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R 3 Ansr\ﬁcr

For well over a hundred years geographers have sought more precrse and :

( complete express:on of 1andform charactenstxcs n empmcal usually

P
\quantrtatlve terms A spec:f:c obj Jecnve of quantrtatnve landform

analysrs has been the development of a comprehensrve descnptron by whxch

vanous topograp}uc types can be compared and classified numencally
\

Fhe use of digital terrain m_odels (DTMs) is proving to be a valuable .
methodology, for implementing thi: type of: quantitative terrain analysis.
DTMs are deriv_ed from digita] elevation wmodels (DEMs) in the form of
regularly gridded elevatign data sets.

. Thxs study utxhses DEMs produced by the Alberta l :20, 000 Mappmg

Project of the Land Informatnon Servrces Division of Alberta Forestry

" Lands and Wildiife. Three study areas were chosen the Aden area (NTS

72E03/NW) the Fort McMurray areh (NTS 74D1 l/NE) and; the Kakwa reglon.
(NTS 83L04/NE) Using drfferentxal geometry procedures the first and
second denvatnves of the DEM. were produced These DTMs provxded measures _
of slope magmtude, slope azxmuth dxrecnonal curvature and mcrdent

. +solar radnatron for the study areas These models proved to be valuable

as a means of mappmg terram attrxbuteS' as a means of‘ checkmg errors

B he DEMs and as a jata base for terram analysis
: (e

applications.
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- 1.1 Background .

. e ‘ . N
1. INTRODUCTION

2

- There bas been a geng:ral change in the philosophy and methodologies

within the discipline of geomorphology from a subjective and deductive

"science based upGh observation, to an objective and inductive science

. Recent compilations of applied geomorphic studies can be found in Cooke

. based upbn me_asu"rement (Jones 1980; Gardiner 1982). Although the most

important focus of geomorphology is-still the basic examination of earth

surface processes, the\applied geomorphoiogical techniques directed

. A \
towards the study and analysis of landforms (terrain analysis) is

: bec_oming an integral part of the field (Hails 1977).

Geomorphology has been defined as the study of landforms, and in
particular, of the origin, processes of dﬁevelopmentband material
composition of landforms (C,ook'e and Doolrnk’amp 1974). In the past

geomorphology has been mainly an academic discipline but the fi_eld is -

.ra'p'idl‘y bécdmiiig more applied and utilized by a number -of disciplines. .

-

and Doornkamp (1974), Hails (1977), Thornes (1979), Jones (1980), and
Costa and Fleisher (1980). Whittow (1984 p.34) defined applied
gedmorphology as the "application of géomorphological methods of survey

and analysis towards the solution of problems occurring within. man’s

- physical environment”.  According to-Jones (1980), this also includes

"resource surveys, terrain analysis, evaluation of #found conditions,

- hazard Sur_veys and process monitoring” (p.50).

Numerous methods of terrain analysis have been introduced over the
years, these include genetic, landscape and parametric approaches.

1



These approaches rely upon the analysis of available ‘literature, maps,
\
aerial photographs field venfxcatxon and recently upon the development

3

of remote seusmg techniques, mcludmg dxgltal terrain models (DTMs) A
specific objective of quantitative 'landform analysis has been the
development of a comprehensive description by which various to’pographic
types can be compared and cl\assnfned numencally (Pike and Rozema 1975)
The use of DTMs is proving to be a valuable methodology for this type of
quantitative terrain analysis (Craig 1982). DTMs provxde a flexible,
) quantitative means of defining the shape of the terrain. DTMs are
derived from digital 'elevation models (DEMs) which are regularly grldded
ele“vation data‘sets', .and have been used to measure jvs‘lope, aspect,
curvature and other geomorphxc parameters |

The present study utilizes three DEMs produced by the Alberta 120 OOO
'ngxtal Topographxc Data Base (DTDB) Mappmg Pro_;ect of the Land
Informatlon Servxces va:snon of Alberta Forestry, Lands and W:ldlee
"The study areas are located m three geographncally and topographxcally
dnverse areas of Alberta whxch is advantageOus for c0mparat1ve purposes

Ty

Another advantage of thxs prOJect is the ready access to dxgntal data

sets for one ’the major costs of computer methods comes from the mmal

data entry and gnddmg (Dole and Jordan - 1978) T .
The obJectxves of this research are’ to ‘create dxgxtal terram models

from the Alberta 120 000 DTDB mappmg proyect DEMs usmg dzf‘ferentlal

geometry and dxgltal raster xmage processmg techmques and to discuss - ""

and evaluate these models m terms of 9] methods of presentatxon. . ",\

i, 2]

l_(mappmg) DEMs and DTMs; 2) thelr use as’ a means of error checkmg DEMs’

3) their applncatron to dxgxtal terram analys:s and fmally 4) to :



discuss: and compare terrain attributes derived from the models with
published land cla"ssification maps. The overall: objeqtive is to show
that these digital image and map products can be used to supplement or

replace traditional image and map products in ‘terrain analysis.

1.2 Study Areas

The three 'stud‘y areas were chosen primarily on the basis of -

~availability ‘of data. The areas happened to be in very different and‘

‘geographically disparate regions of Alberta, thus providing a ‘means of
producing digital terrain mo. s of very diverse topographic regions
(Frgure 1. l) The Aden and Fort McMurray areas are both within the

Interror Plalns physrographic region but the former is an area of rolling -

‘ground.moraine and incised coulees within ‘the‘prairie Shortgrass

R J

. - ecoregion, whereas the Fort McMurray region exhibits the characteristic-
“ glaciofluvial and glaciolucustrine landscape within the Boreal Mixedwood

A ecoregion (North: 1976). The high relief terrain of the Kakwa area is

located in the Rocky'Mountain Foothills Study area locations are giVen

as the latrtudmal and longltudmal boundanes of the 1:20 ,000 base map,

' <

~ the actual mapped areas consist .of 512x512 subsets ot‘ 25m gnd cells,

B

' resul_tmg in study areas that are 12.75 kilometres square.

k The Aden study area (NTS 72E03/NW) is in southern Alberta, latitude

- 49°T 30"N to 49°15 OO”N and longitude 111°15° OO"W to lll°30 OO“W and is

<

_part of the Milk River Drainage Basrn The Milk River flows east through

‘the southern part of the area and is mcrsed into the Milk River

e

4 ol att

sandstone along the axrs of the preglacial Whiskey Valley (Westgate

£

#H.



2 STUDY AREAS
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| 2 Kakwa
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Figure 1.1 Study area locations
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- i968).‘ Ele?ations,range‘,tfrom 879mr to 1033m a.s.l.; producing a relative |
rélief of 158m. S ' |

Situated or; the broad, n'ortherly plunging anticline known as the Sweet
Grass Arch, the topo‘graphy‘ is a result of preglacial, 'glaciél and post-
glaciz;l erosion and deposition. The su_rfa.ce'is gently rolling,
interrupted by deeply eroded cox;lees (meltwater ‘channels) Which prov_ide
internal drainage for the area and are considered to be relics of post-
glacial drainagé (Meyboom 1960). The Milk River channel was icg marginal
and fdrmed during retreat of Wisconson ice’; Térréces present élong the
Milk River are covéréd by tili, ‘indicating a glacial advance which
' interrupted phase; of meltwater flow. The area is covered by differentv
morainal forms as well as flutings corﬁposed of till or bedrock which are
‘oriented in the direction of ‘ice movement. The -flutings have a ldw,
relief "and a.r"e difficult to discérn from the ground but show up cléarly
on aerial photographs (Westgate l§68). These ﬂutin‘g features are not
generally evident on the DTMs due to the resolution of thé data.” Only
one large fluting fenture is visible in the northeast quadrant. |

The till man>tle is derived from Upper Cretaceous strata of soft
san}dstone and Pawkowki marine shales and has a fine loamy texture (Wyatt
et -l 19411). The climate is semi-arid and cold, ivnfhlxen.ced by chinook
winds (Bc-neu.” 1974). These winds are believed to play an indirec; role,
in"chbinL ion with the aspect of the river valleys, in the distriﬁution
“of land;lides_ (Beaty 1955).

The Fort McMurray area (N'I‘Sk 74D117NE) is in ‘northea‘stern Albérta
between latitudes 56°37'30°N-and S6°45°00°N, longitude" 111°00°00"W to
111°15°00"W '(Figuré 1.2)._ The study area includes part of the broad U-

0
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shaped valley of the ~westerly flowing Clearw{ter River, a major tributary

I
ofr the Athabasca River. The tr,xbutary, valleys flowing mto the

Clearwater River show a V-shaped cross-sectional form. Elevations range

1

from 240m to 474m as.l. producmg a relatnve rehef of 234m

The upper surface shows little vanatlon in rehef The ‘surface north

“of the Cleaffwater valley displays the level topoglraggxy‘ o'f
. 5 3

glaciolacustrine deposits and has been modified by aeolian prdcesses
eviden_ced on aerial photographs by a' number on ‘dune l‘ields (these dune

fields could not be detected on the DTMs due to their low relief)™ South

of the valley, glaciofluvial action has left a large terrace- hke feature
. ‘incised by paleochannels (INTERA l978) The large U-shaped valley o_f the

Clearwater River is thought to have been a major meltwater channel during .

e

the retreat of the Wisconsin ice sheet. The v'a_lley walls -are fairly
straight and parallel, and the valley floor is,approximately 1.5km wide.

The present-day topography ‘is assumed to be very similar to the

' preglacial topography '(Carrigy >l959). The glacial deposits overlie the

A4 .
Cretaceous Gr‘and Rapids, Clearwate; and McMurray Formations which outcrop

along thg vallpy walls . The sharp changes in the sedimentary sequehces

between these formations are appargnt on the DTMs. For a more detailed

description of the geology of the areasee Carrigy (11959).'—
The vegetation of the prairie surface Jconsi'sts mainly of muskeg bogs )
supporting blagk spruce, whereas in the river valley and well—qramed

areas heavy growths of ‘tremblingmsp\en, white spruce and jackpine are .

; A\
found (Intercontimental Eng. 1973). .

The ‘Kakwa study area. (NTS. 83L04/NE) is in west-central Alberta close to .

the Alberta-l?ritish Columbia,b'order, between -latitudes 54°7’30l'N and-

©

>

N
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Figure 1.2 Fort McMurray Study Area Location Map \



540 5’00"N longltude ll9‘30’00"W to ll9‘45'00'W (Flgure 1.3). thhm

the Rocky Mountam Footh-ls physnographxc reglon and the Smoky aner

i Dramage Basm the area mcludes portrons of the Boreal Uplands the

Subalpme and the Alpme ecoregrons “which are c’haracterlzed by . >
dxstmctrve cllmatxc condmons (Strong and Leggat 1981) The hxgh
relrel’ terrain plqyk 2 major role in the great diversity of ecological
: “ and phys:cal characte::xsncs of the- area Elevations® range from 1106m
asl where the Kakwa Rrver leaves the study area to 2334m a.s.l. in the
southwest, g:vmg a relative relief of 1228m.

Th geology of the r/egion is ’structurally complex. The numerons_
pnrallel and~‘,subp‘arallje‘l, southwest—dipping thrust faults and folds ‘have
a northwest strnctnral trend (Irish 1968) The‘ surl’ace has been modified
g by the Cordilleran G_lac".ier' Complex which orlginated to the west and

‘sou"thwest of the area (Archibald et al. -Il984) The aretes and cirqne

" basins in the southwest corner, the glacial meltwater. channel now
occupied by the )Kakwa River and a mantle of unconsolxdated morainal’
‘matenal aré the major glacial and postglacial erosronal'and depositional
“forms. "bThe surface has been subsequently eroded by postglacial processes
including weathering, rnass movement and fluvlal action. For a thorough
review of the hterature pertarnmg to the structural and surf:cral
geology see Archibald et al. (1984). | _ ' | *

The végetation patterns and chmatnc condmons in the Kakwa regnon are
controlled mainly by elevatron slope and aspect. The forest pattern
. changes "from'aspen at low elevatxons; lodgepole pine at mid—‘elevations;

Engelmann spruce and alpine fir at high elevations and finally to alpine

meadows at the highest points (Archibald et al. 1984).
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2. DIGITAL DATA AND DERIVED PRODUCTS
% ,
2.1 Introduction'

Digital terrain models (DTMs) have been developed and used for a

number of years but only recently have they been\used for mapping .

