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I. DESCRIPTION OF »TUDY : :

A. Introductory Statement

In forestry, as in many other discipline -reas involving land manage-
ment, there exists a distinct need for timely, reliable information con-
cerning the resource base with which one is working., The synoptic view
that can be obtained through data from spacecraft altitudes is proving to
be of censiderable value in developing resource bases, particularly where
information over extensive geographic areas is needed, as is the case in
management of the world's forest resources. The launch of Landsat-1 in
1972 initiated a new era for land managers by proving that high-quality
: data can be obtained from satellite altitudes at reasonably frequent in-
§ tervals for nearly any portion of the earth's surface. However, the
é ability to collect data from satellite altitudes far surpasses existing
; capabilities to ana:rze and interpret the data in a timely, reliable
manner. As the demand and potential for more effective utilization of
Landsat data have developed, many questions have been raised concerning the

accuracy, reliability and limitations of various analysis techniques to
extract pertinent information from the masses of satellite data.

Many studies have heen conducted at Purdue University/LARS and else-
where using Landsat and Skylab multispectral scanner data and various
computer-aided analysis techniques; these studies have clearly shown the
value of this combination of numerical data and quantitative analysis
techniques. Several of these studies were directed at mapping forest

cover types, but they involved study sites where topographic relief is

minimal, Even a cursory examination of smali-scale aerial photos or Land-

3 sat imagery indicates that slope and aspect have considerable influence on
the spectral reflectance characteristics of forest cover. Furthermore
since much of the forest land in the U.S. and elsewhere in the world is in
areas of significant topographic relief, it is important that research not
be confined to areas where topographic relief is minimal.

It has been, and continues to be, our belief that if computer-aided
analysis techniques are to be effectively utilized in conjunction with MSS
satellite data on a routine, operational basis, it is important to define
the most effective analysis techniques and to determine the level of detail

. o
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and the relfability of information that can be obtained with such techniques.
It is towai i these goals that the current project is directed.

B. Background and Rationale

In 1974, the U.S. Congress mandated the U.S. Forest Service to inven-
tory, every ten years, the extent and condition of all forest and range-
land resources throughout the United States (Renewable Resources Act of
1974). NASA and the U.S. Forest Service are both keenly interested in the
potential application of remote sensing technology for meeting the require-
ments of this Act. The development 0f such techniques will in turn enable
resource management personnel and agencies (such as the U.S. Forest Service)
to obtain accurate and reliable forest cover type maps that are vital for
effective resource management,

Prior to this project, a series of investigations had been conducted
at the Laboratory for Applications of Remote Sensing (LARS), Purdue Univer-
sity, which indicated many of the capabilities and limitations of various
analysis techniques for classifying and mapping fcrest cover in regions of
significant topographic relief:

First, Landsat-1 investigation had been conducted in the San
Juan Mountains of southwestern Colorado--an area of rugged mountain
terrain and complex vegetative cover types. The results of this
investigation (Hoffer, 1975a) indicated that deciduous and coniferous
3 cover, as well as other major cover types, could be classified and
mapped with a reasonably high degree of accuracy (80-85%); the
classification and mapping accuracies for individual forest cover
types, however', were much lTower. Detailed statistical analyses of
spectral respenses led to the conviction that if satisfactory
accuracies were *o be obtained for individual forest cover types,

there would need to be developed analysis techniques which account
for topographic variability of spectral response,

S A

Second, an investigation using Skylab data had been carried
out in the same general portion of the San Juan Mountains used for
the Landsat-1 investigation (Hoffer, 1975b). One phase of the
Skylab investigation had involved the development of a digital over-
lay procedure to geometrically correct Landsat and Skylab data and
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overlay them with digital elevation data on a single data tape.
Analyses of the combined topographic data and spectral satellite
data with conventional analysis techniques indicated that utilizing
data vectors that included both spectral and topographic data in a
standard, maximum-1ikelihood classifier would not consistently in-
crease classification accuracy.

Third, during a Landsat-2 investigation carried out in con-
junction with the Institute of Artic and Alpine Research (INSTAAR),
University of Colorado, and the U.S, Forest Service, Region 2, a
series of cover type classifications had been generated for large
portions of the San Juan, Rio Grande, and Carson National Forests
(Krebs et al,, 1976), In addition, a set of software had been
especially designed and developed to combine spectral Landsat classi-
fication maps with digital topographic data to create pruducts use-
ful in various management decisions. This software allows the gener-
ation of products on a 7%-minute quadrangle-by-quadranglie basis in
formats suitable for meeting the specific requests and needs of Forest
Service personnel, The major limitation of these combined cover-
type/topographic-parameter maps was the level of cover type detail
which could be accurately and reliably classified. It was concluded
that variation in spectral response due to topography and forest stand
density significantly reduced the capability to reliably classify in-
dividual forest cover types when using Landsat spectral data alone.

