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ABSTRACT: Simulated SPOT MSS and Landsat-5 Thematic Mapper (TM) data have been compared for delineation of
vegetation and reclamation success in a humid coal mining region of central Pennsylvania. These data were collected
on 8 July 1983 and 12 April 1984. Corresponding Landsat-4 MSS Data were collected on 7 July 1983. Aerial photographs
and previously collected ground truth facilitated evaluation. Image analysis and digital techniques emphasized classi
fication of vegetation and coal spoil surfaces. Different vegetation species, age classes, and cover densities were sep
arated to an accuracy of 92 to 115 percent by maximum likelihood classification of high resolution data. This research
demonstrated the potential role of high resolution data in creation of an integrated data base that can be used by
Pennsylvania surface mining regulation enforcement personnel during field inspections.

INTRODUCTION

RUSSELL (1977) found that, of Pennsylvania's 36,256 square
kilometres (14,000 square miles) of bituminous coal fields,

about 9,064 square kilometres (3,500 square miles) of land sur
face have been adversely affected by improper mining practices.
Subsequent environmental problems such as erosion, gullying,
drainage of acidic waters, and increased sediment loads in local
streams are a result of abandoned and unreclaimed surface
mined land. The establishement of vegetation on a mine site
stabilizes the soil and landscape and reduces erosion. To miti
gate problems associated with past reclamation inadequacies,
the Pennsylvania Department of Environmental Resources (DER)
has been regulating mining operations through state legislation,
such as the Clean Streams Law of Pennsylvania and the Surface
Mining Conservation and Reclamation Act. On the federal level,
the Surface Mining Control and Reclamation Act was enacted
3 August 1977, giving joint regulation of Pennsylvania's surface
mines to the Pennsylvania Department of Environmental Re
sources (DER) and the U.S. Department of Interior's Office of
Surface Mining until Pennsylvania acquired primacy on 1 Au
gust 1982 (Elliott et al., 1983).

Intensive monitoring of disturbed lands is necessary for ef
fective management of surface mine recovery. This can be ac
complished by annual monitoring at both the local and regional
levels using remote sensing systems. Landsat MSS data have
been most suitable for large area inventories, where land areas
are inaccessible and timeliness of acquired information is not
critical (revisit frequency is once in 18 days for Landsat-1,-2,
and -3 and 16 days for Landsat -4 and -5) (Anderson, 1977).
However, the low resolution (80 m) of Landsat MSS, combined
with the need for timeliness and availability, make it only mod
erately useful for field monitoring of local revegetation prog
ress, regrading and contouring compliance, geology, acidic mine
drainage, and the impact of erosion and sedimentation on in
dividual mine sites. Several studies have shown Landsat MSS
data to be of limited value for detailing hydrologic processes on
surface mine sites (Irons et al., 1980; Solomon et al., 1979; Rus
sell, 1977; Alexander et aI., 1973).

The new generation of satellite platforms, with the capability
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of acquiring high resolution spectral and spatial data, will go
far in resolving the problems associated with using MSS data for
complex scenes of small areal extent. Landsat-5's Thematic
Mapper (TM; 30-m resolution) and SPOT (Systeme Probatorie
d'Observation de la Terre; 10- and 20-m resolution) should in
crease the possibility of identifying small group features within
a highly detailed scene (Irons et aI., 1981). SPOT's frequent ac
cess to a site (12 times in 26 days in the mid-latitudes), along
with its off-nadir viewing capability, should improve vegetation
discrimination. Landsat TM data, however, will provide cover
age only once every 16 days, decreasing its usefulness for local
monitoring of areas such as watersheds or counties. An addi
tional asset of SPOT is that its High Resolution Visible (HRV)
instruments will provide stereo coverage of a site. This stereo
capability may well prove useful to DER personnel on field in
spections for determining landform, slope, and density of veg
etative cover.