- (Ackerman 1978). Generally, DTM:s are denved from exther terrestrial

surveys, photogrammetnc surveys or existing contour maps (Yoeli 1983)

There is an inconsistency in termmology prevalent in the lrterature

For the purposes of this study a DEM will be cons;dered to be a regularly
gridded'eleiation set; a DTM is derived from a DEM and consist-s of a set -
-of terrain paran{eters corresponding in size and resolution to the

ongma] DEM ‘

‘. The Alberta 1: 20 000 Digital Topographic Data Base (DTDB) project was
undertaken by Alberta Forgstry Lands and Wildlife in 1984 to provxde a
digital database for use by government agencies and pnvate sector
~ companies. Seeveral private sector mapping companies developed systems
for data capture processing, edmng and creating various forms of .
output. The government expects to complete coverage of the province
(650,000 sq. km) by 1991 as part of the digital ‘1:20,000 project (Toomey
- 1.986). New survey data, aerial photography (1:60,000) and compilation
manuscnpts are used by the private mapping firms to produce the d:gxtal
base maps. An important product of this pro;ect is the creation of DEMs -

comprised of X, Y, and Z coordinates captured during the

stereocompilation phase.

10
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. g

. The DEM data are composed of grid pornts breakhnes and characterxstxc

spot herghts A vanety of photogrammetnc mstruments were used durmg

data acqutsrtnon, -mclud_mg WILD Al.O, Zerss-]ena Stereometrograph E and

WILD analytical plotters.. The data spacing'for mass points typicaliy

averages between 1.6mm to 2.0mm at a photo scale (Toomey 1986) of

slates to every 96 to 120 metres on the ground. The

procedure fof capturing DEM data is left to- the contractor; the' spacing
. < . . . .

of grid points, spot heights and breaklines is determined by the nature -

of the terrain, the interpolation programs used and confractor experience

" means of error checking;

' (Land Information Services Division 1985). The DEMs are stored in a-

variable grid format; The Land Informatron Servxces Drvrsron ises the
Stuttgart Contotir Program (scop) to.cr‘eate the variable grid files
(Toomey' 1988) "The Varymg grrd size avonds the densrfrcatron of an
mteﬂtronally reduced amOunt of data and it allows the dtrect ransfer- of
the %togressrve safnplmg grid with addmonal lmes mto a. correspondmg

DEM" (erd and Kostlr i984~) ThlS program is also stated to. be useful

.r, s

~ for the automatrc generatron of a varrable gnd accordmg to the terram

condmons The data are processed wrth overedge coverage to’ ensure
\(. B

agreement with adjommg map sheets The pnvate contractors. and the

. Alberta government prepare contour'plots from the pro_cessed DEM as a

‘the check is a simple way of ensuring that gross errors do not pass
into the DEM data base due to incorrect file labelling by the -~
‘contractor or even due to errors in the DEM data which have been
corrected by interactive graphics only m the contractors contour
frle (Toomey 1986) .

© 2.2 Study Area 1:20,000 Data Sets S e e

—

<

CIY



2
Three of the Alberta 1:20,000 DEMs were provrded by the Land
i Informatron Services Division of Alberta Forestry Lands and erdlrfe
The, Aden data set will only be used as an example of poSsible error
within a DEM. The data sets were _regridded into a .25mx25m regular ,grid‘
l)ased on the Universal .Tr_ansverse Mercator, (UTM) projection. ~Elevations
were given to the nearest millimetre. Each DEM file covers one 1:20,000
map sheet area. (7°30” of latitude by 15°00” of longitude) with a .
_mxmmum of 200m of overlap between sheets Each file contains regular
grid points, spot herghts sharp breaklmes (an abrupt change in slope),
round breaklmes (break m the terrain where the rate of change is small)
’land excluded areas (a set of " elevatron pomts whxch define an area to be
excluded in contour generatron) For the purposes of this study only
regular grid points were_ accessed. |
Th'e regular grid format has.many advantages over other methods of
structuring data, such as the tnangulated rrregular networks (TINs).
Advantages mclude ease of mampulatron ability .to relate specific data
pomts to nexghbourmg gnd values abrlrty to store only attrrbute data
in" the oomputer due to the sequentral position of the data'within an
~ array; and the ease Qwith which overlay operations and statistical testing
may be undertaken. "l‘he main disadvantages associated with a regular _grid
- format are the\,_inability of th_e grid to adapt to the changing roughness
“of the terram and the large amount of required storage space For.a
more thorough drsoussron of regular gnd structures versus other methods
"'.,see: Evans 1972, 1980; Mark 1975a, l979- Gold l979' Peucker et al. 1979;
Grayman and Males 1982 Wehde l982, Burrough 1986; Mrllmgton l986 and

: Douglas 1987
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2.3 Derivative ‘Products
'l’he production of DTMs from DEMs may be performed in a variety of ways.

The method followed in this study uses the diff erential geomerry
procedures as described in Eyton (in review). The .calculation of spatial'
derivatlves is based on the finite difference approxiniation of the first
and second derivatives of a 3x3 neighbourhood of elevations. The surface
is divided into finite elements (grid cells), and the terrain attributes

are assumed to be representative within that grid cell area. This method
lends itself well to image processing techniques, discussed later,_'which

use 3x3 operators for smoothing, edge enhancement and error detecri'on.'
'.Care.sh'ould be exercised when viewing the images; investiga-‘vtor's may be
deluded into thinking that more information may be extracted than is
possible. High quality graphic displays tend to mask the resolution

_ limits imposéd by the data capture and vstorage'proceclures-.f Resolution of
individual features can be no' better than the resolution of the -grid
Accuracy of ‘the dernved mf&matxon (for examplle, slope and curvature)
can be no better than the accuracy assrgned to the elevation pomts (both .
the horizontal and vertrcal) ‘through the ‘photogrammetric mensuration

process. For a review of other methods to describe the .rrain using

DEMs such as exact'fitting multiquadric equations and'least squares
polynomials, see Eyton (in reylew).

» Slope magmtude is determined mathematncally as the maximum slope of a
plane tangent to the surface at a pqmt and represents the rate of change

-of elevaion. Measurernents of slope are taken in the X and Y dnrecuons

for each 3x3 neigh'bourhood. 'These vectors are signed according to the
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slope direction'relative to the origin. Positive slopes decrease’_in I ]
elevation as the origin_ _is approached; negative slopes ‘increase in
elevation as the origin is approached. The Avector cross product of the.
slopesl‘ in th‘e X ar;d Y direction determinessthe slope magnitude and is
expressed as a tangent.

Slope azimuth comprises the directional component of the slopes
measured in the X and Y positions. The local angle 'between the slope
magmtude vector and the slope X vector is first determined _for each 3x3
neighbourhood and then converted to an azimuthv based on the sign of the
" slope vectors in X and Y. Slope aznmuth is represented by a. cxrcu]ar 360
degree distribution grid cells with zero slope do not have an azimuth
i and are -assigned to 361 degrees (flat class). |

Curvature magnitude represents the rate of change of slope, or the
second derivative of the elevation distribution.. This model provides a
mechanism for edge detection but as it only indicates the rate, and not
the direction (or form) at which the slope is changmg t was 0t
reproduced for tlus study. Similarly',.‘p.lan curvature, which represents
‘the_ rate of change of aspect is a valuable' edge detector, similar to the
_ edge'line or ’skeletall line maps of previous workers, but it 'is not
consndered as valuable a tool for the ,5tudy of the terram form as the
Laplac1an and directional curvature methods - By multiplymg each 3x3
neighbourhood of elevations by a Laplac:an operatqr the curvature (ho»
convex, concave or straight) of. the data set may ‘be calculated ThlS
procedure has also been applied to satellite image processmg and acts as

a vhigh frequency, _non-directional filter (Holderman et al, 1978; S_ab‘ins,

1987). ' Laplacian curvature images illustrate the proper direction of .

14
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curvatl;re, but the magnitude of curvature is enhanced. In 'oth_er words,

) t'hg data are properly signed but not properly scaled. .

Directional curvature calcuiatighs estimate the curvature of a slope
along the direction of maximum slope for the c\iownslope pdrameter, and |
orthogonal to the steepest slope for across slope curvatixre, rather than
measuring_curvatuvre along the fixed Cartesian axes of each neighbourhood

(as in curvature magnitude calculations). The calculations involve

linear interpolation to determine the end points of a line represented by

‘the downslope or across slope azimuth passing through the centre of each

N

3x3 neighbourhood.

The Lambertian reflectance mode! differs from the previous models in

_ that it does not involve 3x3 neighbourhood operations, but rather, it

~uses the slope magni\;ude and slope azimuth data sets to determine the

intensity of solar radiation on the terrain surface. The equation used

~to calculate the rela’tive radiance of a slope facet for differing sun
elevations and azimuths is found in Donker and Meijerink (1977). The

‘relative radiances are used to produce hillshaded maps of the terrain.

o

N
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3. MAPPING METHODOLOGY

3..1 Introduction
To fac’ilitate the visuval analysis:of the DEMs and derivative products a
A.nurnber of display techniques were used. Qigital, electronic
representations of the terrain surface enhance landform analys'is
(Monmonier and Schnell 1988). The use of perspective views, grey scale
and classed maps, shaded relief (reflectance) and anaglyph maps provides
a number of options for displaying relief besides the conventnonal
methods of‘contouring. The choice of technique depends on the attributes
of the terrain to be portrayed; the type of terrain information to be
_ extracted from the map; the user; and the technology and cost of
production (Sherman 1964). A large nnmber of images were produced in
~ this study, but for a yariety of reasons, not all maps.we.re reproduced . |
for this thesis. Raster contouring methods have been described f ully in:

E'yton (1984) and will not be discussed here.

. "3.2 Perspective VieWs |

’ Manual preparation of perspective views' requires highly skilled workers
and a large expenditure of time and money (Stefanovxc and Sumons 1984).

. Using the available DEMs, vector perspec’tive views were easily generated

on the comp'uten This method of displaying eleyation provides a three-

- dimensional approxxmation of the shape of the terrain and is of ten used

for planmng purposes and as teaching aids for map readers unfamiliar -

with the mterpretation of _contour ‘maps (Clark 1970). This type of

16
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_graphic has also been used as a meéns of evaluatmg physical and

environmental factors that affect surface cdal mxnmg and reclamatnon

(Costam 1983), and for fhght sxmulatxon for pxlot traxmng (Chapman

1982) Jones (1984) used- three drmensxonal plots of dune heights to

1llustrate dune shape and relatxve helghts durmg a. coastal geomorphology :

study. The advantage of p‘erspectxve views is the ability to induce

vertical exaggeration to improve visualization of certgin terrain

- (van Zuidam, i986), and the ability to arbitrarily define \he viglvi
angle and height. Fignres -3.1, 3.2 and_3.3 are perSpeCtive views of the

. Aden Fort McMurray a'nd Kakwa study areas respectively The DEMs were

f

resampled to a 256x256 grid, due to the hmxtatxons of storage space foa o

plot description files. Plots were. produced usmg a CalComp plotter

3.3 Grey Scale Maps - . | . ‘ -
The production of grey vs\cale maps involved 'the use of i.mag.e.enhancement" o | v‘; -

technioues in order to' improve:_the image contrast. Contrast enhancement .
_ (contrast stre(ch) expands the original input values to uti]ize the
entire' brightness range of the'ld'isplay contrast ratio (Jensen

‘ 1986 Richards 1986 Lnllesand and Kleffer 1987 Sabms 1987) Prxor to
grey scalmg the DEM was smoothed‘ to de-emphasize htgh spatnal SRR
frequency detaLI or 'noise’. Smoothmg was accomphshed by convolutxong
usmg a 3x3 bmomxally wexghted low- pass filter (Tobler 1970) apphed to

_ the original DEM

Histograms of the data sets were produced. As with ‘the:majofrit'y of -
. : v Q&/’-\/‘ ) : ' A, . . ¢
“terrain data (except azimuth), the values are usually concentrated within-

Lt

- a narrow range. The Decision Images'image processing system is capable



Figure 3.1 . Perspective- view of Aden, viewed from the SSE (157 degrees), =

altitude of 30 degrees, 5X'vert§_cal exaggeration Co

.
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Figure 32 Perspective '\{iew of Fort McMurray, viewed from the ESE (115

~

degrees), altitude of 20 degrees, 5X ‘vertical exag.geration
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. Figure 3.3 Perspective view of Kékwa,’ viewed from the SSE (157 degrees)

- altitude of '45'degrees, 5X vertical exaggeration



- of displaying 256 grey levels ranging from 0 (black) to 255 (w'hite).v By |
assigning a rhinimum and maximum Value to thé range of data values and
tfansfbrming the data into the 0 to 255 range of grey level values, a
linear contrast_stretched image with sdturation may be producéd (Eyton,
in review). o ' . o |
. The 'cliéping' criteria usedvfor the purposes of‘th'is thesis ;veré the *
ixpper and lower 5%‘ of the tails‘of the histogram: all valﬁes that were
less than .5%.of the total range of values were aséigned to either 0
(black) or 255 (white), and all 6tl§er values were stretched between, to
produce maximum contrast. This wa$ not pbssible with slope azimuth data

—

since it constitutes a circu‘lar distribution.
The grey scale transf_'ormat‘i‘ons were done using a. FOJRTRAN program (Eyton

1985) §n an Ar;di)AHL 580/5870 mainframe c'om'puter, Data sets were

subsequently tfans'fgrred to the DecisionA Images 'system for viewing on the

CRT scjreen. 'ﬁérdcopy output was achieved using the Dunn Instruments

Multicolor camera.