Based upon the results of these Landsat and Skylab investigations and
the associated field work, it was clear that ths occurrence of different
forest cover types was significdntly influenced by elevation and aspect and
furthermore, that the aspect, slope, and stand density all have a significant
influence on the spectral response of the various forest cover types. We
concluded, however, that the influences of topography on species cumposition
could be quantified, and that computer-aided analysis techniques could be
used to combine the topographic data with the Landsat spectral data in the
classification procedure, to provide more accurate, reliable forest cover
type maps for forest management purposes. This led to the development of a
proposal to NASA which resulted in the funding of the current project. This
report summarizes the results of the first year's activities and findings.
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During the second year, the research will involve refinement and definition
of a reconmended anralysis technique, testing this technique on a data set
from a totally different gecgraphic location, and preparing a final report.

C. Objective

The objective of this research is to develop, test, and document a
digita! processing techniqua for using Landsat MSS data in combination with
topographic data (elevation, slope, and aspect) to accurately and reliably
map individual forest cover types in regions of mountainous terrain,

D.__Approach

The first year of this project has been devoted to the development and
evaluation of different techniques for using a digital data base of Landsat
MSS and topographic data to increase the accuracy of mapping forest cover
types. Two different approaches for using topographic data in conjunction
with Landsat data have been developed and evaluated. Those are referred to
as the topographic distribution model approacl and the reflectance geometry
correction model approach.

The topographic distribution model involves the development of a quanti-
tative description of the distribution of each of the forest cover types in
the study site as a function of elevation, aspect, and slope. The model pro-
vides a quantitative probability of occurrence for each species for all topo-

graphic locations. Statistical characterization of the topographic distri-
bution of the various cover types can then be combined with the statistical
data decscribing the spectral characteristics of the various cover types.

This provides the basis for the training data necessary for the classification
of the combined spectral/topographic data set. Many different approaches

can be followed in developing the training statistics, and many different
classification algorithms can be used for the actual classification process.
In this study, two different techniques were used to develop the training
statistics and two different procedures were used in the ciassification step.
Additional variations on these basic classification procedures were also
tested. The various combinations of different training and classification
procedures resulted in a set of twelve classifications being obtained. com-
pared, and evaluated. The results are discussed in detail in Section III.
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The reflectange geometry correction model involves the “:orrection" @
of the reflectance values contained in the landsat scanner data in order g
to remove spectral variations resulting solely from topographic effects.
Knowledge of the geometric relationships between the positions of the sun,
the ground, and the satellite was used to "correct" the spectral data by
calculating correction coefficients to remove the effects of the topographic
position of the spectral values. The "corrected" spectral data then re-
presents the responses of a hypothetical, horizontal surface, and all re-
maining spectral differences are, in theory, a function of the earth sur-
face materials present. This approach is discussed in detail in Section IV, ,

The project was designed to generate several products that will have
significance in the future development and use of computer-aided analysis
techniques for forest inventory. The most significant of these are:

a. a topographic distribution model that quastitatively defines the

relationship between the occurrence of forest cover types in the

study area and their topographic position (elevation, aspect, and
slope);

9 b. documentation of a tested technique for computer-aided analys*
of Landsat data that uses topographic data to improve classifi-
cation accuracy and reliability,
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I1. STUDY AREA DESCRIPTION AND DATA CHARACTERISTICS
A. Study Area Description

This first phase of the two-year study invnlved fourteen 7%-minute
U.5.6.S. quadrangles within the San Juan Mountain study area, an area of
approximately 34 x 43 miles in the center of the rugged San Juan Mountains
of southwestern Colorado (Figure 1), The area straddles the continental
divide and includes portions of two National Forests, the San Juan National
Forest and the Rio Grande National Forest.

The study area is characterized by a diverse and complex mixture of
land forms and vegetation types. Elevation within the area range§ from
approximately 2200 meters (7,200 feet) at the town of Pagosa Springs to
4000 meters (13,000 feet). The climate in this area is typical of the
Colorado Rockies, with very low relative bPumidity, abundant sunshine, cool
summers with frequent afternoon showers and heavy winter snows. Wide daily
temperature fluctuations are normal. The annual precipitation varies with
elevation and ranges from 30.5 to 127.0 centimeters (12-50 inches) per
year. More than half of this falls as snow during the winter months, re-
maining on the ground well into June in fairly extensive areas at the upper
elevations and year around in some small areas.