Two visible (0.50 to 0.59 J..lm and 0.61 to 0.68 J..lm) and one
near-infrared (0.78 to 0.89 J..lm) spectral channel were chosen
for simulated SPOT to provide a ground resolution of 20 m with
good discrimination between vigorous and stressed vegetative
species. A broad band of 0.51 to 0.73 J..lm was included to pro
vide very high resolution (10 m) for texture analysis in support
of vegetation information content (Petersen et al., 1984; Chevral
et aI., 1981). Landsat-5's Thematic Mapper (TM) with three vis
ible (0.45 to 0.52 J..lm, 0.52 to 0.56 J..lm, and 0.63 to 0.69 J..lm),
three infrared (0.76 to 0.90 J..lm, 1.55 to 1.75 J..lm, and 2.08 to
2.35 J..lm), and one thermal (10.0 to 12.0 J..lm) wavelength region
enhance vegetation discrimination by increasing the possible
wavelength region combinations that can be used for analysis
(NASA, 1984).

The work described here was undertaken with simulated SPOT
data and Landsat-4 MSS data collected during the summer of
1983 and Landsat-5 TM data collected in the spring of 1984. All
data sets were evaluated for their usefulness in the digital clas
sification of vegetation and spoil types from surface coal mines.
Classification accuracy was determined by a quantitative as
sessment of areal measurements of both digitally analyzed sat
ellite data and aerial photography. It is anticipated that geometric
registration of high resolution data to the USGS Snow Shoe 7 1/
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DATA ANALYSIS

The Pennsylvania State University's Office for Remote Sens
ing of Earth Resources (ORSER) analysis system was used for
manipulation and enhancement of the digital data (Turner et
aI., 1982). This allowed the display of the study area as a bright
ness image composed of multiple channels of data which could
be analyzed simultaneously. Feature catagories were chosen from
field inspection (Table 1) according to the Andersen (1971) land
use classification system. Training fields were chosen according
to the recommendations given by Joyce (1978). At least three
training fields for feature category classification were chosen for
homogeneous cover type and even distribution over the fea
ture. Slopes greater than 30 percent were treated as separate
feature categories.

The folowing channel combinations were used for each of the

TABLE 1. STUDY SITE CLASSIFICATION SCHEME (MODIFIED FROM

ANDERSEN (1971))

Agriculture
Forest

Water
Surface Mines

by line format (Turner et aI., 1982). The simulated SPOT data
were collected on 8 July 1983 (1533 GMT) from a Learjet 25C
aerial platform equipped with a Daedalus AADS 1268 Multi
spectral Scanner at an altitude of 10, 698 m (35,100 ft; SPOT
Image Corp., 1983). A CCT of three-band scanner data sampled
to 20 m instantaneous field of view (IFOY) pixels was reformat
ted into ORSER format. One-day repeat coverage by the two
sensor systems at approximately the same time of day permitted
the assumption of little or no difference in sun angle or shadow
effects between the two data sets. No precipitation was re
corded between the July 1983 dates, temperature remained es
sentially the same, and there was no cloud cover.

Landsat-5 TM data were acquired over northern Centre County
on 12 April 1984. Band sequential data for scene # Y5004215192XO
were reformatted into ORSER band interleaved by line format.
These data showed both cultural, phenologic, and climatic
changes when compared with ground reference photography
and summer 1983 data. There was 2.2 cm of precipitation over
the site the week before the 1985 data acquisition. There was
no precipitation the two days before or day of the pass, and
clouds covered 10 percent of the site.

Color infrared photographs (223 by 23 cm) were acquired si
multaneously with the SPOT simulation data; these 1:67,000
scale prints were used as ground reference data. A 1:62,500
scale false color composite print of the three spectral bands and
a black-and-white positive transparency of each of these three
simulated SPOT spectral bands were also available for use as
ground reference. Principal component (Eigen) transformation
and HSI (Hue/Saturation/Intesity) images were supplied by Earth
Satellite Corporation. Black-and-white aerial photographs col
lected over the study area in April 1982 were also available, at
a scale of 1:12,000.

Ground reference data for surface-mine features were ac
quired from manual interpretation of color infrared and black
and-white aerial photographs. The area of each ground feature
selected as a category within the classification was measured by
polar planimeter. Photointerpretation was verified by field vis
its.

2-minute quadrangle will allow it to be used by the Pennsyl
vania DER personnel on field inspections of reclaimed mine sites.