The grey scale maps of each of the models are based on the premise that

- -

the higher the data value, the. higher the grey level value. Therefore,

high elevations would appear light and low -elevations wcq))uld be dark;
likewise, steep slopes would be light and flat areas would bg dark. This

is nét .necessarily the method used by all cariographers.. The

cdnventional, manual slope 'maps have usually been produced using the
principle "the steeper, the darker” (McGary and McManus 1968; Demek 1982;
Horn 1982; Imhdf 1982). It has become the practice with modern image
processing techniques td follow the principle "the steeper, the lighter"'T

~ Some users have perception difficulties with this afrangement.

21



3.4 Classed Maps !

Clgssed maps provide a means of extracting quantitative data and
enhancing the readability of the map. A grey scale x;ap can provide the R
viewer with ‘an excellenit overall impression of the‘spatial distribution
of terrain attributes, but speéif ic site values cannot be extracted. A
disadvantage of classed mz;ps is the introduction of generalizatiim or
quantizafion error in the maﬁ (Tobler 1973).

Classed maps oi‘ slox;e magnitude, slope azimuth and directional
curvéfure were produced in ;his study. The ‘classed maps of directional
curvature (donnslope and across slobe) proved to be difficult to read;
grey scales bei'ng“.preferable fof-analysis (the classed maps have not been
'reprod;xced).’ Classed maps of slopé azimuth were produced, but only the
Kakwa map area is ‘d'iscuss‘ed in a later section. The. clas;sed maps of
slope magnitude, perhaps the most important terrain parameter related -to
various fields of study, forms t};e basis of this‘section.

The main factor to be considered when p’roducing a slope map is the

»clas.;:ification scheme to be ﬁsed. "It is entirely possible 'thzit the

result of the classification will be highly accurate but not ﬁsef‘ul"
(Franklin 1987b p.220). The seleqtion of class intervals must be based

on the prposé of the map. Classed slbpe maps have been used for
engineering, miiitary, agridultﬁral;' fdrestry, urban and recreational>
planning purpbse#. For geomorpﬁological purpbses, categories based on._ .
slope frequency are thé most satis‘factdry' although ;lope ‘fr‘equency groups
vary from region to region, makfng comparative analysis dii'ficult (Demek

1972). "More often than not, clgar’ natural break classes do not ‘occu_r, :



and subjective judgements based on frequency graphs vary gréatiy from
cart;)grapherJtoacartographeg' (Jenks and >Coulsonb 1963 p.119). Slope

classes are often based 6n threshold or limiting angles for various forms— .
of land use. 'Ferguson' (_l98l)A used only three slopesclasses for foresti:y
site planning. Gatahi and DaCosta (1986), Gaéhene gnd Weeda (1986),
McCofmack' and Sims (1986), Stocking (1986) used various slope classes for '
soil : erosion and ﬁgricultural applicatidnsdependihg on other |

contribﬁ;ing factors such as slope lengt‘h, soil, climate and lithology.

Pitty (1969 p.32) states that "with:less> than ten classes too 'muc‘h ‘detail

is lost‘. With ‘more than twenty classes calculation becomeg inc;'easingly
tedious". A morgD objective means of calculati‘ng class intervals 'isvto
calibrate the class limits to the frequency distribution map‘ped.."‘.W»ith

six classes, regsonable differentiation is ensured ‘by setting class

limits at the mean, the +0.6 stahdard deviations a-nd the mean +1.2

stan_dard deviations" (Evans 1980 p.?JO). Table 3.1 lists a sample of

slope categbries which have been cited in the literature.

The Fort Méijguvrrayﬁand Kakwa slopg magni'tude datg sets were classed
according to the tbe'n:—class system adopted from the Canadian System of
Soil Survey (CSSC 1978) by the Land‘Classification Group\'of-Alberta
Energy 'Mines' and.Reso‘urces (now Forestry, Landsyand Wildlife). This

system was used to allow ;\)mparison with published physical land

“classification (PLC) 't'né;jé‘ of the same regions. The gridded data sets

were classed using a FORTRAN program on an AMDAHL 580/5870 mainframe

computer.

1



Table 3.1. Slope classes (in percent) used by various authors

Slope class 17 2 3 4 5 6 7 8 9 10

Young1974* 035 359 018 1832 32.58 58-100 >100

Denness & . .

Grainger 1976 0-18 = 18-27 27-37 37-47 >47

Garland 1976* 09 1027 2870 70

Grender 1976 <10  10-25 25-50 50

Can. Soil Survey ST .

Comm. 1978 0-5 052 255 6-9 10-15 16-30 31-45 46-70 71-100° <100
X

~ Ferguson 1981 . 0-20 20-40° 40-60

Sturdevant ' e . R

1981 ' 0-1 1-2 2-3 3-5 6-12  >12 '

Niemann _ :

etal 1984 <30 3050 50-100. e

Gachene & .

" Weeda 1986 0-2 25 5-8 8-16 16-30 30-45 =45

Lanyon & | _ ‘

Hall 1983 03 48 915 1625 26-35 3645

van Zuidam , : .

1986 .02 3-7 813 1420 21-55 56-140 >140

REAP, .

GIS 1987 0-25 26-9 1015 16-45 46-100

Univ. Soil . | .

Loss - o ’ v .

Equation - 12 2-7 7-12  12-18 © 524

U.S. Sail . - ‘

Survey 02 26 613 1325 2555 555 ;

- * classes have been converted fro_m’degrees to percent slope



‘4. DIGITAL TERRAIN MODELS AS A METHOD OF EkROR CHECKING
The acouracy and ouality_of digitai elevation models (DéMS) and
the derivative products depend upon a'uum'ber of parameters. AeEuracy may
be infiuenced by the "terrain ty'pe, de‘nsityof. measured points,"type of
measurement fselective‘ profiles, contours, grrds progressive),
interpolation method, DEM grid width (if applicable), vinstrurnent and '
operatar precision, number location énd»ac,curacy control, quality of;'

" photographs, and flying height" ‘(Torlevgard et al. 1986 p.14). Ackerman

(1978) lists data acquisition (density,'distribution and qualit-).' of

measured points) .as the first parameter influencing data accuracy;

followed by data processing (interpolation and fi]teri}pg). "It has [also]

- been shown that the resulting accuracy.‘depends to a great extent'or\ the
appropriate data acquisitioh, in fact - more than on any'thiné else"”
(p.1547). There will always be a level of irjhererxr error within any
digital elevation model as it is only a generalization oflthe. original
_surface. The accuracy of the digital data will be a function of the size
of the sampling iriterv_al in relation to the variability of the surface
(Biais et al. 1986; Torlegard et aI: 1986). An iricr_eased sampling
interv:fl will decrease the standard errors of the DEM but will'often
result in an uneconomxcal product (Ostman 1987) "The fewer the samples

- the greater the error” (Robinson 1975 p. 94) Subsequent mterpolatlon |
from irregular elevauon data points to a regular gnd structure can
introduce further error in the data representatron (Walsh et al. 1987
p.1424). The choxce of an appropnate grid size is another factor to be :

""‘-‘._,eonsrc ered (Zevenbergen and Thorn 1987). "The ‘selectror;_ of a gnd‘srze

a'o'br‘opriate to the reg-i_o‘rj of in“terest must be m_éde ou the basis of

25
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expenence with the scale of the relief that is to be resolved" (Steyn
1976 p.130). | | >
,'The three data sets used in this study 'w-ere captured _
pho_togvrammetrically from l':60,00'0 baerial photography. Progressive
st_implin-g during data acquisition and subsequent lnterpolation of

- elevation va_lues into a 25m regular grivd form’at using the SCOl’ software |
) "could be a printary source of- many errors. There may also be a problem
‘ - durmg the mltral data acqmsmon stage reflectmg operator expenence

and Judgement "The stereoplotter operator who has plotted contours for
_several years does not rmmedlately know where to observe DEM data in
order to produce a surface' frorn which contours: can be interpreted whlch'
'correc'tly describe the terrain” (Toomey 1988). The three DEMs were each
assrgned an accuracy code of 6’ according to the Alberta Drgltal )
Elevatron Model System (ADEMS). " The codes represent tolerances within
'90% confidence limits. An accuracy code of 6’ indicates that 90% of _the'
. *ot)servations should be within 5m of the contour value on a 'l:.“’.0,00Q map -
with a. 10m contour interval. - | | | |

The primary rnethod" of error checking used by the Land Information

Servrces Branch is the production of contour plots (lOm contour mterval)

' from the interpolated SCOP DEM. The SCOP contours are overlard Wlth the

-contours produced by the WILD CIP Program', but only approximately 10% of

the map sheets are checked (Toomey 1988).. Contour plots are a common
means of data verification (Heil 1979). Ackerman (1978) suoerimposefl
derived contours with contour plots of the same area produced by other
methods. Absolute accuracy of contours may also be checked by the

conventronal ‘way of comparison wnth true herght check points (Aronoff

2%



1798-2). “Stowe_and Estes (1981) and Sturdevant (1981) ¢ompared' DﬁM'
elevation and slope \:alues ‘with 'ground{» truth® which consisted‘of samples
'ta‘ken from topographic maps. Lanyon and Hall (1983a) supported the
validity of their maps with qualitative comparison with topographic maps.
Refer to Jensen (1986) for a revie\n of accuracy assessrnent methods.

The method of error check employed in this study involved the visual,
qualitative comparison of the ﬁTMs with conventionally produced
topographic rnaps,v aerial photographs and pnblished Al.berta 'PLC reports. '
- The various derived models have'proven .to-be a useful means for detecting
errors such as discontinuities between patches; pits and peaks and
, incongrnous variations in ‘the digitized‘land. surface. \ljeGree (1985)

' produced colour-banded-elevation d.isplays, shaded relief, and anaglyph
displays for visual _inspectrqn, and verificatibn of DEM dlata.- Mulder
(1983) used colour coded elevation and-hillshadewd: mod.els for error

r checking, the

detection. While all of the DTMs may be useful for ‘&

~

Laplacian curvature images have proven to be the most useful. = The

"~ -~ advantage of this transformation lies in the eXaggeration f the
curvature ‘magnitnde It is particularly useful for identifying anomalies

in the data and therefore constitutes a valuable means of error checkmg
Evans (1980) also found that data errors such as dxscontmumes between
patches show up clearly on curvature maps, -thus providing avuset'ul means
of quality control. . -

’I‘he methodology used to .define»‘\err-or within each of the three DEMs was
" -to fxrst vxsually scan all models and note any apparent anomahes and o

gross errors Aerial photographs and prevxously pubhshed topographxc

maps and any other anc1llary data sources were consulted and compared to
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the models. -Areas deemed to have error were identified on the Laplacian

DTM and coordinates were extracted using the ljecision Images "Image

 Statistics’ function. Using these X and Y coordxnates a FORTRAN program

was, used to extract subgt’s/\\&m DEM in order to ‘determine the exact

elevations (rounded to the nearest integer metre) of the grid points in
question. .