The study area consists primarily of Tertiary volcanics with the
topographic expression of a maturely dissected plateau, further modified by
extensive valley glaciation, This area is characterized by numerous glacial
lakes, meadows, and commercial stands of spruce and fir, Narrow strips of
aspen or Gambel! oak extending down the side of a mountain often mark the
paths of former landslides or avalanches. Extensive areas of mine tailings
are evidence of the former importance of the arec as a mineral-producing
region, particularly for silver. At the higher elevations, steep slopes,
rugged peaks, and rock outcrops are frequent. This rugged topography and
the related local climatic regimes within the San Juan Mountains result in
a diversity of vegetation and wildlife communities within a relatively small
geographic area.

The San Juan Mountain area has long been grazed by both cattle and
sheep. Because cattle have a tendency to feed on certain palatable grass
species, over-grazing of the area removes these grasses and encourages the
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growth of unpalatable forbes or the invasion of sagebrush and Gambel oak.
Over-grazing by sheep above the timberline serfously increases the erosion
potential.

In areas where man, animals, fire, landslides, or other influences
have not caused major changes in the vegetative cover, the naturally
occurring vegetation is not only influenced by but is, in fact, determined
by a complex interaction of edaphic, topographic and climatic factors. For
example, at the higher elevations the soil mantle is thin and very poorly
developed, air temperatures are generally low, and the growing season is
very short. This combination of factors creates an environment suitable
only for the short-season grasses and forbes found in tundra areas.

Climatic conditions in particular are influenced by differences in
elevation. As elevation increases, the mean annual air temperature de-
creases and, in general, precipitation levels increase. Similarly, a com-
plex relationship also exists between elevation and the quantity and quality
of the solar radiation. While there is some tendency at high altitudes
toward increased cloud cover, the solar radiation that is received at the
earth's surface is of greater intensity and has a larger componént of the
high-energy shorter wavelengths than is found at lower elevations, since
there is less atmospheric attenuation at the higher elevations. Both the
aspect and the steepness of a slope influence the micro-climatic conditions
of a particular area and, therefore, also have a distinct impact on the
vegetation occurring there.

The result of this interaction among the edaphic, topographic and
climatic influences is a distinct distribution of vegetative cover types
within various elevation ranges. Figure 2 graphically displays the generalized
distribution of cover types in the S.W. United States as a function of
elevation. Within a single elevation range, the frequency with which a
species may appear is affected by the aspect and slope characteristics of
the area. The following paragraphs describe in a general way the altitudi-
nally defined vegetation zones within the San Juan Mountains of Colorado.
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Figure 2. Relationships between elevation and distribution of vegetative cover types in the
Rocky Mountains (after Little).
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Alpine Tundra. The Alpine area occurs above the timberline, at
about 3400 meters (11,000 feet) and above. Because of the short
frost-free growing season and the possibility of frost at any time
of the year, the vegetation is limited to short grasses and sedges,
hardy forbes, alpine willows, and other low shrubby plants.

Spruce/Fir. The spruce/fir zone extends from approximately 2700
meters (9,000 feet) to the timberline, with the dominant tree
species being Engelmann spruce (Picea engelmannii), subalpine

fir (Abies lasiocarpa), and aspen (Populus tremuloides). Aspen

is often an indicator of a disturbed site; areas burned within the
previous 50 years frequently have dense aspen stands, often with a
coniferous understory which will eventually overtop and shade out
the aspen.

Engelmann spruce and subalpine fir form the most extensive conif-
erous forest in the study area, extending from the timberline down
to the Douglas-fir/white fir zone. At timberline, Engelmann spruce
forms a dense climax cover as krummholz between the forest and
alpine tundra. Here the growth is very stunted and twisted by the
harsh weather conditions. At the lower elevations, however,
Engelmann spruce and subalpine fir are very valuable timber re-
sources and are logged extensively. Interspersed among the spruce
and firs are numerous subalpine wet mountain meadows and grassland
areas which characteristically are rather park-l1ike with lush growths
of grasses and grass-like plants and forbes,

Douglas-fir/White fir. Below the spruce/fir zone is an elevation

belt dominated by Douglas-fir (Pseudotsuga menaiesii) and white

fir (Abies concolor). Dense stands containing both species are
found on north-facing slopes at the lower ranges and in all as-
pects at higher elevations. Aspen continues as the dominant hard-
wood, forming pure stands and mixtures with the Douglas-fir/white
fir throughout the zone on all aspects. White fir, sometimes a dis-
turbance indicator, and Douglas-fir are commercially harvested.

