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Abstract Topographic attributes computed {rom Digital Elevation Models are dependent on the resolution of the eleva-

bion data from which they are computed, A regular rectangular grid 1= not an ideal representation of toposraphic surfaces
o fiel S L= (=]

for the study of scale effecis. Spectral and wavelel techniques are obvious allernatives but have several deficiencies, par-

localise i

tion and feature representation. Preliminary application o 1 din

onai topographic data (profifes) vields gseful

results including the identificalion of changes 1n lopographic structure with scale. Extension to 2 dimensional analysis

. seales and orientations in the landscape.

will allow quantification of characteristic shay

1. INTRODUCTION This aflec

The resolution-dependence of slope and specific catchment

s all topographic atiributes but o varving ways.

. . . . C L . area have been Lhe most intessively studied because of
Topographic analysis {or terrain analysis) s the quaniiia- ) o - X
. . ‘ k . . . . bheir regular application in hydrological modelling { Moore
tive analysis of topographic surfaces with the aim of study- I i
. . . . et al., 1993b: Zhang and Montgomery, 1994; Quinn et al.,
ing surface and near-swrface processes. A number of to- :

&

catchment area, slope, aspect and plan curvature (con-

19953, In these and similar studies the primary question

pographic aliributes can be calenlated, inciuding specific

o be addressed has been “What grid resolution should I
use for & partieniar modelling exercise” | and some use-
.

back and asking why topographic attributes age scale de-

tour curvature). Slope and specific cabchment area are key

ful answers have emerged. But it is worth taking a step

variables in hydrology and are used to predict spatial pat-
terns of soil waler content and erosion {Beven and Kirkby,
1979; Moare et al., 1991; Moore and Wilson, 1992, Moore
ef al., 1993d; Moore, 1995, Wilson and Gallant, 1996).
Solar radiation estimation s based on slope and aspect

pendent and whal that can tell us aboul the topographic
surface. What are the characterisiics of fopographic sur-
faces which induce the observed scale dependence of to-

fee

pographic attributes? Is the dependence consistent

modified by topographic shadowing (Mooie et al., 1993¢;

" . - . N . . across scales? Do topographic features have similar shapes
Gallant and Wilson, 1998). The spatial distribution of sail L . _E e o . e {
at different scales? Is there a different kind of organisation

physical and chemical properties can he modelled within e ) . .
of the landscape al different scales? In this paper we will

upiform geclogical seftings using a combination of fopo-

graphic attributes (Moore et al., 1893a; Gessler of al,,

explore sorme approaches to studying scale dependence of
1995). Vegetation distribution, which responds lo water, bopographic surfaces.
light and nutrient availability, can be modelled using com-
2. SCALE AMALYSIS OF SURFACE

TOPOGRAPHY

binations of topographic atiributes which capture much of
the landscape-scale variability of these parameters (Moore

et al., 1993¢). In short, topographic analysis provides the

s 3 e 197 © Ere afp represenbatt S wen e
basis for a wide range of landscape-scale environmental Is goid resolution an adequaie representation of scale?
models which are used to address both research and man- When we subsample an elevation grid to obtam another

grid at coarser resolution. we are not only losing fine scale

agement quesbions. ’
fealures of the surface (the intended change) but also

[t is now widely recognised that topographic analysis re- changing the number of square cells into which the surface
sulés are sensitive to the resolution of the source data, As is divided. This is of particular inportance when study-
the spacing of elevation samples increases, fine-scale fea- ing specific catchment area which is generally cormputed
tures are lost and the surface becomes more generalised. by accumulating cell arcas from adjacent cells, and this
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network of connections is changed when the grid ; resolu-

tion is changed. If we wish to study the scale properiies
of & topographic surface, rather than the effect of grid res-
olution, it would be best to nse a methad which does not

confuse scale effects with grid effects,

A useful representation of a topographic surface for the

analysis of scale effects would be one w hich allows analysis
of the size and shape of features at different scales, and

facilitates a parameterisation of the surface that can be
used Lo compare or define reglons. it wonld be nice if the
representation also allowed such operations as removal of
fine scale features (for generalisation) and addition of finer
seale feabures (Tor local improvermnent of a broad-scale data

set, Tor example].