~ The Aden area is a region of\ éently rolling glacial deposltional _vvl
terrain interrupted by deeply incised glacial meltwater channels.
Referring'to Plate I it is immediately evident that there are errors
contained in the data. A linear "cliff” extends east-west across the
derived models, cross-cutting all natural features The 'cliff* feature

was found to measure approximately 10 metres in herght This error was

not obvious on the 10 metre contour map used for quality control by the

Land Information Services Division. There are also two, less obvious,

linear features extending north-south, north of the/’cliff’. Thes‘e may .

' represent mismatched stereomodels. Also visible is a series of ripples

in the southeastern quadrant (Figure 4.1). These ripples occur every
four grid cells (every lOOm), and may indicate an unstable surface
possibly introduced by the interpolation algorithm.

The Fort McMurray area-is charactenzed by farrly level topography

‘which has been deeply incised by the Clearwater River valley. Several

’ smaller tributary channels dram into the Clearwater River, the largest

being Rambow Creek, the pronounced valley flowmg south in the centre of

the study area. Referrm to the La lacran curvature map of the area /
y g p curvatu p N |

(Plate 2),; all light coloured areas are com@x all darker areas are

concave straxght slopes being" an mtermedrate shade of grey A

7
;
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Figure 4.1 Enlargement of the southwest'quadrant of the Aden Laplacian

curvature map

~
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’rrdge. or convex feature appears light, compared to the dqu, concave
drainage lines. The northeast quadrant of the area is‘ notable for its'

'~ network of~convex 'ridges’ 'flowing’ into Rainbow Creek (Figure 4.2).
Similar ’ridges’ are also seen in the southeast corner, on the 'sputh. side

of the Clean:vater River valley. Upon extracting the elevation values

.. Trom the DEM it was determiped that these ’ridges’ are approximately four

metres high. Analysis of 1:15,000 aerial photograpfls and published

i
7

topographic maps of the same area reveals these features to‘.be rrée-lined ‘
drainage éhannels. This type'_of error is a common problem originating
during. the data acquisition srage. The\\cdmbination of the small scale
photography, sem1 -automatic stereoplotters and possible operator error
resulted in vegetanon being drgmzed “as a’ topographxc ridge. ‘These
'ridges™ are also vxsrble_ on the. other models of the’region, /they are
particularly éle‘a"r“on'“thé La’niiiertian ref‘lﬁectance model (Plate 14).
O'Callaghan and” Mark (1984) noted a similar prpblem after ‘visual .
inspection of hillshaded i.inages of for:ested areas, elevations were
genérally those of the _tree-top surface arrd'rdads and pipelines were
.‘vis_ible: as grpoves. .

The Kakwa study area is a region of high relief, ih/contrast to the two
previousr;)ﬁdiscussed_‘area's.l_ Referrirrg to the‘L'aplacian curvatx.rre map
~ (Plate 3), the"pits andv peaks’ ev_iderrt throughdut the area are 2 cause
- of poncern. The discrete light coloured 'peaks’ and dark, co.- ave ’pits’
do vnot,co’nform' to the surfécé configuration of the terrairr as seen on the

aerial photographs of the region. The regular pattern exhibited by many

' of these presumable errors make them suspxcrous as natural features.
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Figure 4.2 Enlargement of the northeast quadrant of the Fort McMurray

Laplacian curvature map , . ‘ ' S0
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' results m a less accurate error reae;fmg, but does give a farr

32

* "Since pits detectable at a resolution of 30 metres are essentially'

-absent in fluvially eroded topography (except for limestone areas), these

i e

pits presumably represent ’errors’ in the models” (Mark’ l984" ’p'.l7l').

O’Callaghan and Mark (1984) developed a2 method. to cope wrth artificial
pits mtroduced into u/e DEM by data eollectron systems. anure 4.3 is

an ertlargement of the ’pits and peaks orchard’ found on the Kakwa River

floodplain on the east side of the map. Upon extracting the elevation

~values of this 'orchard’ from the DEM and locating the exact locations
'interactively on ‘the Decision Images image {'processing system, it was

. determined that the peaks are- etght grid cells apart (200m) m the

north- south direction, and four gnd cells (lOOm) in the east- west
drrectmn forming ‘a regular gnd pattem The actual range of
elevation values within this ,’orcha’rd' is fai‘r’ly negllgible, usually 'only' o
a few metres (within accuracy sp‘ecifications). The problem‘is. therefore

main*ly cosmetic, but thevregular," pattern is indicative of a problem in

" the interpolation of the elevatio,h values.” Another obvious error is the -

straight groove pattern trending north-south in the south-central portion
of the study area. This linear, coneave feature was subset from the DEM;
the dark 'pits’ were found to be every eight grid“ cells (200m) apart.

The grey scale maps have provrdetl a convement means' of detectmg

errors.  Upon locatmg potential errors by vn,sually checkmg the grey

“'scale maps the actual grid values may bg»e%@’cted for more detailed

analysis.- The elevatron values of the EiEM ar’e stored as floatmg pomt

numbers; to sxmphfy;;‘:the extractnon of values from the subsets, the

A

elevation values_ were rounded‘and""truncated to the nearest integer. This

L-S.



Figure 13 Enfar_gement of the east-central area Of_. the Kakwa Laplacian ,

curvature map -

—

¢
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representation of the inaccuracies contained in the data. Should a more
[ 4 ’ : :
precise reading (but not necessarily more accurate) be required, the

program could be rewritten.
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5. DIGITAL TERRAIN ANALYSIS \
5.1 Introduction
Terrain analysis may be defined as the "simplif ication of the complex
,phenomenon which is the natural geographic environment" (Mitchell 1973
p.5). ;Approaches to terrain analysis normally involve,the delineation of -
boundarres based on patterns of landform_and vegetation to enclose areas
that are reasonably homogeneous (Speight l9'77). A variety of terrain
analy’sis technivques have been developed for geomorphology, engineering,
agriculture soil survey and mil-itary‘ applications The two most widely
used approaches are the Australian Commonwealth Scientific and Industrial
Research Orgamzatron s (CSIRO) Pattern-Umt-Component—Evaluatron (PUCE)
program, and the American Landform approach both of which fall into the
.’landscape’ approach to terrain analysrs For a review of these and other
methods see Stewart (1968), Mrtchell (1973), Speight (1977), Way (1978)?
'Townshend (1981), Barrett and Curtis (1981), Verstappen (1983) and van
Zuidam (1986). "
!
- Generally, terrain anaIys:s may be subdrvrded into three main
approaches the genetic method which concentrates on geological, soil !
genesis and geomorphologrcal processes with little attentron pard to
landforms (van Zuidam 1986; Franklm 1%873) the physxographrc or
larﬁjSCape method, which classifies the terrain into natural unjts and
attempts to measure landform properties quantitatively, a‘nd; the
parametric method which depends upon precrse measurements of land
attributes (Mrtchell 1973; Parry and Besw:ck 1973; Ollxer 1977). ' /
‘Mitchell (1973 p728) states that landscape systems o_r_'approaches have
' A"thvree outs'tanding“advantages over [the] par_ametric.[approach]:’ they help . -
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to explain the fundamental causes of landscape differentiation; they

assist reconnaissance; and they facilitate the appreciation of regions as

r

‘a whole”. The landscape approach, which bases classification upon

patterns in vegetation, soils, landform and lithology. derived from aerial -

photography . and field observatron has been criticized due to its lack of
obJectrvxty and inability to repeat survey results (Franklin 1987a). '

The parametric approach is defined as the dxscrrmmatron and
classification of terrain attributes on the basis of selected parameters
(Parry and Beswick 1973). Mabbutt (1968) noted distinct advantages of
the parametric approach compared »sfi‘th other methods of terrain analysis,

*
-notably that this approach 1) achieves a more precise definition of land
surface form; 2) being quantrtatrve it avoids the subJectxvrty of -
landscape approach 3) allows for consistency within and comparison -
vbetween regions and; 4) is suited to computer -analysis. The pa‘rametric
approach is often favo:rred by users who have need for quantification and
"in many situations it appears to produce results remarkably similar to
those produced by the landscape method" (Ollrer 1977 p289) The.
bparametnc approach does not assume an lnterrelatxonshrp between
landform, sorls and vegetatxon as does the landscape approach (ng
_ 1987), ‘but allows for correlation between form and other measured '
varrables, (Hart 1986). |

The parametrrc approach mvolves the science of geomorphometry, whxch
is defrned as the measurement and - mathematrcal analysis of the

confrguratron of the ‘earth’s -surface and of ‘the shape and drmensxons of

landforms (Clarke 1966 Evans 1972, 1980; Smgh 1982). The maJor problem

- is the choice of morphometrrc attributes to- be consxdered the hst of
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attributes sdggested by various authors is exiensive and there lS litfle
l:agreement on which parameters are useful (Ollier 1977). In addition, the
'redundancy inherent in the battenes of morphometnc variables employed

is considerable. Speight (1977) used sixty attributes in his parametric
’terrain classification system. Vadnais (1965) Mark (1975b) and Gardiner
(1982) review and evaluate a number of geomorphometnc parameters used by
various workers. The most important attributes used to- describe the

,.

properties and spatial vdriation of the terrain are considered to be

measurements of elevation (relief), slooe, aspect, curvature and some
measure of roughness - which can be interpreted to be the.spatial
distribution of elevation - variability (Mark 1975b; Frederiksen et al.
1985; Fraklin 1987b). | )
Geomorphomeiric attributes have been related to environmental
characteristics in an_atfempt to develop classifications of landforms
» (Mark‘ 1975b; Gardiner 1982; Franklin 1987). Modelling of the terrain
using IjEMs conforms to the general system of geomorphometrS' and lends
itself well to- the parametric approach of terrain analysis (Evans 1980). |
The following discussions examine four specific ‘DTMs which are considered
fo be of relevance to geomorphological studies. as . well as to ..applie_d
geoniorphologyv and othe.r-gisciplines. Digitalv models xlf slope magnitude,
slope a-zimnth, directional curvature and Lambertian reflectance will be
' presented. |
5.2 Slope
"Most of the land surface of the earth is formed by Valley slopes”

‘

(Young 1972 p.1). In geomorphological research the investigation of

s
§

“ slopes is frequently quite significant (Engelen and Huybrechts 1981), for
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My geomdrphologists vie'wvt'he"terrain as a set of slope units, and slope
controls the gravitational force available for geo'morphicvwork

(Frederiksen et al. 1985). Slope angle influences ‘the rates at which
prdcgsses act and limits the range of ’possiSle processes (Finlaysoh and
Statham . 1980). Analysis‘ of slope for'm has traditionally been performed . '
using qualitative field observation techniques, statistical profile

méasilrement analys;is and t?y quantitati\)e' areal measurements and slope
‘mappiAng techniques (Grégory and Brown 1966; O'Neill and Mark 1985). In
the field of applied geom;:)rpﬁology it is the form of the g‘round surface
that is principally involved, rather than its genetic origih.

The need for a foundation of descriptive work, of considerable mass,

is recognized in all of the environmental sciences. Slope studies

have until recently suffered from a preponderance of theoretical

discussion, without an adequate basis of detailed field observation.

The scientific description of slope form per se is a legitimate and

necessary part of .research (Young 1972 p.18).

Slope 'magnitﬁde data, usually in‘:t_‘he form of slope maps have been used
in the fields of agriculture, forestry, engineering, land ‘and resource
‘hanagement, as well as for aca‘demic_ studies an.d‘ military purposes. - Slope
angle affects the volume and v‘velocity of runoff ’z.m'd is thefefore one of
the most important factbrs inﬂuencirng erosion, along with the shape,
roughness and vazimuth of &/iurfaCe (Sandérs l98t\’:). The steeper the
‘slope_, the greéter the runoff veiocity. Fin‘layspn and. Statham (1980),
Poes_enb (1984, l986),> Gachene and _Weedé‘(l986); .and Sanders (1986) ambng
: others, have perfo.rmed extensive field studies relating Slope éngle to
soil erosion, rill de’veIOpmént .and soil su'rfac'e sealing processes.