W
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Ponderosa pine. The ponderosa pine (Finus ponderoca) zone extends |
from an elevation of about 1800 meters (6,000 feet) to 2900 meters ; 5
(9,500 feet), mixing with Douglas-fir at the upper extent of this ’
range and with the pinion/juniper cover at the lower extent. Stands
of ponderosa pine seldom have more than 70% crown closure and are
characteristically rather open with grass or mixtures of brush
forming the understory of vegetation. Aspen generally occurs on
northern slopes in small patches, interspersed among the ponderosa
pine or in pure stands. Gambel oak (Quercus gambelii) appears in 1
mixture with the ponderosa pine and in large, sparse, shrubby stands
at the lower elevations. |

Pinion/Juniper. The elevation belt immediately below the ponderosa
pine contains pinion pine (Pinus edulis) and juniper, especially
the Utah juniper (Juniperus osteusperma), Rocky Mountain juniper
(suniperus secoulorum) and one-seed juniper (Jun<verus monosperma).

: These semi-arid areas are much lower, dryer and warmer and have i
4 : more sparse understory vegetation. Pure Gambel oak stands and

mixed shrub stands are found on all aspects within this elevation

zone.

t ~ B. Characteristics of Landsat and Topographic Data

The spectral data used in this investigation were Landsat MSS data §‘
which had been geometrically corrected and re-scaled to a 1:24,000 line-
printer scale through LARS' preprocessing routines (Anuta, 1973), A de-
tailed description of the data set is shown in Table 1.

Digital elevation data were obtained from the Topographic Center of
E the U.S. Defense Mapping Agency (DMA), Washington, D.C. To produce these
data, DMA used a table digitizer to manually diqgitize the contour lines of
a 1:250,000 scale U.S.G.S. map having contour intervals of 61 meters
(200 feet). Since it was necessary to produce a uniform grid of elevation
data, the values for cells through which no contour line passes were inter-
polated, The resulting digital elevation data has a cell size of 64 meters
square. These DMA elevation data were registered with the Landsat data at
LARS, using a nearest-neightbor fit, and then added to the Landsat data
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Table 1. Location and description of spectral and topographic data,

Spectral Data Topographic Data

Source Landsat Scene Defense Mapping
Number 1407-17193 Agency
(Rescaled at LARS at
which time the as-
pect and slope
channels were gen-

erated)
Date Collected 3 September 1973 -
Tape/File Number 2634/1 26291
; LARS Run Number 73034309 73034301
3
Lines/Interval 1 - 1398/1 1 - 1398/1
#, Columns/Interval 1 - 1512/1 1 - 1512/
(1) 0.5-0.6 um (5) elevation (10-
Channel (2) 0.6-0.7 um meter contour
Descriptions (3) 0.7-0.8 um intervals)
(4) 0.8-1.1 um

(6) sjope (0-90° in
17 increments)

(9) aspegt (0-360°
in 17 increments)
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tape as channel 5 (Table 2 ). (See Appendix A for additional details). ;
Figure 3 is a gray-level printer display of a portion of this elevation
data.

Since the data analysis process required slope and aspect information
on a pixel-by-pixel basis, the elevation data were numerically differentiated
to produce an estimate of the gradient vector at each pixel location. The
magnitude of the vector defines the slope angle, and the direction defines
the aspect angle. These data added two channels to the data tape, channel ;
6 for slope and channel 9 for aspect. Figures 4 and 5a are gray-level repre-
sentations of the slope data in channel 6 and the aspect data in channel 9,
respectively. Channels 7 and 8 were added in order to express the aspect
information in a different format: 0 - 180°, and a 0-1 flag indicating
direction (0 = East aspect, 1 = West aspect). Figure 5b represents this
data.

The representation of the actual topographic character of the scene by
this topographic data set is 1imited in several ways. The mountain tops
that extend above contour lines but do not reach the next higher contour
are truncated to the elevation of the contour line they reach; second, in
areas where the elevation changes rapidly within short distances, a large
number of pixel locations are defined as contour-line elevations and rela-
tively few fall at gradations between the lines. These attributes of the
data are a direct result of the procedures used to digitize the elevation
information and the size of the grid cells used in creating this digital
elevation data set. Details describing the procedures for elevation inter-
polation, registration, and derivation of slope and aspect data are in-
cluded in Appendix A.
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C. Reference Data

