
Aspects of Spatial Autocorrelation of
Landsat TM Data for the lnventory of

Waste-Disposal Sites in
Rural Environments

Abstract
This study concerns the attempt to idenfu and classify
waste-disposal sites by means of Inndsat tu data, mainly on
the basis of the contrast of their spatial features with the
surrounding rural landscape, rather than on their purely
spectral responses. In fact, any waste-disposal site may be
regarded as a land-cover unit characterized by high spatial
variation of its pixel cluster, as compared with the neighbor-
ing pixels of the background, which, on the contrary, show
an almost uniform paftern. The spatial autoconelation was
analyzed by means of the semivariogram function, which
showed different siopes of the land-cover units selected. The
potentialities of spatial autocorrelation as a basis for image
classification were confirmed. A synthetic descripto4 based
on the ratio between sill and rcnge, is proposed as a new
tool for waste-disposal-site classification. The experiment
was carried out over a portion of the Friuli plain, in north-
eastern ltaly.

Introduction
The problem of inventorying and assessing waste-disposal
sites is becoming more urgent than ever. Because controlled
landfills are reaching capacity, new ones will have to be ap-
proved. At the same time, the number of uncontrolled waste-
disposal sites is on the increase, so that central and local
government authorities are faced with having to deal with
the risk these active and inactive waste sites pose for the en-
vironment.

Remote sensing has been used to detect and assess
waste-disposal sites with the use of aerial photographs and
airborne sensors (Erb et o/,, 1981; Jones, 1989; Barnaba ef o/.,
1991), with the applications of terrestrial thermography (Zi-
lioli et al., 1992), and with the photointerpretation of digital
sPOr HRV imagery (Philipson et o/,, 1988). Integrated ap-
proaches, based mainly on the spectral classification and
photointerpretation of Landsat tu imagery, have been con-
ducted by Brivio et al. (1991).

According to a recent inventory conducted in Italy for
275 towns (World Wildlife Foundation, 1988), the dimen-
sions of the smallest waste-disposal sites inventoried range
from 50 to 5,000 square metres, and controlled landfills or
dump fields are larger, ranging from 10 to 30 hectares. While
the former correspond to a few Landsat TM pixels and to
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some tens of spor rnv Panchromatic pixels, the latter accord
well with present sensor spatial resolution.

This study attempts to identify and classify waste-dis-
posal sites by means of Landsat ttvt data, based on the con-
trast of their spatial properties and structural characteristics
with the surrounding rural landscape, rather than on their
spectral responses. Indeed, any waste-disposal site, or scene
object, can be regarded as a land-cover unit characterized by
high spatial variability in its cluster of pixels, as compared
with the rural environment, or background (Strahler et a/.,
1986), which, on the contrary, may generally be expected to
be uniform and homogeneous.

Because the variations under discussion depend on spa-
tial relationships of pixel distribution, we applied the spotra/
autoconelation method, which outlines properties whose
values, at different places, are related to one another (Web-
ster and Oliver, 1990). Spatial autocorrelation can be mea-
sured by setting variance against variable distance: the
function so obtained is called the semivariogram. This func-
tion was recently also found to be valid in the area of remote
sensing. We refer here to the application of semivariograms
in data analysis (Webster, 1985; fupp ef o1., 1989; Wald,
1989), for application in ground-based radiometry (Curran,
1988; Webster et a1.,1989), and in image processing (Curran,
1988; Woodcock et o1. 1988a; 1988b; Ramstein and Raffy,
1989; Cohen et a1., 1990; Davis ef o/., 1991 ).

Study Area and Data Used
The study area selected was the rural sunoundings of Palma-
nova, Friuli, in northeastern Italy (see map in Plate 1). In the
last few decades, this traditionally agricultural region has
undergone rapid and continuing urbanization and industrial-
ization, with consequent serious degradation of the land.
Geologically, the area is dominated by alluvial plains com-
bined with Pleistocene glacial outwash. Sand and gravel de-
posits have been intensively exploited, as shown by a
number of quarries and mined sites, frequently excavated
down to the level of the water-table.