Niemann et al. (1984), Ward (1984a) and Aniya (1985) relatéd slope angle

to mass movement occurrences. Ward (1984a) found that most avalanches

release on slop,es' >30 degrees, and that slope angle, along with other

38



3

> geomorphic mapping systems but nort'all of them includé slope data

} - 39

faétors affects the frequency and type. of aValanching Small sluff .

avalanches occur on slopes >45 degrees, whereas the ma;orrty of slab’
avalanches are prone to farl on slopes of 30-40 degrees (Ward 1984b)
Kennedy (1976) used slope maps to identify. asymmétrical \falleys. Slope

angle is also an important factor in the field of agriculture. The

' inclination of a slope .affects the crop yield, the amount of water

necessary in irrigated areas, the areas which can or cannot be used by

agricultural machinery and the field size and layout (Demek and Embelton

’1978'; Barsch and Liedtke 1980; Crofts 1981). The maximum cultivated

slope angle variesfrom place to place, ranging from 7 degrees in Central

Africa to 25 degrees in Spain, for example (leaysori a'xd Statham 1980)
Lillesand and Kieffer (1987) related slope angle to surface drainage and
to residential subdivision development.

The theoretical and practical applications of quantitative slope maps

are numerous. The developmenvt of slope mapping techniques has seen many

changes over the years. In 1914 a Morphological Atlas was presented by

s. Passarge, consisting of a set of maps which included a map of slopes

(Klimaszewski 1982). Various methods were subsequently developed rin a
number of countries, notably Poland and F'rance. After 1950, Russia,

Czechoslovakia, Hungary, Belgium, Canada and The Netherlands developed

(Mitchell 1973) Ear]y slope mapping in North America appears to have

concentrated on deprctmg the "average slope of the land’. Wentworth
(1930), mtrpduced a method for measuring mean slopes which has since

been tesmed the 'Wentworth m_ethdd’. The average slopve over -distances of a

- mile or a kilometre were derived from contours of existing maps. Raisz



and ‘Henry (1937), produced a sldpe map of southern New England using "an.

entirely"unorthodo{ method' (p.469) by diViding the 'study area :into
.irregular umts based on the smulanty of the dens:ty of the contour
lineés. Miller and Summerson (1960) introduced a method of slope-zone
- mapping which involved defining dlscrete zones of success:ve degrees of
slope based on natural dxvxsxons (no more than exght zones). The |
variability of natural slope boundaries was recognized but due to the
cartographic lirhitations of depicting zones, specific boundariés were
éelecte%. This. method resulted in a very general impression of the
distribution of steep and gentle Slopes, but quant'it’a‘tive'mEasurement of
the area was not‘ possible. Nonetheless, Young (1972) states th’at this
type of isocli'nal map (maps showing the slope of angle at a point), "has
the merit of simplicity, showing the distrib.ution of a singlt; but
importapt parameter of landforms” (Young 1Q7.2 p.183). .. v

) The small i'scrale of the mapslresvuiiting frdm the previously mentioned
methods results in a loss of the subtle differentiation of slope which
contributes to the relief of the landscape. Strahler (1956) concluded :
that only maps’on scales of 1:25},000, 1:25,000 or larger, ‘made By
pho‘togrammetric' methods, were‘éccurate;enoug’h to be useq_fdr direcit
measurement of slo.p‘e. Smaller scale maps omit numerous sﬁrface
irregularities and slc;pe becomes ' J0 ~neralizec/i In order to defme
‘slope quantxtatxvely rather than qualxtatxvely. Strahler mapped surface
slope at a large .scale. Instead of ca_lcu‘lating,,a gener.alized line or

unit of area to represent slope, measurements were made on "unit lengths

of line or unit areas of ground surface which are small fractional parts

1

g
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of the linear or areal dimenéions of individual landforms" (Strahler 1956

p.574),‘

S

Savigear (1965), punlished 2 method of morphological mapping wlmich
involved the use of large scale maps, field surveys and aerial :
photogra_phs. This m’ethod is simple but relies on subjective field
observations.” Gregory and Bro)wn (1966) ‘state- that this sldpe data is
"best treated statlstxcally although the basic matenal is obtained by
samplmg whrch is subjectrvely controlled” (p 239). The statistics
obtamed from such: data are questronable Gregory and Brown (1966)
‘ drvrded the surface into facets of similar slope and measured slope at -
one or two subjectively chosen points within ezch facet.  This was
‘ criticized l)y }:vans (1972 p.37), "The selection of "typical’ points at
which to measure‘slope probably produces'bias, and so the facet method
cannot be considered an adequate substilute for a proper sampling
design".

Denness and Grainger (l976) described three methods of producmg manual
slope maps: the "circle and gnd" method, the movmg circle” method,
and their own technique, the " movm_g interval" .method.‘ _All three slope
mapping techniques involve tedious and time consuming measurements from
topograpl}ic maps, and "a set of systematic assumptions that gives the
best approximation to the true situation...';\ (p.216).

Every geomorphologrst mterprets the landscape in terms of the training
,and expenence he has had (Doornkamp and King 1971)." The development of
automated ‘methods of producing slope mapé has one obvious advantage: the

“subjectivity mherent in a manually mterpolated map is removed.

Gardmer and Rhind (1974) described a "largely obJectrve photo-
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mechanical.method for creating slope maps from existing‘materials"
ép.l4). It is! based on the principle that mapped contours coalesce when
mthe slope angle is such that the contour mterval is equal to or less
than ‘the wxdth of the line used to draw the contour. Usmg a "whirling
1llum1nator" contour lmes are photographxcally thickened, provxdmg
masks for specified slope zones. Disadvantages of this technique include
the necessity for well-drawn maps, slight radial displacement caused by
the whirling process, and the desiénation of erronecous slope zones where
contours merge with themselves or \uith another contour of the same value. *
Dole a_nd jordan (1978) described a slope mapping ptocess that ‘used .
reduced contour maps "to produce instantaneous, detailed, colored slope
maps on a television screen” (p.2429). Although this method is fast,
simple to implement and relatively inexprensiye, only relative slope
values are provided.

The production of slope maps using computer generated elevation data

g

~

has gamed w;despread acceptance. Clenc: (1980) descnbed_ a method of
generating slope maps from contour maps’ by automatic data acquisition and
processing which increases the objectivity and accutacy of the results:

z’and allows for ‘quantitative analysis. The contour lines were digitized

and the elevations were read by a FORTRANb program to produce a regular
"grid.. Trend surface analysis computations u)ere performed at each grid
point and the equat:on coefficients were used to calculate slope.

According to Evans (1980 p.277), producmg slope maps from digitized
,_contours may be "clumsy and somewhat inaccurate".

Heil and Brych (1978) descnbed a slope mappmg method Wthh used a

tnangulated irregular network (TIN).. This method is analogous to the‘- o )



surveying approaéh fon" establishing fopographic conprol by triangula(ion.
The data compfisés a network of trianglés and is designed nianuﬂly such
that the Ltriangular planes fit the terrain surface as vrepresented on a
contour map. Elevation data are assigned to all vertices. Terrain
analysis of the original data and choice of appropriate slope breaks
:equire experienéed interpreters. ‘Although more efficient in requiring
fewer data points than eitﬁer the digitized contours. or thé gridded
elevation model method, each point'vrequiires more time for selection. The
varying area of the tfiangular facets results in triangles of different
weights, therefore slopes are measured over varying lengths and are not '
dir{ectly comparable.

Using the regular DEr;‘Is provided by the Aiberta vgovernment,'slope‘
magnitude was calculated for each grid cell from finite difference
estimates of slope within each 3x'3" neighbourhooc}”j.' ;‘he slope values were
subsequ_éntly grey scaled .and contrast stretched to enhance image. detail.
Dark values show lowislopeis, light grid cells represent steeb slopes.

’fhe low slope values (dark) cover much of fhe Fort McMurray grey scale

slope map (Plate 4), indicative of the low relief, smooth topography.

The low slope values of the upper surface reflect the glaciolacustrine.

©

surface and level sedimentéry strata; the floodplain of the Clearwater
River is also very flat, a result of the flat-lying sedimentaries
(Ca;r'igy, 1959) and past glacioflruvial and pfesent fluvial processes. '
The only steep slopeﬁ found in the area are the vglley walls 6f the
Clearwater River valley and‘its. tribufary channels.

Figure 5.1 is a slope frequency histogram pf the Fort McMurray ares

Histograms of frequency distributions offer a heipful way to describe

o
wrs
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attributes of the terrain and a means of compm ‘areas.

"Given fundamental properties which relate to points, ‘the obvious way to
describe areas is by their frequency distributions in which frequency
(re area) 1s v:ewed as a function of magmtude (Evans 1980 p.280)."
O'Nexll and Mark (1987) review slope frequency analysrs techniques and
dls_cuss tl1e difficulties of normalrzmg slope distributions. The major
factors determining the shape of the slope frequency distributions are
the geo'morphic ‘character of an area and the location of the boundaries
(O’Neill .and Mark 1987). Statistical summaries of an area may be
meaningless if there are no definitive ’na‘tﬂural boundaries.sucb as a .
drainage basin, but‘frequency distributions may "proy‘ev helpful- to d
characierize a region. Referrmg to the Fort McMurray histogram (Figure
5. l) the slope dxstnbutxon agrees with those of topographlcally similar

~areas described in Evans (1980) and O’Neill and Markv(l987), "the lowland

areas .have strongly positive skews, especially when analysed with a fine-

mesh ‘grid" (Evans 1980 p.280). The Fort McMurray classed slope map (Plate

5) sho_ws a fairly bimodal distribution, with a mean slope ofv 5%, it is
dominated by the frrst two low slope classes. ;l‘he steep valley yvalls‘ are
J ,,clearly demarcated by the 16-31% (yellow) class The glac\ioﬂuvial |

_ channels on the large terrace, south of the Clearwater valley, are
mdrcated by the very flat east- west swales between the light blue (3-
6%) "bars".  Hackbarth and Nastasa (19’79) noted that the slope of the
land surface appeared to determine whether or not muskeg was present in
thlS area. Manual overlay of a reduced ropographxc map revealed
excellent correlation of the marsh areas with the lowest‘ slope class (0-

0.5%).
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Figure 5.1 . Slope
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The Kakwa region shows a higher incidence of steep slopes, low slopes

"being confined maiinly to tlxe floodplains of the Kakwa River and other

drainage paths of the area :(Plate 6). Very steep slopes' are found along

the southwestern cirques and aretes, along the periphery of the central

' plateau and along the western edge of 't,lle[ "Kakwa River valley. This

pattern is also evident on the classed slor)e map (Plate 75. The low
slopes (blue) are seen in the Kakwa River valley, the surfaces of the
large glacroﬂuvral terraces, and on scattered areas on the plateaus.

The Kakwa region slope frequency hrstogram (Frgure 52) also compared

favourably wrth similar areas studled by Evans (1980). This glac:ated

" area has a high standard deviation (0.1515) and a "broad mode with

relatively weak tails" (Evans 1980 p.280). The mean slope value of this

region is 24%, which is supported ‘by examination of the classed map. The

16-30% slope class (yellow) dominates this r(_wu_gh, high relief terrain.

Very steep slopes conform to the arcuate cirque basins and steep bedrock,

fluvially eroded valleys.