FIG. 1. Location of Centre County study site, bounded by dotted lines.
Data from each of the three sensors for this area were digitally class
ified. Dashed lines outline area covered by simulated SPOT flight.
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DATA ACQUISITION

Landsat-4 MSS data were acquired over Centre County, Penn
sylvania on 7 July 1983 (1600 GMT). The four-channel digital data
for scene #40356-15220 were reformatted into the Office for
Remote Sensing of Earth's Resources (ORSER) band interleaved

SITE DESCRIPTION

Data were collected over the 7.9- by 8.3-km Snow Shoe study
area located within the oak-hickory forest of the Appalachian
Plateau of Central Pennsylvania, a region of rolling topography
and deeply dissected drainages (Figure 1). This area is part of
the western bituminous coal fields of Clearfield and Centre
Counties. The study area consists of several abandoned and
unreclaimed, active, and reclaimed mine sites. Active mine sites
are currently owned by the Carlin Mine Co. of Snow Shoe,
Pennsylvania. They are underlain by horizontal sedimentary
strata of the Allegheny group, formed during the Pennsylvan
ian geologic period. Undisturbed oak forest within the study
site is found on very strongly acid Gilpin and Wharton silt loam
soils (Typic Hapludult and Aquic Hapludult, respectively). Ha
zelton sandy loam soils (Typic Dystrochrept) are also present.
Spoil types, mine soils, and vegetative cover have been iden
tified for the selected study site during field visits. Within the
surface mined areas of this site, the dynamics of erosional over
land flow processes are rapid, creating differences in vegetation
density which lend themselves to the detection of change, either
seasonally or annually.
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TABLE 2. AREA ASSESSMENT OF STUDY SITE GEOGRAPHIC FEATURES

Ground Truth
1:19706

Aerial Photo
April 1982

Landsat-4 MSS
1:24000

7 July 1983
1600 GMT

Simulated SPOT
1:24000

8 July 1983
1533 GMT

Landsat-5 Thematic Mapper
1:12000

12 April 1984
1600 GMT

75
77

74

96

97

201

111

(%)
Accuracy'

78.0

48.0
70.0

54.0

34.9

84.0

112.0

Acres

45.3

21.9

34.0

19.4
28.3

14.1

92

99 31.6

93
100
114
98

115

(%)
Accuracy Hectares

58.9
91.5
33.9
99.0

80.2

84.3

Acres

104.142.1

34.1

23.8
37.0
13.7
40.1

54 32.5

49

58
80

124

(%)
Accuracy Hectares

44.1

36.7
73.5

55.1

124.9

Acres

22.3

50.5

14.9
29.8

17.9
Hectares

73.4

35.8

81.1

63.7
91.4
26.9

100.8

113.3

Acres

29.7

45.8

32.8

25.8
37.0
12.0
40.8

14.5

Hectares
Level III
Feature

Oak forest within contour mine
Dense conifer on mixed

lithology-bouldery
Sparse conifer on dark shales
Revegetated mine soil/trees
Mine Soil 1
0-35% cover, nearly level
Mine Soil 2
75-100% cover, nearly level
Mine Soil 3
100% cover, 25% slope
Immature oak forest
Graded mine soil < 20%

vegetation 10.9 27.0
Total area of study site 5184.5 12811.0

'Percent (%) accuracy is calculated as the ratio of the number of hectares classified by the number of hectares measured for the feature on
ground truth x 100.

three data sets: Landsat-4 MSS channels 4, 5, and 7; simulated
SPOT MSS channels 1, 2, and 3; and Landsat-5 TM channels 2,
3, and 4. Limitations of the color display system permitted the
use of only three channels of data for each sensor's image
processing. Wavelength regions (channels) were chosen to en
hance vegetation species and density differences, and for dif
ferentiation of mine soil detail. Irons et aI., (1980) selected four
wavelength regions (0.60 to 0.65 f,Lm, 0.92 to 1.10 f,Lm, 0.80 to
0.89 f,Lm, and 8 to 14 f,Lm) of the Daedalus scanner by stepwise
linear discriminant analysis that differentiated surface mine cover
types and minimized channel correlations. They also used four
of five available simulated TM channels (Channels 2, 3, 4, and
6) when channell proved to be affected by atmospheric haze
over the site, and their processing was limited to only four
channels. Irons et aI. (1981) used simulated TM channels 2, 3,
4, and 5 to differentiate the diversity of ground feature cate
gories present on a central Pennsylvania mine site. Nelson et
al. (1984) found that simulated TM channels 1, 3, 4, 5, and 7
were best for the differentiation of forest cover types. In this
study, visual examination of all possible three-wavelength com
binations of TM data showed channels 2, 3, and 4 to be best for
differentiation of complex cover types and other ground fea
tures on this study site.