Based on existing thematic maps, ground reconnaissance
surveys, and photointerpretation of Landsat ttvt data (Brivio
et o1., 1991), a general reference map was drawn on a scale
of 1:100,000. This map shows the main land-cover units and
waste-disposal-site locations in the Palmanova area. Five
main classes of waste-disposal site were recognized: mined
Iands, quanies, dumps, landfills, and disturbed land. A de-
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Plate 1. Sub-scene of Palmanova, Friuli, ltaly. Landsat rM, standard False Color Composite (nea : 432)' Frame: L91"-28, Quad-
rant 3. Acquisition date: 25 July 1989. Dimensions: 1,000 columns by 500 lines. urM center coordinates: 5087000, 363950
(Zone 32). Location of waste-disposal sites and other land-cover units are outlined and labeled: M: Mined land; Q = Quarry;
D=Dump; L:Landfill; R:Disturbed land; l=lndustial area; U:Urban site; A=Agricultural areas.

Mined Land (M)

Quarry (Q)

Dump (D)

Landfill (L)

Disturbed Land (R)

TegLE 1. Cusstaclttott or Wesre-Dtsposrl Sres OccuRRlNG lN THE AREA
Anouto Peweruovl, Fntuu, InlY.

Class Description and Identifying Features

A sub-scene of 1,000 columns by 500 lines, equivalent to
about 450 km', in which the scene objects taken into account
(either waste-disposal or land-cover units) are outlined and
labeled (Plate 1), was extracted from the original scene.

Specifically, 14 waste-disposal sites, plus a further eight
scene objects - three Industrial Areas (l), two Urban Sites
(U), and three Agricultural Areas (A) - were identified. In-
dustrial and urban areas were selected and expected to show
a structural complexity similar in some ways to the waste-
disposal sites, while the agricultural sites were taken as rep-
resenting the scene samples of homogeneous background.
Figure 1 shows four examples of representative waste-dis-
poial sites. For a more complete understanding of the differ-
ent situations, the four image subsets are accompanied by
photographs taken on the ground.

Waste-disposal sites differed greatly in shape and size,
depending on type and utilization. Table 2 summarizes each
class geometrical characteristics, showing mean areas in hec-
tares and mean linear dimensions in pixels, assuming the
model for the scene objects to be square. Mean linear size
computed over the entire sample population of waste-dis-
posal sites was ten TIr,t pixels.

The SemiYaliogram Function
Digital images can be considered the realization of a stochas-
tic process Z(xl, in which x is a two-dimensional position
vector. Assuming that the weak stationarity conditions are
fulfilled, i.e., mean and variance are independent of the posi-
tion x and covariance is only a function of the distance be-
tween locations, the process Z(x) can be studied by the
"regionalized variable" theory (Matheron, 1965). Within this
mathematical context, the spatial information, inherent in

Clearly recognizable exposed high reflecting
surfaces, caused by exploitation and min-
ing of alluvial sands and/or gravel.

Sites where mining of alluvial deposits has
cut the ground water-table, leaving small
ponds surrounded by ground with washed
alluvials or bare soils, often destined for
use as uncontrolled dump.

Open heaps of solid wastes, often illegal, in
unordered and uncontrolled accumula'
tion, with no evidence of maintenance.

Deposits of solid waste compacted and con-
trolled, usually by means of heavy ma-
chinery, and partially covered by soil.

Abandoned waste-disposal sites that may
appear in two forms: simply disturbed,
bare land or, mote often, stabilized areas,
sometimes with vegetation. Such areas are
often too small and their features too
masked to be always clearly detectable.

scription of the five classes is given in Table 1, accgdingto
the definitions of Philipson et ol. (19s8) and Barnaba et ol.
(1ee1).

A Landsat TM image, centered at 191-28, third quadrant,
was acquired on 25 fuly 1989, thus ensuring the maximum
reflectance contrast between the main landscape features, in
particular, between soil and water and between water and
vegetation.
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Figure 1. Enlargements from sub-scene of Plate 1 repre-
sentative of some class sample sites selected for their
spatial characteristics: (a) Mined Land Mr, (b) Quarry Q.,
(c) Dump Do, and (d) Landfill 1". Photographs on the
ground are included for a more complete understanding of
different situations.