The reference data used in this project consist of 7%-minute U.S.G.S.
topographic maps, color infrared aerial photography, and forest cover type

maps. Topographic maps were used to assess the characteristics and quality
: of the DMA data and of the interpolated topographic data. The aerial photo-
v graphy used is color infrared photography at a scale of 1:120,000 obtained

by NASA's WB-57 on August 4, 1972. This photography is of excellent quality
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Table 2. Characteristics of combined spectral and topographic data set
used in analysis,

Source:

Landsat MSS and DMA di
(described in Table 1

gital topographic data

Tape/File Number
LARS Run Number

4827/3
73057711

Lines/Interval
Columns/Interval

1 -
1 -

1398/1
1512/1

Channel
Descriptions

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

(11)
(12)
(13)
(14)

Landsat 0,5-0.6 um
Landsat 0.6-0.7 um
Landsat 0.7-0.8 um
Landsat 0.8-1.1 um

Elevation (in 10-meter contour intervals)
Slope (0 - 90° in 12 increments)

Aspect {

(1 - 180° in 12 increments)
(0or1; e.g., E or W)

Aspect (1 - 360% in 1.41° increments)
Inverse of reflectance geometry correction

factor

Corrected spectral
Corrected spectral
Corrected spectral
Corrected spectral

values
values
values
values

for 0.5-0.6 ym channel
for 0.6-0.7 um channel
for 0.7-0.8 um channel
for 0,8-1.1 um channel
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Figure:3. Example of digital elevation data. The area shown includes
approximately 57,000 acres north of the Vallecito Reservoir.

Lighter tones represent higher elevations.



Example of the digitally interpolated slope data for the same

Figure 4.
Sixteen slope groups are represented:

area shown in Figure 3.
white is used for the steepest slope, black represents the 0°

(or flat) slope group.
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Figure 5a. Example of digitally interpolated aspect data for the same area
shown in Figure 3. Aspects ranging from 0° (North) to 360° are
displayed in shades of gray. Lighter tones are west and

northwest-facing slopes.
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Figure 5b. Example of digitally interpreted aspect data for the same area
shown in Figure 3. Aspects ranging from 0° (North) to 180°
(South) are displayed in shades of gray. Dark tones are north-
facing aspects and 1light tones are south-facing aspects.
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and provided the data needed to verify the accuracy of the forest type maps
and to identify cover types at individual selected pixels. These identifi-
cations were needed both for training the computer and for evaluating the
classification results.

The forest cover type maps, available for 14 quadrangles, had been
produced by INSTAAR, University of Colorado, using WB-57F color infrared
photography and field checking. Four of the 14 quadrangle maps are located
in the Rio Grande National Forest; ten are located in the San Juan National
Forest, A1l contain information at the "sub-series" level as defined in
Table 3. While the series level of detail defines the informational classes
desired, many of these series-level cover types actually occur in mixtures,
Therefore, the cover type maps and the test pixel identifications use cover
type classes that are more detailed than the series level. These detailed
cover type classes will be referred to as Level IV or sub-series classes,
An example of one of the type maps from the San Juan National Forest is
shown in Figure 6. Appendix B lists the code numbers and corresponding
cover types shown on the type maps developed by INSTAAR; the original code
designations were modified in the summer of 1978 by the field team working
on the current project.

In general the INSTAAR cover type maps were reasonably accurate in
stand identification, but some boundaries between cover types were inaccu-
rate. These maps were refined during this project through field checking.

e G W s £ R s

D. Training and Evaluation Quadrangles

As part of the reference data described in the previous section, maps
of the forest cover were available for 14 quadrangles within the study area.
Seven of these were designated as "training" quadrangles and were used to
develop the topographic and spectral statistics used in the classifications.
The remaining seven quadrangles were designated "evaluation" quadrangles
and were used to evaluate the accuracy of the classifications. The pro-
cedure for sub-dividing the quads used an alternating selection with
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Table 3. Levels of mapping detail,

Region or Level II

Series or Level III

RNy

Coni ferous Forest

Deciduous Forest

Herbaceous

Non-Vegetated

Spruce-Fir (SF)

SF/DWF

Douglas & White Fir (DWF)
DWF/PP

Ponderosa Pine (PP)

PP/PJ

Pinyon-Juniper (PJ)

Aspen
Oak
Alpine Willow

Tundra

Grassland

Barren
Urban
Water

Sub-Series or Level IV

SF

SF/Aspen
SF/DWF
SF/DWF/Aspen
MWF
DWF/Aspen
DWF/PP
DWF/PP/Aspen
PP

PP/0ak

PP/PJ
PP/PJ/0ak

PJ

PJ/0ak

Aspen
Oak
Alpine Wiilow

Xeric Tundra
Mesic Tundra
Hydric Tundra
Xeric Grassland
Mesic Grassland
Hydric Grassland

Exposed Rock and Soil
Urban
Water




Figure 6.
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Cover type map at the series and sub-series level for part of
the Vallecito Reservoir quadrangle. The area shown is a portion
of the area in Figure 3, corresponding approximately to lines
752-840 and columns 680-790. Identification of cover type code
numbers appears in Appendix B.
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a random start. Fiqgure 7 shows the location of the quadrangles within the
study area, and Table 4 lists the 1ine and column coordinates for each
quadrangle.