2.1 Spectral Analysis

Is there a natural method for examining the chatacler-

¢ Sped

rad dlmi\ 518

1sbics 01 a surface a‘i, various scales

ef

smates the variance {or signal power} al s

lengths ranging [rom the size of the sample down to tw

the sampling interval (grid resolution).
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Figure L1 Spectral analysis of Brindabella 20 m DM

Figure 1 shows the spectral analysis of a 10 O0km® area of
the Brindabella range on the western hoz:dcr of the Aus-
tralisn Capital Territory, The DEM 1s at 20 m resolution
o using ANUDEM (Hutehinson, 1984) from
contours and spot heizhts digitised manualiy from 125000

snd was derive

seale topographic maps. The elevation grid was windowed
using a circular cosine bell to reduce spectral lenkage and
extended with zeros to make the number of poins in both
o and y directions a power of 2. The date was then trans-
formed using a Fast Fourier Transform and reduced to a

one-dimensional spectrum by averaging all directions for

en wavelenghh.

The spactrum shows four distinct regions. At the broadest
scales, on the left of the plot, there is a peak indical:-ing
substantial variation ab the scale of the whole dasa sel.
At wavelengths ranging from 2500 m down to 23() m {los
wavelength from 5.4 to 2.4). there is an approximately

linear seetion i the log-log plot, indicating a power law

relationship betwesn power and wavelength with an expo-

nent of -5 Al a wavelength of about 250 m {log wave-
section commences

with power law exponent of -5 Finally, a short curved

fength 2.4) a somewhal steeper line:

section is apparent ab the shorbest wavelengths which is
atlributable to aliasing and is therefore excluded from any

further analysis.

This analysis allge;ﬂsis that in this laudscape there is a
change of surface mc hoiogy or texturs at wavelengths
of 2300 m and 250 m. The change v texture ad 230 m

wavelength could be rl we to smoothing of the surface by in-
terpolation from contours to bhe grid as suggested by Poli-
dori{1991], but ancther D)
ods from 1:18000 scale contour data in the same area

M produced using TIN meth-

shows sirmilar behaviour. The aliernative hypothesis is
that the change in morphology is a real feature of the
land surface. The most obvious fealure of the landscape

at that scale i the dissection of the surface into ridges and

valleys, which would imply an average bills slope length of
195 m, since a wavelength of 250 m eontains a complete
evele or two adjacent hillslopes, This hillsiope length s
consistent with observations in the area. The authors do
nob have an interpretation of the change at 2500 m wave-

lengths ai this stage, and the 250 m change s subject

to farther investigation using high-resolution GPS survey

data of the area.

[n spite of the ability of spectral analysis to extract infor-
mation shout changes in surface morphology at various
scales, there are al least two significant difficulties with

applying spectral analysis Lo topographic data, The first

is thal the Tourier bransform assumes stationarity of the

---------- the mean, variance and higher order moments
should all be independent of locabion. This is clearly not

Lrue for topographic data, and n fact the spatial variation

of sueh parameters is of considerable interest.  Another
way of sbating this problem is to note that the Tourier
transform uses a single sinusoidal function to describe all
the variabion ab a particular wavelength, which means thal
the fine scale detail at one location is assumed 1o be related
to fine seale losation at o distant location. This 1s clearly
not appropriate. This property of Tourier fransforms also
mneans it is unpossible to localise fealures within a sam-

ple since the analysis treats the sample as one unit and

produces resulte which deseribe the whole sample. The
second dilficulty with Fourier fransforros is that they use
oseillatory waveforros (sine functions) as the basis fune-
tions into which the sample data is decomposed, 1 the sine
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functions are not a good representation of the fundamantal
shapes oconring in the landscape then good localisation in
scale {wavelength) Is not possible. Non-sinuseidal shapes
produce harmonics at shorter wavelengths which can over-
whelm the contribuiion of sinaller-amplitude features at
those wavelengths. This also impliss that a single feature

in the landscape {if such a thing exisis) is represented in

the Fourier transform by a sobstantial number of sinu-
soidal components, and conversely a single component in
the Fourier transform contains contributions from a num-
T

a particularly sutlable representation for the analysis of

ber of surface features. The Fourier transformm is thes not

scale effects in topographic data.