TIBLE 2. MEAN AREAs rN HEcTAREs or rxe Frve Wnsre-Drsposlr- Cusses llro
MaN Urueln DTMENSToNS rN PxELs, Assur',rNe rxe Mooel FoR THE SCENE

OBJEcrs ro ee SeurnE

in which Z(x) is the radiance value measured at pixel x, ft is
the lag or distance in the image, expressed as a number of
pixels, defining the different locations (x + ft) at which the
regionalized variable Z is observed, and n is the number of
observations required to estimate lh). Characteristic semiva-
riogram features are sill, range, nugget effect, derivative at
the origin, and anisotropy fiupp et o/., 19s9). Hereafter, some
definitions are recalled:

o The si// C, indicating the semivariogtam value in which the
function remains constant as separation distances increase
and equals the general data variance. Often, in the remotely
sensed data a lack of the sill can be observed; in these cases
semivariograms are defined unbounded since no finite o
pnori variance is expected (Oliver et oI., 1989).

o The ronge o of influence, definable only for the bounded se-
mivariograms, indicating the lag value at which the semiva-
riogram reaches the sill. The range is the critical l at which
the correlation structure ceases to exist and data vary ran-
domly.

o The nugget C", indicating the variance contribution by the
noise of the sensor system. It can be defined as the limit of
the semivariogram function when the lag ft tends to be zero.

Because the waste-disposal sites are land-cover units charac-
terized by a vegetation, water, bare-soil, and solid-waste mix,
we expect a high radiometric variability in their pixel clus-
ters. Thus, waste-disposal sites should show higher sills than
the rural environment of the background.

Although a certain anisotropy can be observed in the im-
age (Plate 1 and Figure 1), we assume the spatial structure to
be isotropic, because directional organization of ground fea-
tures is absent. In addition, two-dimensional semivariograms
are more difficult to interpret in terms of shape, range of in-
fluence, and height of the sill (Woodcock et o1., 1988b).

The {/r) function was calculated by the matrix method.
This method evaluates, first, the semivariogram for all rows
and the semivariogram for all columns, and then takes the
average of these two semivariograms at each lag /r.

Application of the Semivariogram to 0bject Classification
9patial ald Geometh Consideratifis
Spatial structure in digital images, and related statistics, de-
pend very much on the relationship between the spatial res-
olutions of satellite sensors, i.e., ground pixel dimensions,
and the size of objects in the scene. In addition, the estimate
of the semivariogram depends on the number n of observa-
tions, its reliability decreasing with the increase in Ir: the
maximum value of /r should be between one-fifth and one-
third of the number of rows and columns of the digital image
(Webster, 1985). On the other hand, if the window size is too
large, the spatial characteristics of objects may be obscured
and eventually lost. Indeed, for large windows, the character-
istic structure of the objects may be masked by the volumi-
nous presence of the background.

Bearing in mind the mean values of the geometric di-
mensions shown in Table 2, which are 10.4 hectares and 10
pixels, the ratio of 3:1 as between the window and sample
size was adopted in the subsequent step of the analysis.

Analysir of lho Semindognm Shpes
Semivariograms were computed f.or all 22 land-cover units
presented in Plate 1 and for each spectral band. Figure 2
gives results for one object per class. The following relevant
points may be made:

o Band rwe (red) seems to be the most discriminating band of
classes considered, followed by band ntt (blue).

Class
N'of Obiects Mean Class Mean Linear

Mapped Area (ha) Size (pixel)

Mined Land (M)
Quarry (Q)
Dump (D)
Landfill (L)
Disturbed Land (R)

2
3
4
3
2

7.9
72.9
18.5
10.o
2 .5

9 .3
10 .8
74.4
10.5

5 .1

Total 10 .4

the digital image, is analyzed by using the properties of the
semivariogram function y (ft) defined by the relationship:

ilh) = 712(n - h) ) IZ8) - Z(x, + h)lz
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Figure 2. Experimental semivariograms of the eight se-
lected class samples, at the different reflective TM wave-
lengths.
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The exponential model is defined as

r(h) = C[1 - exp(-ftlo)] (2)

while the spherical model is formulated as

7(h) : Cl3lz(hla) - Tlzlhla)3|
l f t ) :  c

forh < o
forir > o (3)

o Industrial site Ig shows the steepest semivariogram slope, al-
most in the visible bands.

o The illegal waste site or dump o. and landfill t' look very
similar to one another in the visible bands, while in the in-
frared bands they show sufficient contrast for separation, par-
ticularly in band rvs.

o Pinpointing and distinguishing between classes of interest
appears difficult in band TMn, where waste-disposal samples
can easily be confused with agricultural site a:. However,
quarry qj is strikingly differentiated from the other classes.

The class separation observable in the infrared bands is
mainly due to the strong spatial reflectance contrasts inferred
by water and bare or vegetated land surfaces.