Table 4. Line and column coordinates for the 14 quadrangles used in the

T

investigation.

Lines Columns
Training quadrangles (first & Jast) (first & Tast)
Howardsville 205-386 610-790
Little Squaw Creek 387-569 1154-1334
Vallecito Reservoir 752-934 610-790
Bear Mountain 752-934 973-11563 .
Pagosa Peak 752-934 1335-1506
Baldy Mountain 935-1117 791-972
Chris Mountain 935-1117 1154-1334
Evaluation quadrangles
Finger Mesa 205-386 973-1153
Weminuche Pass 387-569 973-1153
Granite Peak 752-934 791-972
Oakbrush Ridge 752-934 1154-1334
Ludwig Mountain 935-1117 610-790
Devil Mountain 935-1117 973-1153
Pagosa Springs 935-1117 1335-1506
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Figure 7. Quadrangles in the study area designated for "training" and
"evaluation."
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IIT. TOPOGRAPHIC DISTRIBUTION MODEL APPROACH

As previously stated, the overall objective of this study is the
development and testing of techniques which utilize both digital topographic
data and spectral data in order to map forest cover types at a greater level
of mapping detail and with increased accuracy. To meet this objective, a
key requirement was the development of a procedure to quantify the topo-
graphic data and then utilize it in the classification. This was a two-
phase process. '

The first phase was the development of the statistical description of
the distribution of each forest cover type in terms of topographic variables
(i.e., elevation, slope and aspect). This was in essence, the development
of the digital forest topographic model. The second phase was the utiliza-
tion of the information derived from the topographic distributions (model
results) in a pattern recognition procedure for classifying multivariate
digital topographic and spectral data. This section (III) of the report
discusses these two phases.

A. Background and Literature Survey

Prior to this work, there existed no statistical, quantitative descrip-
tion of the distribution of the forest cover in the San Juan study area.
The available literature contained qualitative descriptions of the elevation
g ‘ strata, as summarized in Table 5. The need existed, however, to describe
L quantitatively the complete topographic distributions of species and to
assemble more information on the probability of occurrence of any cover type
at a given combination of elevation, slope, and aspect.

Ecological studies in the western coniferous forests have demonstrated
the existence of vegetational gradients with changes in altitude, soil
moisture, parent material, climate, and other ecological factors. These
3 factors create a gradual sequence of changes in forest composition and
structure, as well as some relatively abrupt transitions from one community

to another. Topography alone influences plant distributions indirectly
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through its control of many environmental parameters including insolation,
temperature, atmospheric pressure, precipitation, relative humidity, wind
velocity, evaporation, and soil characteristics. Daubenmire (1943)
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recognized these relationships and pointed out that topographic position
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Table 5. Summary of literature on topographic distribution of forest cover in the
western mountains.
Author Rasmussen ! Pearson Merriam Whitfield | Woodbury | Marr | Fleming
Date 1941 1920 1890 1933 1947 1961 ! 1975
Location i Kiabab Plateau, | Southwestern ! San Francisco Pike's Peak,{ Southeastern | Boulder, tSan Juan's
' Northern Arizona/New Peaks, Northern Central Utah i1 Colorado | SW Colorado
i Arizona Mexico Arizona Colorado ) :
Alpine tundra - above above above North  South § above g above
20ne 11,500 11,500 11,500 ?3?530 :?fggo | 11,300 © 11,500
i
Engelmann above 9,500 9,200 9,000 North  South : 9,300 10,900
spruce and 7,000 8,000 |
subalpine fir 8,200 to to to to to i to to
zone g * : 11,500 11,500 11,500 10,000 11,000 g 11,000 12,000
} ] i
Douglas and North down i 8,300 8,200 8,000 ; 8,000 North South
white fir t0 6,800 ¢ to to to |t 16,500 7,500
zone ! 9,500 9,200 9,000 : 9,000 ;9,000 10,000
! !
Ponderosa 6,800 % 6,700 7,000 6,500 North  South i 6,000 iNorth South
: . ! £,000 7,000 16,250 7,000
pine N down to 6500 to to to to to ; to ‘o Eo
z0ne S up to 8,800 1 8,300 8,200 8,000 7,000 8,000 7,000 0,000 9,500
i
Pinyon/juniper 5,500-6,800 5,000 6,000 tiorth  South | { North gouth
4,000 4,000 | 5,000 5,000
zone S up to 7,250 f to to below to to i “to to
N 5,000-6,500 i 6,700 7,000 6,500 5,000 7,000 | 6,500 7,000
: ‘ 1
Oak/mountafin 4,500 ! 3,000 4,000 : :
mahogany to to to - - - § - HE -
5,500 I 5,000 6,000 } i ;