The surface mine areas were both spatially complex and spec
trally heterogeneous, making it necessary to assign more than
one category to each feature. Level II and/or level III categories
were identified within the Landsat MSS, simulated SPOT MSS,
and TM data (Table 1). Several training fields were located for
each category using brightness maps (gray-tone maps that rep
resent ranges in numerical reflectance data), spectral uniformity
maps, and ground reference data. Spectral signatures were de
veloped through a supervised approach. Simulated SPOT data
were displayed as 95 percent probability ellipses for each feature
category in two-dimensional space, i.e., its distribution in red
(0.61 to 0.68 f,Lm) versus infrared (0.78 to 0.89 f,Lm) regions.
Bivariate mapping showed feature categories of different ori
entations an unequal covariance matrices. The maximum like
lihood classifier was applied to the data. Classification accuracy
was tested by areal measurements of ground reference data.
Percent accuracy is defined here as the ratio of the number of
hectares classified for a feature to the number ot hectares mea-

sured for that feature on ground truth. Measurements using a
polar planimeter or dot grid, and pixel counts for category fea
tures were converted to areal measurements (hectares) and
compared to ground feature measurements. Classified digital
data were displayed as a printed map, or as color classification
maps displayed on a color monitor. These simulated SPOT and
Landsat-4 MSS and Landsat-5 TM data sets were compared for
classification differences.

RESULTS

Table 2 contains geographic features that were easily delin
eated within the study site and could be measured within
boundaries on aerial photography and on classified digital data
displayed as a printed map. The area of each geographic feature
shown on the line map was measured by polar planimeter and/
or dot grid. Pixel counts of these features were converted to
hectares and compared to the polar planimeter measurements
shown in Table 2.

Some detailed Level III categories could not be identified from
the Landsat-4 MSS data when using supervised training and the
maximum likelihood classifier. The spatial complexity and small
areal extent (less than 0.45 ha) of reclamation features within
the scene prevented the location of training fields at the 80-m
resolution. This result is consistent with the findings of other
investigators-that MSS data could not reliably delineate all fea
ture boundaries within surface-mined areas (Irons et aI., 1980).

Dense conifer growth on mixed lithology and sparse conifer
growth on dark shales, identified by photointerpretation and
field visit, could be delineated as separate vegetative cover cat
egories by classification of simulated SPOT and TM data. These
areas could only be identified as a single conifer category from
Landsat-4 MSS data. Classification of Landsat-4 MSS data could
not delineate more than two oak forest categories, and age classes
within the forest were not discernable. However, the 20-m res
olution of the simulated SPOT data permitted the identification
and mapping of Level III categories, using the maximum like
lihood classifier. It was possible to differentiate age classes within
the hardwood forests, and cover densities of conifer stands and
grass/tree reclamation (sparse cover, 30 to 70 percent, and dense
cover, 70 to 100 percent) on mine soils (Plates la, 1b, Ie, and
1d).
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(a)

(c)

(b)

(d)

PLATE 1. Maximum likelihood classification of high resolution satellite and aircraft flown data displayed on the Raster Technologies color graphics
monitor: (a) Color IR photography acquired 8 July 1983 over Snow Shoe, Centre Co. study area, (b) the classification legend, (c) digital classification
of simulated SPOT MSS data, and (d) digital classification of Landsat-5 TM data.

These levels of percent cover were chosen to reflect the veg
etation densities that a resource manager would be concerned
with on a surface mine reclamation site. Background soil surface
characteristics will interfere with the detection of vegetative covers
of less than 30 percent density (Tucker and Miller, 1977; Huete
et aI., 1984), while 70 percent cover is the minimum required to
be maintained on a permitted site less than 40 acres in size and
that is seeded to herbaceous cover alone (Federal Register, 1978).