Parameterlzatlon by Slllmd Rrnge
In order to standardize the results, the measured semivario-
grams were fitted to some of the authorized models (Clark,
1979; Webster, 1985; Davis, 1986), although these models
should actually be applied only to punctual semivariograms,
or semivariograms as derived from point measurements
(Woodcock et o/., 1988a), The experimental semivariograms
concerning land-cover units of major interest (Figure 2)
called for the consideration of the exponential and spherical
models.

1380

The semivariogram models were computed in the most
suitable spectral band (rvr), for considering the quarry q.
waste-disposal site, whose geometric dimensions irre neirrer
to the mean population values given in Table 2.

The accuracy of the fitting was estimated through the
relative standard deviation S between the semivariogram val-
ues observed and the mathematical model (Ramstein and
Raffy, 1989). The anal5rtical expression of S is

[(%o" (fiJ - v{h))l(v*(h)1" (4)

The S values for the exponential model averaged 58 per-
cent while, for the spherical model, the figure was 18 per-
cent. Therefore, the spherical model was computed, for each
of the semivariograms measured, and their principal parame-
ters, sill C and range o, were obtained.

For each class, mean sill and range values were analyzed
in the o-C space. As an example, Figure 3 shows the scatter-
grams for bands TMr, TM3, and TMs. For any spectral band,
plots indicate clear separation between the two populations
of scene objects: waste-disposal sites and the other land-
cover units, particularly agricultural sites A. If disturbed land
class R is excluded, because of the practical problem of re-
cognizing it as a specific landscape unit, the four main
classes of waste-disposal site show a specific concentration
in the o-C space. To further differentiate between waste-dis-
posal classes, a new synthetic parameter was defined by ra-
tioing the two parameters C and o in the six Tu bands.
Resulting values are summarized in Table 3, in which the
variability ranges between the minimum and maximum val-
ues, for each spectral band are also presented. The mtio Cla
in band TMs shows the highest variability, and offers the cle-

s:  )
i

sill

T I

I

a

a

sill

T I3

a

o
I

sill

T .5

a

lE Rmgc

3 8 13 lE Rmgc

Figure 3. Scattergrams of range a and sill C mean values
for each class considered in the TM1, TM3, and TM5 bands.
Scattergrams (a) and (b) indicate a sort of specific domain
within which the four principal waste-site classes seem to
fal l .

o M (Mincd tmd)

o Q (Quarry)

^ D (Dmp)
r L (Indfill)

r R (DistubcdLsd)

r I (Industlisl)

o U (Urban)
I A (ASricultural)
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Mined Land
Quarry
Dump
Landfill
Disturbed Land
Industrial Area
Urban Site
Agricultural Fields

43.5  77 . r
45.8 20.4
44.4 77.9
27.9  13 .0
26.7 7.8
62.8  2r .4
39.9 14.0
3 .0  7 .4

39.8 69.9
53.6 87.6
47.9 83.3
31 .9  70 .3
18 .5  74 .O
44.7 45.2
32 .6  30 .6

4 . 7  3 1 . 0

68 .5  31 .6
128 .8  36 .3
104 .8  43 .3
59.5 27.7
25.9 76.7
47.4 24.5
59.3 32.1
76.2 4.4

Tner-e 3. SruJRrruce Rmo ron rHE ErcHT SceNe OetEcr Cusses tN fiE Sx
REFLEcTvE TM SpEcrML Blt.ros. Vnnrnerury RANGE ExpResseo ls I
Pencerurnoe, Tlrclre Bmo TMS ns e REFERENcE, ts ALso INDIcATED.

Class TM1 'TM2 TM3 TM4 TMs TM7

o Of the various authorized models of the function flfr), the
spherical model was adopted.

o The distribution of the 22 scer.e samples in the o-C space
yields significant results through representation of the class
barycenters. In fact, in the scattergrams the waste-disposal
classes occupy a specific area, clearly separate from the rest
of the land-cover unit.

. The use of ratios combining sill and range from semivario-
grams offers promising conclusions. The proposed ratio C/o
already draws clear distinctions between the eight classes
studied, especially in band TMs. The only uncertainty con-
cerns the classes landfills L and urban centers U, which,
however, is solved in band TM4.

These initial results hold out good prospects and justify spa-
tial analysis as an effective tool for achieving reliable auto-
matic waste-disposal-site classification.
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