* not recognized as distinguishable communities
- not included in study
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accounts for most of the climatological and vegetative deviations from the
ideal altitudinal gradient. He concluded that rigidly defined altitudinal
belts do not exist throughout the Rocky Mountains, but rather one finds a
regularly repeated series of distinct vegetation types, each of which bears
a constant altitudinal or topographic relationship to contiguous types.

Many researchers have described the location and characteristics of
various vegetation zones in the Rocky Mountains. Daubenmire (1943) evaluated
the existing descriptions and distinguished six major vegetation zones: the
Alpine tundra zone; the Engelmann spruce/Subalpine fir zone; the Douglas-
fir/White fir zone; the Ponderosa pine zone; the Pinyon/Juniper zone; and
the Oak/Mountain mahogany zone.

The literature previously summarized in Table 5 indicates that the
major forest communities in the Rocky Mountains do not seem to vary consider-
ably in their elevation ranges from central Colorado south to northern Arizona
and New Mexico. Each vegetation type has a characteristic elevation range
which is adjusted locally by a combination of slope and aspect. Several
authors did differentiate between two distinct classes, northern exposures
and southern exposures. The warmer, drier southern exposure raises the
elevation range of a species whereas the cooler and moister northern expo-
sure lowers the elevation range. However, it must be notad that with the
exception of Fleming et al. (1975a), none of these studies is specific to
the San Juan Mountains and thus none can serve as a definitive statement of
species distributions in that location. Furthermore, the 1975 work by
Fleming et al. (1975a) which is specific to the San Juan Mountains, has been
modified through the current study.

B. Development of the Topographic Distribution Model

The topographic distribution model is a mechanism for combining point-
by-point information about forest species, elevation, slope, and aspect to
describe quantitatively the topographic positions of the major forest cover
types. The input used to develop the model for this study was information
obtained from the forest cover type maps, the aerial photography, and topo-
graphic data tapes. The output from the model is a quantitative characteri-
zation of the topographic distribution of each major forest species in terms
of means and variances; these data and statistics can be presented graphically
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as histograms, polar plots, regression line plots, and normal distributior
curves,

This section of the report describes the procedures used to develop the
topographic model and the techniques developed for displaying the results.
Section IIIC and Appendix C present qraphically the topographic distribution
of each major species in the San Juan study area. These characterizations,
however, are specific descriptions of the vegetation of the San Juan area
and cannot be said to describe the topographic distribution of the forest
cover in other mountainous areas of the North American continent or even of
the entire Rocky Mountain region. However, the basic techniques used to
develop these plots can be appliad to other mountainous areas for which
cover type maps and elevation information are available,

1. Stratification to define topographic positions. The procedure for
developing the topographic distribution model involves: a) stratifying the
test site into 300-meter elevation zones (resulting in a total of 7 strata
for the San Juan site); b) stratifying each elevation stratum into three
slope zones (l-7°, 8-170, and 18-700) and a "zero slope" zone; and c¢) strati-
fying each point with a non-zero slope into one of four aspect zones
(N,S,E,W). This process provides for the definition of 91 (7 x [(3 x ) +1])
distinct topographic positions for the study site.

2. Sampling procedure for the topographic model. Selection of a statisticaily
valid sample of data points was the next step in constructing the model,

The first consideration was to define the size of the sampling unit, In

this study units corresponding to single Landsat pixels were selected because
of sampling efficiency and simplicity in handling. An additional advantage

of using single-pixel cells over groups of pixels is the minimization of

many of the edge effect problems inherent in using the larger cells.

