still conforms to the general underlying topography.
Blanket > 1m thick; outcrops of the

underlying unit are rare.
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Table A1.2. Comparison of Slope Classtfications between Canadian System of Sol

Classification (E.C.S.S., 1987a) and Terrain Classification System (Howes & Kenk, 1988)

Terrain Classification Soll Classification
03 0-5% plain 0 0-0.5% level
0.3-1.5 0.5-25%  nearly level
13 2-5% very gentie
>3-18 5-26% gentle slope 3.5-5 6-9% gentle slopes
6-8.5 10-15% moderate slopes
9-17 16-30% strong slopes
>15-26 26-50% moderate slope 17-24 31-45% very strong
>26-35 50-70% moderately steep 25-35 46-70% extreme slopes
>35 >70% steep slope 3545 70-100%  steep slope

>45 >100% very steep
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Table A1.3. Comparison of Surface Expression Definitions Used in the Sand River Surficial Geology
Survey (Andriashek & Fenton, 1989) and the County of St.Paul Soll Survey (Brierley et al., 1990)

Susficial Geology Survey
fiat - local relief < 1 m.

varied - hum~cky, roliing,
and flat terrain, relief
glocally high

terrace

rolling - alternating concave

and convex morphologic elements
with a length to width ratio of
more than 2; elements parallel to
nonoriented

ridged - one or more convex
rarallel to sub-parallel,
mosphologlkc elements with i length
1 width reiio nf more than 2; may
rest on 1 leval surface or have
associated hollows

hummocky - assemblages of hills
and hollows; approximately
equidimensional

Soll Survey

{ovel - flat or very gently

sloping, unidirectional surface

with a generally constant slope

not broken by marked elevation and
depression. Slope < 2 %
dissected - long unidirectional
slopes which contain gullies or
dissections. The siope length

within these landscape > 300 m.

terraced - surface form consisting
of a riser and the horizontal or
gently inclined surface (tread)
above it. The presence of the
risor limits access within the map

undulating - wave-ike pattern of
very gentle slopes with low local
relief. Slope length is generally

< 0.5 km and slope gradients 2-5%

ridged - long narrow elevation of
the surface usually sharp cresteu
with steep sid=s. Ridges may be
parallel, z4:bparallel cr
intersecting

hummocky - a very complex sequence
of slopes extending from somewhat
rounded depressions or ketties of
various sizes to irregular to

conical knolls or knobs. There is

a general lack of concordance

between knolls and deprer ion.

Slope 9-76 %

inclined - sloping, unidirectional
surface not broken by marked
irregularities. slopes are 2-30%
and > 300 m in length.
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Table A1.4. Comparison of Morphometric Modifier Classifications Used in the Sand River Surficlal
Geology Survey (Andriashek & Fenton, 1989) and the County of St.Paul Soll Survey (Brierley et a/.,
1990)

local relief classes slope classes

used in geology survey used in soll survey

low < 3m level 0-2%
very gentie 2-5%

moderate 3-10m gentie 5-9%
moderate 9-15%

high >10m strong 15-30%

Table A1.5. Curvature Classification Scheme after Young (1972)

description degrees/100m % slope /25 m
very concave <-10 <44
concave -10 < -1 -4.40 < 0.44
straight 1 <1 0.4 < 044
convex 1 <10 044 < 444

very convex > 10 > 444
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Table A1.6. Colour Scheme Used in Soll, Surficial Geology, and Automated Landform
Classifications

Landtorm (C ategories

Colour Soil Survey Surficial Geology Automated Classification

biue lakes lakes

cyan level{0-2%) flat level

green undulating rolling undulating

yellow hummocky-ridged ridged, ridged-roliing rolling
hummocky-ridged

brown hummocky hummocky hummocky-rolling,

ridged, hummocky

grey hummocky-rolling

magenta hummocky-inclined

red level(0-10%), varied, terraced dissected

dissected
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Appendix 2

Histograms and F-Test Results cf Individual DTM Distributions
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3 Downslope curvature
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