Species differences and density within the conifer classes could
be discriminated by TM data, but vegetation age classes were
not differentiated due to phenological dissimilarities between
the 1983 SPOT data and 1984 TM data. Green vegetation had not
appeared by 12 April within the 1984 TM data set. TM data as
well as simulated SPOT identified complexities on both the ac
tive and inactive minesites. Morever, advances in active mining
(the dragline), and phenologic change over the site could also
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Signature

TABLE 3. SIGNATURE MEANS DEVELOPED THROUGH SUPERVISED CLASSIFICATION OF LANDSAT-4 AND SIMULATED SPOT MSS, AND LANDSAT-5 TM

DATA

and TM data makes it possible to identify features within small
spatially complex areas. Age class and vegetation species dif
ferences that were not apparent within the black-and-white aer
ial photographs (1 :24,000 scale) used for manual
photointerpretation were mapped with the simulated SPOT and
TM data (age class discrimination was only possible for simu
lated SPOT data). These differences have been verified by field
visit. There was some confusion between areas of dark mine
soils with and without sparse vegetation on classifying simu
lated SPOT data, causing errors of commission and omission.
The accuracy of this classification was 92 to 115 percent (Table
2). Feature categories that were classified as greater in area than
what was visible on the ground reference data (error of com
mission) exhibited confusion between sparse conifer cover and
senescing grasses on 25 percent slopes using simulated SPOT.

Maximum likelihood classification analysis accurately classi
fied Level III feature categories. Area measurements showed an
accuracy of 92 to 115 percent for simulated SPOT data, and 74
to 201 percent for TM data (Table 2). Lower classification accu
racy for TM data was attributed to phenologic change on the
site. One category showed confusion between sparse hardwood
and senescing grass cover, causing both errors of commission
and omission. Differentiation of small streams from the vege
tative cover along the stream banks was difficult with either
simulated SPOT or TM data. Though a water signature was de
veloped in each case, the 10 to 20-m width of the streams and
their overhanging vegetation prevented a clear recognition of
water. These small floodplain areas were mapped with both
data types as grass/tree vegetated sites. Though it might be
assumed that in a leaf-off season it would be possible to differ
entiate water, it was found that, with the use of April TM data
when vegetation had not leafed out, TM did not allow further
differentiation of water from vegetation in this narrow stream.

Age classes within the oak forest were not differentiated us
ing TM data, because of the phenologic differences in the sea
sons within which the data were acquired. TM did as well as
simulated SPOT in identifying both mine and non-mine ground
feature categories. The TM classification using a maximum like
lihood algorithm differentiated a third mine-soil category (Mine
Soil 3) that was not present in the Landsat or simulated SPOT
MSS classifications. This area is steeply sloped (25 percent) and
has 100 percent revegetated cover on a tan sandstone mine soil.
Mine Soil 1 is sparse grass cover (0 to 35 percent) on a tan
sandstone mine soil. Mine Soil 2 has 75 to 100 percent cover on
a mine soil of the same lithology. Mine Soils 1 and 2 are found
on nearly level ground. The Mine Soil 3 area has not increased
in vegetation density since the 1983 data were collected, and
the differentiation of it from Mine Soil 2 (as it was classified by
Landsat MSS and simulated SPOT MSS) is the result of phenologic

DISCUSSION

be identified from the TM data (note the addition of a third
mine-soil category when the 1984 data were classified-see Ta
ble 2).

Table 3 shows typical signature means developed by super
vised classification statistics for both Landsat-4 MSS, simulated
SPOT MSS, and Landsat-5 TM data. The 0.45-ha resolution of the
Landsat MSS made it difficult to distinguish the complex pattern
changes within the mined areas and even within the undis
turbed forest area. An area known to have the same cover den
sity, but to be a much younger age class of oak than the
surrounding mature second growth forest, was not separated
by digital analysis of Landsat-4 data. This area was correctly
classified using the simulated SPOT data. TM classification could
not differentiate this area from surrounding forest cover using
data acquired in April. Analysis of all data sets showed separate
signatures for mature forest on 0 to 30 percent slopes and on
slopes greater than 30 percent.

Areas used for signature development for conifer stands of
different densities are geographically well separated on the site.
Sparse conifers with 30 to 70 percent vegetative cover are found
on homogeneous dark shale spoils. Denser stands from 70 to
100 percent cover are found on a mixed lithology of tan sand
stones and dark shales. With high conifer density, one would
expect red wavelength signature means to decrease as density
(and therefore chlorophyll absorption) increased. It would also
be expected that mean reflectance values would increase in the
near-infrared as conifer density increased; instead, there is a 7
to 10 percent decrease in mean values for Landsat-4, the sim
ulated SPOT MSS, and TM data. Despite its higher density, this
dense conifer stand is found on a very coarse, bouldery surface;
this roughness could explain the decreased signature mean in
the infrared band. In addition, the black shale mixed lithology
could also contribute to this decrease. Supervised classification
developed separate signatures for these two conifer density
classes.