2.2 Wavelet Analysis

I we wish to overcome the first problem of non-
stationariy we might use a small window which is moved
1L oeach

v a spechral analyst

across the data set to per

2. This ts practical bud frequency resolu-

i

window o

5
tion must be traded off againsl location resohubion, since
alarge window is needed to obiain good resolution in fre-
gquency (or wavelength) while a small window iz needeod
to obtain good resolution in location. A more praciical
alternative is the wavelet transform which offers the best

of both worlds by effectively using » window length that
changes with wavelength. Shori wavelengths use small
windows thus giving good location resolution for fine-
scale phenomena, while long wavelengihs use large win-
dows giving good wavelength resolulion for broad-scale
phenomena (Chul, 1992). Wavelet analveis uses a sin-
gle basis function that is localised in both position and
frequency and can translated and dilated to cover the en-
tire position-frequency plane. This contrasts with Fourier
analysis which uses many basis functions cach ab a dif
ferent frequency. Wavelet analysis could produce a power
spectrum ab every point in the data sel, which overcomes
bhe non-stationary /non-local problem of the Tourier trans-

form but results in a very large data set which then bas o

be processed further to obtain interpretable results. Fup-

thermmore, wavelet analysis still does nol address the sec-
ond probler: of using oscillatory basis functions. Although
there i3 & wide choice of basis functions, the wavelel brans-
form requires the basis function to have zero mean which
mnplies a degree of oscillation.

2.3 Positive Wavelets

Positive wavelet analysis (Walson and Jones, 1993 is sim-
ilar to wavelet analysis in thal it uses a single function
wirich is translated and dilated, but i uses a positive pulse
the

positive pulse does not have zero mean it is not possible

as its basis instead of an oscillatory function. Because

to reconstruct the original data from the wavelst coeffi-

cients in the normal way, However, by using a proc

tiomn, individual features in the {fopm of

of correlation doie

translated and dilaled vaples of the basis function can he

extracted from sample data. The algorithim as used here

finds the scale and locatlon giving the largest correlation

Tly Ly = L7V? / gle) (i-[i-’) de (1)

o “

value

whicl is the veal wavelel transform of the Tunction g(x)

i

using the wavelet Flx), wilh y the location and L the

scate (or dilation).

e amplitude of the wavelet at that

focablon and scale s just

oy = CLT YT 1) (2

)

where i and L; are the location and seale of the detected

wavelch, (7 s a constant dependent on the wavelel shape

{34

The detected wavelet my {5 s subtracted Trom the
i

original function gle) and the process repeated. Thig it-

erabion finds the largest magnitude leatures first {which
in topographic data tend to also be at large {Le. broad)
scales) followed by progressively smaller features, This
leads 10 @ relatively sparse representation of the sample
being analysed provided the shape ol the positive wavelet
is a good match to the shape of the features in the sane
ple. Bis likely that some of the simall seale features will
be corrections {or errors in the large scale components
rather than real features in the data and these can be
climinated by global minimisation aller detection of the
features (W

atsorr and Jones, 18923), but this step has not
been included in the analysis in this paper. The analy-
ses to 2 dimensions with the

sis procedure readily generali
number of paramelers incressing to 5 for elliptical ele-

ments {focation in 2 dimensions, scale in 2 directions and

orientation), bub the resulls reported here are only for |

dimensional data {profiles).

The basis function used in this analvsis is the sixth-ordar
polynomial:

. =4V e < 12
Fle) = [ / {4)
{ { otherwise
and s shown in Figure 2. This [orm was chosen because it

hias continuous firsh and second derivatives at the bonund-
aries. A cabic Despline, possibly with variable knots,
would also be o snitable choice. Fnd effects in equa-
tion (1) are avoided by reflecting the data al each end
which works well for a symmetrical wavelet. The mean
is removed before analysis. For each iberation, the {y, 1)

plane is scanned for the largest corvelation value T(y, L),
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Figure 2: The unit positive wavelet Fla).

followed by a local maximisation algorithm to determine
the optimum v and L values; the continuity of derivatives
of F{x) helps maintain stability of the maximisation al-
goribhin, The scan uses linear sleps in y and logarithric

steps in L.

3. RESULTS

Figure 3a) shows the profile being analysed and the first
4 cotaponents delected using the Herative procadure. The
clase it of Lhe posilive wavelet to the large central feature
is an encouraging indication that the choice of wavelet s
reasonable. Figure 3(b) shows the pext three components
detected after those of figure 5{a), and figure 3(c) shows
the represeniation using the § components. Pigure 3(d)
shows the il using 20 components. As these plots show,
the method progressively adds more “humps” to the fitted
profile to bring it closer to the data. Il is important to
note that the defection process does nof seelt to minirnize
the difference between the data and the positive wavelet

repre stion ab each slep: the new wavelel is only sub-
tracted from the data afler its parameters are determined,
so that the nexi wavelel can be detected. A total of 75
wavelets were used to decompose bhe profile {which itself
containg 291 points). The amplitude of the 75 compo-
nent was less than 1.5m, and there is no vigible difference
belween the original data and the wavelet representation

using afl 75 components.