Comparison of the slope maps of both regions with the PLC maps

(Archlbald 1984, Karpuk l988) shows general agreement but as the PLC maps

were classed into polygon units representanve not only of slope values

but also of similar soils, vegetation and drainagé properties - direct

‘comparison was not possibie. The range of slope values within each

polygon is generally high , than the slop. magnitude data derived from

: the DEMs. Niemann (198% “igitally overlaid slope . values taken from a

PLC map and a DEM der 4 slope map of an .area southeast of Hinton,

Alberta. He l'ound similar slope distributions for the lower slope classes

but as slope increased there was an increase in apparent - o

.0
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misclassificati_on. The polygons of tht.a_PLC map representing steep slopes
contained a wide range of slope values. "For example, in the polygons

with. slope class 6, onlym 33% of the area fell within the range specifie’d"
(p.95). Niemann (1988) attributes much of this misclassificatipn of

‘s-:IOpe values to cartogra‘phic generalization; the faét that -slopé ;alués -
may not have been the primary reason for delineat\\ing polyg'on boundafies :
and the ipabiiity to accurately interpret slope magnitude in areas of

dénse forest cover of varying ages, densities and species. Si.milaru
observations were made in this study, misclassification of the PLC maps *
may also be Hattributed to the manner in which slopes were manual]y

obtained using field andl aerial [;hotographic ‘interpret'étion, observation

and measurement (Land Classification Group 1977). ’I‘he‘strongA vertical
exaggeration caused -by stereoscopic viewing is an adcyantage: in flat areas

when attempting to identify landforms, but it ‘li.m.its ~the ability to

accurately identify slope values (vVersta"ppen. 1977; Lo 1986). MacGregor |

(1957) described,_similar problems when tryipg to aécurately assess slope

angle in the figld, "leges are decebtive features often appearing to be

steeper than is actually the case” (p.16). -The production of_ digitally

derived slo’pe‘ maps couldﬂ” prove to be-advantageous 'to ‘;he delimitation yof

terrain unit.é.

-

5.3 Slope Azimuth
e

, Slope azimuth, or aspect, can be defined as, the directién of the "'?' '

steepest downslope. The directional portion of the first derivative of a

o

R

DEM, the slope azimuth model represents a circular dist
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be either classed or grey scaled to produce useful maps for a number of
applications. The direction a slope faces affects temperature, humidity )
and air movements'._which in turn influence microclimate COnditions which
is of theore'tical'and practical signi’ficanee (Wilson 1970; Demek and
Emhleton 1978). Slope.gspect affeets crop growth through its affect on
radiation, soil morsture and wmds (Young 1972; Monmomer 1982; Purnell

.1986). In combrnatron wrth slope magnitude and elevatron aspect plays a

key role in the dlstrrbutron of vegetative communities, often exhibited

by denser and drfferent species on nbrtherly aspects in comparrson to

'south facing slopes (in the northern hemrsphere‘) (Barsch and Liedtke
1980; Johannsen and Sanders, 1982).

In addition to the influence on microclimate and vegetation
.

characterrstrcs slope azrmuth has proved to be a key parameter )

mfluencrng land form” (Macar and Pissart 1964; Gregory and Brown 1966).

The distribution of cirque basins has been related to slope azimuth

7 5Dollfus 1964, Graf l976 Rudberg 1984; Vilborg -1984). Throughout the

llterature pertammg to penglacral asymmetrical valleys, the
orrentatron of the slopes 1s also crted as a' major factor, the asymmetry

is usually ascrrbed to the dszerences in solar insolation. South- :
2
facmg slopes expenence more freeze thaw perrods resultmg in increased

«/

weathermg, solrfluctron creep, slumprng and downhill :ra--port by

R

water, thelf’.éby reducing the slope angle (Long and Stoker 1986). North-

facin ma ;northeast ~facing slopes in contrast, remam much longer in
8

sha@ow are often sheltered from drying wmds and retain a much steeper
fb

:s_lope. The south-—facmg slopes are commonly heavily .dissected by rills

~and gullies due to the sparsity of vegetatlon'and other factors as

-
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mentior_red ‘above. The gullying often results in a concave'slope profile
~on the 4.'.outli'lfacing or west-facing"glopes., A complex slope or a slope ‘
lackrng a sharp concavity is assocrated »'vfm the north- facmg or east-
‘facing slopes (Prtty 1969; Carson _and Kirkby 1972). The ‘cornbmatron of
‘aspec_t-controlledrﬁsolar insolation and lee-side Snow. drit‘ t accumulation 1
" has been associated with more frequent avalanche activity on -
northeasterly facing slppes (Ward l984a 1984b) and with the seasonality
of avalanche OCcurrences Bradley (1970) found that the sheltered. north—
facingv slppes tend to fail around January and May in the northern
, Rockres whereas the south facing slopes show a strong tendency to
ayalanche around the month of A,p"!‘, Zevenbergen and Thorne (1987) used
aspect values to pro‘vide information.necessary to determme the _\»ﬁupslope
area that contributes to the flow of a catj;hment area |

Slope azrmuth maps of the Kakwa and Fort McMurray data sets were
, produced usmg both grey scale and . ‘colour classmg techmques, Y‘The_ grey
" scale maps were produced using conventional northwest lighting v.(not
shown). Areas with a northwe&t aspect, or an azimuth of 315 degrees,
appear light; areas facing southeast are dark,.and intermediate values

were scaled appropriately. 'Aspect m’aps are clearest when ‘the terrain
exhihits sharp' ridges,and yalleys (Evans 1‘1980). Even those areas which
have a very low slope angle will have an a‘zimuth,'wl‘iich' rnay produce a
confusing image in an area ‘of low relief. This was true‘ of the» Fort |
McMurray area and for this reason a classed azimuth rnap has not been

reproduced. A grey scale image ‘lol' azimuth values cannot be contrast

stretched due to the circular distribution o‘f val)re*s. : -
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Classed wmuth maps may be produced by dividing the circular 360
degree distribution into any number of desired classes. The Kakwa data
set was classed into eight 45 degree classes, with an ‘additional flat -
class representing slopes of 0-0.5% slope (Plate 8). In“agreement with
the literature previously cited, the Kakwa area also exhibits signs of
asymmetrical glacial. activity.' The’largest and most active glaciers were
concentrated on the north- facmg and northeast -facing slopes This is
evxdenced by the c1rques and aretes, notably in the southwest corner of
the study area. ln addmon to the apphcauons noted above the Kakwa -
slope azimuth lnap provided Astrik‘ing evidence of geologic structure. The
northwest trending'lineamen‘t.s, evidenced mainly hy the linear, parallel
pattern of the southwest-facing class (red) are immediately apnarent upon
visual inspection ‘of the ‘map. .As.lineament has been define'd by Sabins

(1987 p. 102) as: |

a mappable simple or composxte linear feature of a surface whose
parts align in a straight or slightly curving relationship and that
"differs distinctly from the patterns of adjacent features...a
lineament may be geomorphic (caused by relief) or tonal (caused by
_contrast differences)
Lineame_nts are often mapped on satellite imagery based on tonal
differences. The use of DTMs provides the opportunity to map the
' ) AU
'geomorphic’ lineaments of the terrain. Although the linearnents are
usually indicative of fault zones and stryctural discontinuities, it
cannot be assumed that every lineament detected on a DTM represents fault
structures, field checking is necessary to verify the existence and

nature of the features identified on the images. Manual overlaying of

‘the bedrock geology maps (Irish 1964; Archibald et al. 1984) showed

* s
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excellent correlation between the fault trends and the lineaments

highlighted by the azimuth classes.

5}5’ The classed slope azimuth map of the Fort McMurray data set (not shown)

Tg e

U‘

d’des not exhnbxt sharp patterns as seen on the Kakwa map. This is due to -
the low r%f of the terrain. The ‘features that were “the most marked
were tn_e valley walls of the Clearwater River and the paleochannels
incised into the terrace-like feature on the south side of the river |
valley.
5.4 Directional Curvature

The curvature of a slope, or the rate of change of slope is one of the
most impomtant attributes of landform geometry and one that is often
neglected. This may be due to the fact that it is a relatively diff’icult-
parameter to measure in the l‘ield or from topographic maps and aerial
photographs. This difficulty of measurement may be one of the main
'reasons that the majority' of researcn has concentrated on two-dimensional
slope profile analysls. The prineiple basis of the analysis of profile
form has been the division of two—dimensional slope profiles into convex,’
cmic%?e.«and rectilinear units (Young 1972). ‘Slope prof:les are
classifxed into sequences consisting of an uppermost convexity, a maximum
segment and a lower concavxty, the number and combination of sequences
varying, indicative of different phases of developmi\/p}esence of a bed .'
of more resistant rock, or by rejuvenation causing an acceleration in the
rate of erosion at the foot_of the slope (Young 1971), Theoretical
geomorphological studies have concentrated on the development‘ of slope

profile form and the processes tending to produce equilibrium slopes.

The upper convexity is commonly attributed to soil creep (humid climates) "
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-slope curvature, orthogonal to downslope curvature, affects the

&
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and rainsplash (arid and semi-arid climates); the straight slopes are
‘7

rrdescnbed as bemg controlled by weathermg and threshotlzd condmons

,,)'
(Finlayson" and Statham 1980), and concavities résult from wash-type

b

processes or under condmons ‘of accumulation. It Ishould be noted that'
slope form depends not only onjth"e. processes operating on them but also
on initial and boundary conditions, and a given landform can be derived
from several different processes (Armstrong 1987).

The mfluence of three-dimensional land surface curvature has recelved
lxttle attentnon in previous studies (Anderscn and Burt 1978). The
ability to calculate curvature Husmg digital data sets may prove to be an
important contribution to future methods of terrain analysis. Curvature

in- the downslope directiori affects the acceleration and deceleration of

flow, and therefore, aggradation and degradation of sediment; across -
AR CRe
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divergence and con‘vergence of flow (Ahnert l976; Finlaysor} ancl Statham
l980; Zevenl)ergen and Thorne 1987). Where the terrain is concave in the
across slope direction_, greater flows ol' -v\‘/ater and sedimeut will pass
successive points downslope than on a straight slope (Carson and Kirkby
1972), cdmpared to the more arid, freely drained soils of convex slopes
(Young 1971; Demel; and Embleton 1978). |

The influence of curvature on the F o zses of flow has a great affect

on soil development, erosion and mass movement. Concave‘slopes

experience lower soil losses than umform (strarght) slopes erosion
occurs in the upper sectxons and deposmon on the lower (Stockmg 1972). . é;

On concave slopes the runoff velocrty decreases as the slope angle

‘decreases, resulting in a. reduction in the capacity of water.to transport



soil and an increase in infiltration (Young and Mutchler 1969). Convex

s
slopes erode less on the upper s;\(\:'l;jons than the lower sectrons and
usually ,deposit large quantities f sediment on the toeslope (Sanders
1986). This is due to the" increase of runoff velocity as slope u
increases, allowmg less infiltration and thus i /rcreasmg the amount of
soil loss and runoff (Young and Mutchler’ 1969) The common methods for
predicting soil loss usually assume a umform slope. "The shape of a
hillside may not only affect the rate of . egosron at dif __nt locatrons
'along its slope, but different erosion rates along Aa slope may
appreciably change its shape as erosion br:gresses"' (Meyer and Kramer
‘-1969 p.522). Studies carried out. by Meyer and Kramer (1969), Young and
Mutchler (1969), Flach (1986) and Gachene and Weeda (1986) show a.

significant effect of slope sh

majority of models continue to ooncentrate on the slope length and
magnitude oarameters of uniform slopes, which irarely occur in the real
world.

Slope form has been related to weathering rates due to the affect on
mlcroclimate (Kennedy,. 1976; van Zuidam, 1986) and to mass movement.
Carrara et al. (1977) .and Aniya (1985) found the slopes that were
straight in  both the across ‘and downslope directions and slopes that
. were concaxe in both drrectrons were much more susceptlble to mass
‘movement\han anyiother slope - form The resrstance of a soil or regolithi
to gravrtatronal stress is mversely related to its. moisture status
(Lanyon and Hall 1983b). The hollows fOrmed -by concave slopes are more
pr’one' to failure due to the greater. moisture content which outweighs the

increased basal support of the concavity (Carson and Kirkby' 1972).

)
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Okimura and Kawatani (1987) used digital curvature data to predict e

surface mountain slope failures; "failures on all convergent, divergent

-and planar ﬁa can be prédicted' (p.123). W{rd (1984b) found that the

N .
slope form ec gd both &g snow- holdmg %?city ond the stress

®

,'dlstnbutxon in %ow EAY e, ‘“ L

.-,':' DEMs coul v1de
r,& i . . ; .r ",4& \_, Q
valuable mput into many mass movement erogxoh*%dramage models as

Tl& abxhty' to produce digital” cur

well as provrdmg a useful description of the terrain form. The
traditional methods of mappﬁ} surface curvature usually mvolve a number
of generalized symbols on a geomorphological map. Curvature maps are

usually analogous to “"edge" line maps which trace major breaks of slope.
@

‘ Imhof (1982) discusses "skeletal lmes consxstmg of concave negative

'lmes and positive convex lines.