Area measurements of the Landsat-4 MSS maximum likeli
hood line map classification showed accuracies of 49 to 124 per
cent (Table 2). There was confusion between the two "Mine
Soil" categories, resulting in an error of commission, with more
than 100 percent of the area measured as Mine Soil 1 in the
ground reference data being classified as that category on the
line map. Inability to distinguish exact feature boundaries on
the ground reference photography for these two features re
sulted in the misclassification of pixels into the Mine Soil 1
feature.

The high per-pixel spatial resolution of the simulated SPOT

Oak Forest
Dense Conifer/Mixed

Lithology
Sparse Conifer/Dark Shales
Revegetated mine soil/trees
Mine Soil 1

Mine Soil 2
Mine Soil 3
Immature Forest
Graded Mine Soil <20%

vegetation
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change (no green vegetation in 1984), and shadowing on the
site caused by the difference in the sun angle between data
collected in the spring and summer seasons.

When data were collected over bare graded mine soils (both
topsoiled and not topsoiled) with minimum «20 percent) veg
etation, saturation of the simulated SPOT sensor occurred in
both visible wavelength bands, but not in the near infrared.
There are two possible explanations for sensor saturation in
these channels. Sensor gain for the entire flight is adjusted at
the onset of data collection and recording. Surface mined areas
within the study site account for <3 percent of the total area,
and would have little input into the initial sensor gain adjust
ments. Relatively small, spectrally bright surface mines sur
rounded by the dense, mature forest of the Allegheny Plateau
could produce a record of saturation in the green and red chan
nels. A second possible explanation is that during production,
when histograms of raw spectral data are examined, the upper
3 percent of the spectral information over the entire scene is
assigned sensor saturation. If these relatively small, bright sur
face mined areas are within that 3 percent of the data, then they
would be assigned a spectral digital number of 255 (i.e., satu
ration) in the visible channels (personal communication, Dr.
C.M. Vale, SPOT Image Corp.). The usefulness of simulated
SPOT MSS data for analysis of small, spectrally complex unve
getated areas would certainly be impaired by this problem.

CONCLUSIONS

Landsat MSS data will continue to be useful for large area,
state, or regional inventory of disturbed lands. The requirement
for field inspection of surface mines before bond release is man
datory and cannot be eliminated, even by high resolution re
mote sensing images such as those provided by SPOT and TM.
However, these images will be useful to field inspectors to help
assure that mining is within the permit boundaries, highwalls
are backfilled, slope requirements are met for areas to be re
turned to approximate original contour, and required revege
tation densities are achieved on properly graded mine soils.

Supervised classification of Landsat-5 TM did as well as a
similar classification of simulated SPOT MSS data in identifying
detailed ground feature categories. Digital analyses of simulated
SPOT and TM data using a maximum likelihood classifier pro
duced the most accurately classified display of a small, highly
complex scene of an area surface-mined for coal. Level III cat
egories of different vegetation species, age classes, and cover
densities were identified. Corresponding Landsat-4 MSS data
were not able to identify the detailed Level III feature categories
detected in the simulated SPOT and TM data.

TM provides increased opportunities for high resolution mon
itoring of vegetation, moisture, and geology through its many
wavelength combinations and its extensive coverage area. Its
infrequent repetition of coverage though, will handicap its use
fulness.

Infrared region saturation of data acquired by the simulated
SPOT sensor inhibited its usefulness for acquiring information
on spectrally and spatially complex graound features of small
areal extent. SPOT is optimum for vegetation analysis through
its limited wavelength combinations; its frequent coverage, and
nadir and off-nadir viewing, will give it decided advantages.

In this study, nearly identical wavelength regions in TM and
simulated SPOT were used for ground feature differentiation.
SPOT's off-nadir and stereo viewing capability will provide dis
tinct advantages for use in frequent and detailed natural re
source monitoring on Pennsylvania coal surface mines.
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