Cnee the profile has been decomposed imto positive
wavelel components, the parameters of those components
van he analysed to obtaln information about the siructure
of the surface at different scales.

Figure 4 shows the height {absolute value of amplitude)
and scale of all 75 wavelets, with the first § components

labelled to correspond with Figure 3. Positive and nega-
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Figure 3 Representation of a profile from Brindabeila
20 1 DEM using positive wavelets. The original profile
is shown dashed and the positive wavelet representation
is the solid line. {(2) Bepresentation using the first three
componenis: (b} the next three compenents; (c) the first
6, (a and b combined); and () the frst 20 components.

tive components are shown separately and the enrve ab the
lower left of the plol represents a corretation T of 1.8 which
is the coerelation of the 75V component. Components o
the left of this curve have been ignored in this representa-
tion. It is interssting to note that at scales between about
200 and 1000 m the positive components {hills} closely fol-
fow a stratght line on the log-tog plot, again indicating a
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Figure 4: The height (amplitude) and scale of the 75
wavelel components used to represent the Brindabella
20 m DEM profile.

power-taw relationship with an exponent of 1.5, The neg-
alive components are much more scattered but follow a
simnilar trend. This indicates that the hills tend to becorae

Fhe ex-

more peaked as scale ine s within this range,
ponent of 1.5 is exactly half the magnitude of the exponant
abtained from the power spectrum but the opposite sign.
This is entirely consistent given that the power speclrum

is measuring the square of the amplitude, and the inde-

pendent variable is frequency which is the reciprocal of

gcale. The two analvsis techniques appear to be detect-
ing sinilar relationships over similar ranges of scales but
the positive wavelet analysis shows thatl this relabionship
is much stronger for positive components than vegative

components.
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Figure 5: Shape (height divided by scale} of the 75
wavelet components.

Fignre 5 shows component shape for all 75 wavelet coni-

ponents, where shape is defined as the height divided by

the widih (scale). A large value represents a very peaked

festure, while a small value indicat

ex a fairly flat featire.

are again plotted separa

e appareini:

1. For s 2 fess than 800 m, the largest shape val-

ciated with negative components {val-

or scales greater than 600 m the largest

ues are &

leys), whiie

shape values are assoclated with positive compo-

ts {hills). Presumahly this reflects the incised

L

nature of the landscape, with the sharpest valle
e bills. The
Al

1

at smaller seales than the most pea

significance of the 600 m threshobd is not clear

this

stage.

]

The maximuen shape values of about .12 corve-

spond Lo masimuin slopes of 41%. These slopes are

associated with features at s vanging from 100
to 1000 m. The maximum slope associnied with the
broadest seale features s H%.

3. For both negative and posilive components, the

shape values are largest io the mlermediate range

of seales, and smaller at the finer and conrser scales.

(The lack of small shape values at small scales s

due to the truncation of the representation based on

rorrelation values as shown by the curvel.

omposibion 15 able to

These results indicate that this de
provide useful gquantitative mmformation aboot the lopo-
graphic surface. ln answer to two of the questions posed
at the beginning of the paper, this decomposition of one
indicates that there are indeed

admiltedly small data sel
different shaped features at different seales, and scale de-
pendence does not appear to be consistant across scales
since Lhe relationships emerging from the analysis apply
only for limited ranges of scales. The extension of the
mathod Lo ¥ dimensions will allow analysis of the shapes
and orientation of elliptical fealures over a range of scales.
The wethod could also be extended o use a library of dil-
ferent shaped positive wavelels, such as triangnlar and

step profiles.

4, COMNCLUSIONS

The positive wavelet decomposilion pregented here ap-
pears to satisly all of the requiremenls stated earlier for
scale-based analysis. It directly represenils the size and
shape of leatures and clearly permits removal of fine scale
features to generalise the surface and addition of fine scale
fentures for local improvement of broad scale data. The
simple analysis of the wavelet parametors shown here 1adi-
cales that they have considerable polential for gunantifying

the geomebric properlies of features in the landscape, and
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the way those properties vary with scale. The exiension
to two dimensional analysis will allow a more complete

characterisation of topographic structure and (hopefuily)

scale-relaled phenomena

lead o a bebter understanding of
mctuding the scale dependence of topographic attributes,
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