To thxs group belongs the lmes showing breaks- of slope,the edges of
well formed terraces and plateaus, slopes, ridges, moraine crests,
dune crests, polje-edges, crater rims, deeply incised stream beds,

the upper edges of steep glaciers etc. (Imhof, 1982, p.105). «

The use of grey scale images to map directional curvature provides the
map reader with a clear view of the form of the terrain. - Light areas

represent convexities (positive change of slope), dark areas represent

concave areas (negative change of slope) and straight areas appear medium
grey. The roughness or dissection of the terrain may be detected on maps -
of slope or curvature magnitude, but a map of directional curvature must "

be consulted to differentiate ridges from vallevs. The directional

curvature -maps of the Fort McMurray and Kakwa regions were compared with

s

" published topographic méps, PLC maps and aerial photog“raphsv by manual

overlay ‘and visual inspection. It is ¢lear that. the ridges and valleys
RN :

“‘~\

as seen on the\grey- scale maps conform with reality, (except the errors

.
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mentioned previously), and "in some sense the placement of the ridges and
valleys) determines the essential character of the,image' (Haralick 198:’» %
p.38){3 The grey scale maps are much easier to comprehend than a map
» which merely depicts "skeletal lines", for in reality the edge lines, ory
breaks in slope are rarely sharp or continuous, which is easily shown on
a greylscale image but dit‘ficult to portray using _vector formats or
manual cartographic techﬁiques.

5.4.1 Downslope Curvature |

Downslope curvature is the rate of change of slope down the steepest
slope. | Upon e7ammation of the grey scale maps of downslope curvature,
it is evndent that this parameter clearly defines dramage div1des and
maJor terrain forms. The Fort McMurray grey scale map (Plate 9) shows
convexities (light meas) bordermg the drainage channels mdlcatmg the » .
break in slope betvi'reen the fairly level upper land surface and the steep
valley walls. ’I'he base of the valley walls is demarcated by the dark
concavity where the walls meet the floodplain of the Clearwater River.
The river channel is aoutlined by the convex levees along the banks. Of
special note are the two areas along the northern scarp of the mam '
valley. From the western edge of the map almost to Rambow Creek, a very
straight, light-coloured convexity is apparent running parallel to the
‘upper surface, approximately‘midvvay down "the'valley vval-l. This feature
was at first presumed .to vbe an error in-the data due to its extreme
.regularity.” Analysis of aerial_phdtographs and geological rnaps (Carrigy
| l‘959) indicate that this is a change in the sedimentary sequence,

probably between the Clearwater and McMurray,Formations. Along thef

northern valley wall,. eas%f Rainbow Creek, is an uneven surface(is\ _



markedly different than the other fairly straight sections of the va‘lley

tybeor

»

and the surfac\:fer form is suggestrve of slumping. This is also an area * ‘
being actively undercut by the Clearwater River. The arcuate c’onvexity o
‘to the west of the outlet .i the Christina River appears to be a fluvial
lterrace modified by mass movement processes yvhen' viewed in profile form
(Figure 3.2). '«

DOWnslope curvature is also a valuable mgchanism for error checking.
The light coloured convex ridges °flowing’ into Rainbow Creek are evident
as are the three ’.ridges’ flowing into the ICl}ristina River in the
' southeast corr:er (the westernmost rldge is actually a road, the other two
"features are dr ‘nage channels). The blockiness of the northwest
quadrant may be a grxd mterpolanon problem due to the low relref The:
linear feature entering the area from the southwest is a highway,
bypassirl% a reseryoir and industrial area.

The downslope vclrrvature grey scale map of the Kakwa region defines the
major drainage divides, but also pro‘:yides a useful mechani_sm for
analyzing geological structure (Plate 10). The area congists of vfaulted
and folded l.dwer to Uf)per Cretaceous strata'w_hiclr are voutlined_ by the
convexities and concav,ities of the image. The cenvex crests of the |
m_Ountainous ridges in the southwest corn\er, the shape of  the central. :
plateau iand the er.oded folds in the east—central area are clearly
visible.. Smaller ndge like features along ‘the north bank of Lynx Creek
may be lateral morames or they may be bedrock features ‘as they parallel
the s’tructural trend ~of the region. The floodplam of the Kakwa River is-

outlmed by the sharp, concave (dark) break 1/1 slqpev along the valley

walls, Large terrace- lrke features vrsrble on \he eastern and westerd
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sides of the Kakm River valley are products of glaciofluvial pro’ce.sses
(Archibald 1984). The Kakwa River appears to have breached the linear
foid strgcture that can be seen on either side of the valley.
Downslope curvature seems to be one of the most usef;xl derivative
products obtained from ‘the DEMSs for identifying thé shapé of th.e terréin.
Comparison of this parameter with the PI‘.C map shbws generél agreement
between the terrain unit polygon boundafies and the major concavities and

convexities in the region as seen on the grey scale maps. The data may

- also be shown in classed forgn. Classed maps were producéd' using Young’s

(1972) curvature 'classifi'cat-ion categories. For the purposes of visual

terrain analysi§ the classed maps proved to be less comprehensible thén

the grey s;cale mabs and have not been reproduced, however',"thgy would be
invaluable aids to :quantitative erosion, soils or mass movement studies

where numerical modelling ‘techniques are required. Another application

of curvature -mapping could be the testing of‘brocess—r‘esponse models such

=

as Dalrymple et al'.'s (1968) hypothetical nine unit slope model, using

real world examples."

5.4.2. Across Slope Curvature

-Agress slope curvature is the rate of change of slope orthogonal to

£ T
'

D I
".’xﬁr‘& -

-the steepeét slope. Referring to the grey scaled maps of across slope

‘curvature (Plates 11 gndv"')"'h),’it is clear that this terrain parameter is

valuable for dgﬁh’i';hg drainage'attributes.' Drainage characteristics are

_important indicators of ‘soil texture, lithology and climatic conditions. k

‘Previous studies of drainage basin form and drainage networks required

2 intcn"sive fieldwork and laborious copying of channel networks from ?erial

photographs or topographic maps before quantitative analysié was possible
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(Burrough 1986). Gardiner (1981, 1982) and Mark (1983) give extensive
reviews of the manual meth'ods' used to identify stream networks afd
provide tables of previous studies related to the ‘topic. Due to
cartographic generalizationyof contonrs and variations in scale, the
popular methods of using contour crenulations and "blue lmes on

LA topogrfaphic maps #o identify stream channels are often inadequate. Many _
channels are omitted unless they are permanent ‘streams. Aerial
photographs may, also be used but vegetation may hgnder identxficatxon of
channels. - Field work is often drfficult due to the mabihty to identify
many features from the ground as well as the inaccessibility and size of
the area to be covered (Gardiner 1981). An additional problem is the-
differeneee in judgement and identification criteria used by differen_t

reSearehers, "rnaking quantitatiye, comparative analysis difficul_t.}

An advantage of using DEMs derived. photogrammetrically rather than t'rom

¢ . . v

digitized topographic maps (which have already been generalized) is the

\o objectively identify a more detailed ‘channel network Mark

R (1984). Marks et al. (1984) Burrough (1986) and Douglas (1987) review
methods of deriving drainage networks from digital data using both raster

RS ﬁw and trianguiated network formats. Flowpath modelling is also possible,

3)
3{ &." - sée Ma-rk (1984) and O’Callaghan and Mark (1984) for a discussion of

.' .o, o .runoff simulation techniques. Morphometric analysis of drainage basins

relies heavily on":measurements of charnnel networks. The production of
various models from DEMs affords the extraction of quantitative,

objective information to be applied to a variety of geomorphological -

~ studies.
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The oss slope curvature ‘maps of the .Fort McMurray and Kakwa areas
provide clear, synoptic views of ‘the drainage patte'ms. "A map of

~ concave-upward portions- of a df?gital elevation model could be: c‘onsidered'
to be an approximation of t‘he dr inage net&ork" (Mark 1954 p.170).
Comparis_on oi‘ the Fort McMuvr_r‘ay grey scale map (Plate 11) with.t_he
1:50,600_ topographic map shows _tha‘t the channels that are identified on

the grey scale ﬁ!ab by concave (dark) grid -cells,"are only paitial_Ly,, s
Arepresented on the topogfaphic map. The channels incised into the upper
’ surface, which have eroded back from the walls of the maiﬁ valley are
| drawn, but the majority of the firs_t order tributélry streams (after

'Strahlef 1952) are not shown. .Analysis of the new hardcopy 1:20,000
Alberta Base Map series (a pro‘d'ucfyof the Albérta 1:20,000 DTDB Mapping
P,roject“)' shows an improvéd repxi,\esentation of the channel network.  Map
"scale greatly influénces resolutioh» i)ut the chavnnel“rietwork, on' the 'grey
scale n}ip is still 'cle?r» after the-map haé been photographically reduced

to a scale smaller thap 1:50,000. | _

The .Fort McMur;’ay drainage-system is dominated by the wide, strz}ighf

Clearwater River va{!ley. The Clearwater River is an underfit stream,
flowing in a glacial melfwﬁter‘channel. ‘The smooth meanders' are
indicatiQe of finé—grained, flatflyihg. sediments. The trib_utary channels
exhibit .‘a fairly fine textufeci dendritic pattern joining (the main valley

ét an ac.ute angle. The fine drainage texture i.s~characteristic‘ to soils
pf low permeability (Way- 1978). This interpret;tion is also supported by |
the i’nuskeg areas tﬁat .z.lre‘ com'm'on' to the region. |

"The: Kakwa g.reyjscalé-map also exhibits a larger number of ‘streams’

than the topographic maps. This area has a fairly high drainage density

5 | e

[ o
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which is not immediately apparent by looking at the 1:50,000 topographic
maps; this is a function of scale and cartographic generalization. The

Kakwa river‘wis the principal dréinage channel in the sfudy area. The
river valle); is more cl\eérly defined by the downslope Curvature grey

scale map (Plate 10) than it is by the across slope curvature map du_; to
the low slope and wide floc;d;)-lain (this is als;o_ true. of the Fort McMurray
area). The concavitiés (dark) of the across. slope curvature grey s’cale .
image provide a Striking map of the, drainage pattéarns of the smaller
creeks and tributaries. The bedrock control of the underlying structure

is evidenced by the annular patternhc;f creeks_flowing off and around the
large central plateau, and the northwest - southeast tend of the majority

n,
of the tributary streams which form a trellis pattern.  Both the ftrellis

and annular drainage paitérns ;are a response to bedr(;ck control. The
trellis pattern "indicates tilted, interbe_dded, sedimenvtar"); rocks ;n
which the main, parallel channels follow the strike of- the beds” (Way
1978 p.50).

The network defined by across slobe éon‘ca.vities does not alway
correspé’n_,d to drainage paths. Avalanche' chutes, and breaks of slope

associated with the eroded fold structure may be misclassified as stream

channels. Other problems associated with the identification of drainage

‘networks using’' DEMs may include missed drainage courses due to grid

. . . ' ‘ B < . ? .
resolution; lakes may not have the same elevation values on their

surfaces, and other level terrain surfaces may exhibit features which
N . 1 > -

result in phys'ically impossible drainage patterns; and the problem of

pits, discussed,:earlier, disrupts flow paths (Marks et al 1984). After

£

comparison of the drainage pattérns on the Eoi"t McMurray and Kakwa maps

’
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with aerial photographs and topographic maps théu‘pdvantages of prodpcmg ' ‘

i . o
and usmg the dxgxtally derived maps appear to outu;e;&f: z}:}y possnblew. - .f:’? 'sf_"»-v.u,,_
disadvantages. ” 'I’ , \ - ‘gﬁrf ; if,;.-ic-”" o & . ~

PO S R KR

5.5 Lambertian Reflectancé Model
Relief portrayal has traditionally been performed using mariual shading | o

techniques which require the skills of a~higvh'ly trainedr,;cartographer or

aftist; Theée manual me’thods are time coh’sumiﬁg, expensive, and '

inhereﬁtly sub:i’_[ectivg due tb the different‘ judgement and skill of each

cartographer (Horn l,982; Stefanovic and Si jmons 1984; Burrough 1986).

The purpose of hillshading has generqﬁlly been;{:,o supply an element of

[

.realism to the map; the cartographer often con entrated on the overall ‘

impressibn.pather than on objective relief portrayal. Imhof (1982'p.335)
goes SO fal; as to suggést that the shading should be "worked over and

edited” rather than mtroducmg untrdy complexity" into the map.

-Sherman (1964) descnbes shaded relief as a qhahtatxve form of

symbolism...information is in .rglatxve, more pictorial and l(j,ss'abstract~

terms” than the quantitative contouring methods. With the availability

. of digital gleyqtion rﬁodels and the development of the digitally derived

[ R

reflectfax_'l'ée' map, an objective system of portraying shaded relief is now

possible.

4

The three-dimensional reflectance models of the terrain have proven
useful for representing an overall, accurate impression of the terrain
and can improve maps intended for persons unfamiliar with symbols such as

contours (Monmpniei 1982). Holecheck (1981 p.544), used computer-

generated relief images as a mechanism for the genéral validation of . \

<
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digital elevation models, 'questionable elevation values are easily

located since they produce‘recognizé:b/lé.anomalies in the resulting

i

images". Mulder (1983) and DeGree (1985) also found hillshaded models to

. 14
be particularly useful for detecting errors.

Production of digital reflectance maps is based on the theory that the
apf:arent brighiness of a surface element depends upon its orientation in
relation_vtd incomix;g solar radiatibn as well as the properties of the

- y - .
land surface.( ‘Horn (1982) gives an extensive End thorough review of some
of the diffevrent models used for hillshading. Solar radiation incident
on a ~land surface actually depends on five independént vari‘ables:
tervrestrial latitude, time of day, declination of the sun, surfac¢
inclination and surface orien’tation (Wilson 1970). The model requires
input concerning the direction and angle of incoming solar radiation and,
assumes ihat the land surface is a Lambertian reflector: "an idgal
surface that reflects all light incident.on it and 'appeafs equally bright
from gll viewing dirgction;" (Horn 1982 p.95). The parameters involved
in the production of the model have also been applied to the
'classificatigen of satellite imagery m an effort td r_gduce the
topographic effect which va‘ries as a fu’pction of solar elevation, ézimuth
and slope magnitude (Hdlben and‘Justice 1980; Smith ét al, i98Q; Hall-
Koenyveé 1987). 'I_'he Lambgrtian reflectance model cannot completely
simulate the radiances' of all surfaces since a true ‘Lambertian reflector
1s rare;'with .moét surfaces having different refleéta}lce 'properties. The
Lambertian assump'tion varies cor.lsivderabl'y‘ with cover type (Donker a;-xd

Meijerink 1977). Smith et al. (1980 p.1183), state that- the "Lamber'tian

assumption’ may be more valid when énalysis i})restricted .to slopes of
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less than 25 degrees and effective illuminatioorangles of lees than 45

degrees”. : )
B sy *
It has been cartogrd’phic practice ‘to assume the light source is in the
y .
northwest at a 45 degree elevation above the horizon (Horn 1982). A

distinct advanmée of computer generated reflectance mociels is the -
ability to change the angle and orientation of the light source in order
to produce a clearer image of the terrain form. Ii‘ the landforms have
the same orientation as the presumed light dnirection, the three-
dimensional impression will be weak (Brassel 1974; Elvage 1980; Elvage -
and Lidmar-Bergstroem 1987). Maximum contrast occurs when ‘a iinear
feature is orthogonal to the direction of the light source (Donker and
Meijerink 1977). The light source may also be placed ‘in a nosition which
is astronomically impossible in order to‘ enhance' reiief: representation
People are usually able .to mterpret synthetic images when the hght

sou: .e position varies (Horn 1982) ThlS is a distinct advantage over
vﬂ aerial photographs which are usually . taken when the sun’ angle is high.
Lo (1986 p. 120) describes the use‘\ of low angle photography to detect

subtle rehef differences and to emphas:ze lmear feptures, "the

detectxon of photolmeaments }h terms of type, orientation and length is
A

an irnportant step to the ‘understan‘dm;.of the geological structure of an

o
A

area”. ' y

Lanibertian reifleet;nce ’medels' ’were"pro'duced from the Fort 'McMurray and’
Kakwa DEMs (Plates 13 and'~l4). The sun angle was set at ;15 degrees above
the herizon, at an azimuth of 3{5 degrees, inducing the ‘conventional

» ‘three—dimensional’_effect of northwest lighting. The value of these

models stems not ogly from their use as a quantitative source of
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insolation values useful to microclimate studies, but‘ also by providing Co
an effective method of displaying landform 'The study area is dxsplayed
in'a realrstxc manner, allowmg an overall view of the terrain. To aid
‘m the mterpretatron of the landforms, the raster contour maps were
dxgrtally overlain on the reflectance models (not shown)

+

Exammatron of the Lambertxan reflectance mode] of the Fort McMurray

fagéa g’late 13), showed that the extremely wide and deeply mcrsed

o

0 "the Clearwater River dominates the map. The valley floor is

<}

,g vallef
approxxrnately 1.5km wide and 140m deep on the north and 110m deep on the
south side. The magnitude of this terrain fea_ture is easily comprehended
when the interpreter has a global view of the area, in con@st to the C e
traditional means of studymg a series of aerial photographrc stereo-
pairs. The banks of the Clearwater River itself are also visible and the
river may be defined as an underfit stream flowing through the much
larger glacial meltwater 'channel. The large terrace—'like featuie on the
south sxde is evrdenced by 1ts lower elevatxon dnd the channel forms on
its sur(ace The smaller lower, terrace-like feature at the outlet of |

y v
Chnstma*Creek is‘also clearly shown by the three-dimensional model.
The esker-like ridges 'flowing’ into Rainbow Creek in the northeastern

~
quadrant of the study area are actualty’ present-day drainage features.
R A

) contained within the data

_ They represent errors (previously discuss
set.
"The Kakwa Lambertian reflectance mqdel provides a synoptic view of the

modntaj,pous, high relief terrain (Plagg 14). Features that are

: 2
discernable include: the cirques and aretes in the southwest corner; t}xe
valley of the Kakwa River flowmg northeast along the eastern edge of the

“ i !
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study area, including the large fluvial or glaciofluvial terraces; and

the northwest trending foothills structure. The billshading effect of

the reflectance map highlights lineaments caused by the sharp ridges and
deeply incised drainage valley#.

- The KEkwa. model provide's.'(i%ood example of the effect of the direction
of the lig’ﬁt source on the display of te.rrain‘features. Due to 'the |
nortbwest—southeast structural trend of the major terrain form§,‘ many : /
feétti;es may not be élearly emphasized due to the parallel orientation of |

the light S})urce; Another reflectance model was produced using a light

source azimuth of 225 degrees, simulating solar radiation from the

southwest. The resultint image highlights linear features that were

unclear in the first image. The resultant image emphasized many of the

northwest-southeast trending structures.

Visual comparison of the Fort McMurray and Kakwa reflectance models/,/\_«

Y.
!
v

allows for a rapid appreciation of‘the extremlely different terrain types
of these two Albertan examples. The smooth surface of the Fort McMu_rray
érga is indicative of the glaciolacustrine and glaciofluvial depbsiis

overlying flat-ly‘ing sedimentary formations. The rough terrain apparent

on the Kakwa model is characteristic to cpmplex‘ﬁtruct,ural geology and

the sharply defined glacially eroded cirques and aretes.

-~



provide quantitative descnptnons of terrain attributes whxch are

6 CONCLUSIONS

]

Mntchell (1973) defi med terrain evaluation as a process vyhxch involves:
S
analysns - simplification of complex natural phenomenon, class:f |catxon -

~

the orgamzatxon of data and; appraxsal - the mterpretanon and

assessment of data. 'I'he prevxous dxscussxons contamed in thxs stpdy
R

have shown that models denved from digital elevatlon data satxsf y the

S

first two requirements of Mitchell’s definition. The: denvatxve products"

&

necessary to any system of terrain evaluatxon The final stage of the

e N
- v

_process, appraisal, involves the integration of the quant:tatxve data

with the qualitative terrain mterpretatnon completed by a human analyst.

"1

N

are numerous. The ability to map large areas usmg dxgxtal methods' o

affords a synoptic view of the terrain surface coupled with the abxhty
to enhance subtle vanatnons dependmg on the resolutxon of the ongmal
elevation data. Objectwe methods of displaying terrain attr_xbutes and
classifying data have been a hindrance to traditional qualitative

v

landscape methods ,of terrain analysis due to the intensive labour and

'hlgh level of skill involved; the mablhty to maintam cons:stency due

=~
<

to ‘the mvolvement of dlfferent workers and; the use of different

classification schemes.

This study has not produced a terrain analysis system m but
rather, has provided an example of' the type of quantitative te'rrain
descnptxons Wthh may be generated obJectwely and cons:stently and then
mtegrated mto any. detailed terrain analys:s or evaluation system. One
of the tnain advantages ot’ digital data sets of terrain 'descriptors is the

66
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The advantages of incorporating DTMs into any system of terram analysxs
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ability to reclassify the attributes for specific applications. Ths
terrain parameters of elevation, slope magnitﬁde, slope.azim'ﬁ and
directional curvature have Been discussed in relation to their us}efulness
and application to a _number of na.tural: and 'man-made’ processes. The )
Lambertian reflectance model, which incorporates slope magnitude and
slope azimuth has also proven valuable as a graphic for analysing the
terrain. ~Parameters may be integratéd into sop;histicated modelling
schimes for process studies or Apredict.ive models fnor use in a variety of
discipliries: *

Digitai terrain data is becoming‘ more readily available due to the
advances in remote sensing and image processing technology. "The Alberta

1:20,000 DTDB mapping i)roj(:ct is an example of the response to the ,

growing need for.objective, digital information concernihg ‘the land

surface. The development of digital mapping and modelling systems are -~

needed to handle this growing volume of data and also to px;ovide a means
of error checking. Objéctive, digitally produced products must be -
_r_eccsgnized as approxirqations of the real world z_md‘ problems associated
with “the accuraéy and preéision of data should be addressed. The large
g <
v'o'lumue of data generated by new remote sensing syste'i?ns, which include
"d’igital elevation data ‘exceeds the capability of -tréinéd interpreters. A
'combutevr-assisted modeiling 's'chen';e will providé a convenient data base on
"w}ijch to form an objectiye land classification system, but the subjective
‘human ability to.rela.te,di’f:feren.t' attributes to each other based on
commqnv sénsg@nd .relatédg‘%’ackground inform'vation cannot be replaced.

. - . / . .
' Future terrain classification and analysis systems need to integrate the

qualititative human interpretations with quantitative modelling
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techniques.
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‘Plate 1. Aden grey scale Laplacian curvature, map = .



Plate 2. . Fort McMurray grey.scale Laplacian curvature map
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. Plate 4. Fort "McMurray grey scale slope (magnitude map
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THE QUALITY OF THIS MICROFICHE
IS HEAVILY DEPENDENT UPON THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

"UNFORTUNATELY THE COLOURED

ILLUSTRATIONS OF THIS THESIS

CAN ONLY YIELD DIFFERENT TONES
. OF GREY.

[ [

LA QUALITE DE CETTE MICROFICHE
DEPEND GRANDEMENT DE LA QUALITE DE LA
THESE SOUMISE AU MICROFILMAGE. ’

.

MALHEUREUSEMENT, LES DIFFERENTES
ILLUSTRATIONS EN COULEURS DE CETTE
THESE ‘NE PEUVENT DONNER' QUE DES
TEINTES DE GRIS.
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Plate 5. Fort McMurray classed slope magnitude map
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ak}va grey scale slope magnitude map
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Plate 7. - ,:'Kv;lykwa classed slope. magn,i"t]:u'd"él_‘map
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Plate 9. .For‘t iMcMurra'ya grey . scale downslope curvature map
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Plate 10. = Kakwa grey scale downslope curvature map
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Plate 11.

McMurray grey scale across slope curvature
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Fort McMurray Lambertian reflectance
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