In order to represent equally each of the 91 topographic positions in
the study area, 50 randomly defined X-Y coordinates were selected in each of
the 91 topographic positions. It had been estimated that 50 points wouid
provide an adequate representation of each topographic position. The points
were allocated among the training quadrangles as a function of the proportion
of the 91 positions present in the quadrangle. This yielded a total of 4,550
stratified random sample points (50 x 91). Selection of these stratified




28

randcii points was carried out through three computer programs developed as
part of this project: EXTRACT, RANDOM, and SELECT, EXTRACT is a program
that, in essence, classifies the elevation, slope, and aspect channels of
the data base, assigns ezch pixel to one of 91 topographic position classes
and then 1ists the X-Y coordinates of all the points in each of the 91
topographic position classes. RANDOM is basically a random-number generator
that provides a set of random numbers to SELECT which uses them to select
the desired number of points (in this case 50) from among all the points in
each topographic position class. Detailed descriptions of these pregrams
appear in Appendix D.

3. Identification of sample points. Each of the 4,550 selected points was
initially identified using the available cover type maps. This identification
was then verified through photointerpretation of coler infrared photography.
In addition, 20-30% of the selected training points were checked on the
ground. Sample points that fell on cover type boundaries and therefore
could not be defined as belonging to any single cover type class were ex-
cluded from the sample, as were points that could not be reliably identified.
Non-forest points that fell on water or bare rock wei2 also excluded from
the model data. This resulted in a total of 3,379 ssaple points that were
actually utilized in development of the topographic distribution model of
cover types. The comparison of type maps, aerial photos, and field checking
insured a high degree of accuracy in the identification of the data used to
develop the model.

It should be noted at this point that the 3,379 training sample points
actually utilized in the model served simply as representatives of the 91
topographic classes. After the cover type for each of the points had been
identified, the topographic information from the data tape was used to
define the actual elevation, aspect, and slope for each sample. These data
describing the actual topographic position were then utilized in the develop-
ment of the final topographic distribution model for each cover type. In
summary, while a stratification procedure had been used to obtain a sample
of all topographic positions present, the model itself was developed using
the actual topographic location of each of the sample points.

4. Statistical characterization of the distributions. Regression analyses
of the samples were run to describe statistically the topographic distribution
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of each cover type. The frequency of the various species along an elevational
gradient can be easily plotted to show the basic shape and characteristics

of the distribution, Examples of these plots appear in the next section.

To simplify the distribution of the species as a function of aspect as well

as elevation, the aspect data was collapsed to a linear scale (north = 0,
south = 180, with east and west both 90). A regression analysis was also
conducted on the three slope classes (1-7°. 8-170. and 18-700) for each
species, '

5. Procedures for displaying the distributions. The distributions of the
various cover types relative to topographic position can be presented
graphically in a number of ways, and during this project, computer software
was developed to accomplish this., Figures 8, 9, 10 and 11 are examples of
four of these formats: a histogram that shows the distribution of cover
types as a function of elevation; polar diagrams that shows the distribution
as a function of elevation and aspect, or of slope and aspect; and a re-
gression line that combines elevation and aspect to present in another way
the distribution of each cover type. In Figure 8, the elevation is divided
into 50-meter zones, and in each zone the number of pixels assigned to each
major species is counted. Examination of the histograms reveals the degree
of normality of each distribution. The polar plots, which display distribu-
tion as a function of elevation and aspect or slope and aspect, indicate
the extent that the "typical" elevation range varies for each species as a
function of aspect or slope. The polar diagrams also serve to verify that
the model contains a good representation of the sample points for the full
range of aspects and slopes. The regression line (Figure 11) displays the
key information about the two most significant variables, elevation and as-
pect, in a format that clearly shows their relationships.

C. The Model for the Topographic Distribution of Forest and Herbaceous
Cover Types in the San Juan Study Area.

1. Graphical characterization of the topogrephic distribution of forest-land
cover types. One of the products of this study is a quantitative descrip-
tion of the distribution of each of the three major coniferous species, the
three major deciduous species, and the two major herbaceous cover types in
the San Juan study area. Figures in Appendix C display those distributions

e
aylee

K2




Ty Y RSP TTTRAGT T TR S TR ST

Ty MR ey L e

Figure 8. Sample histogram graph chowing the distribution of Engelmann
spruce/subalpine fir as a function of elevation,
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Figure 10. Sample polar plot displaying the distribution of Engelmann
spruce/subalpine fir as a function of slope and aspect.
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Figure 11. Sample regression line plots showing the relationship between
elevation and aspect for spruce/fir, Douglas/white fir, and
ponderosa pine for all slopes.

©

agre j
- e e




TR T TR e

R St et

i e 8 1 At 1

34

for each species relative to elevation, slope, and aspect. The normalized
curves of the distribution of the various cover types as a function of
elevation are shown, by group, in Figures 12, 13, and 14, From these figures
it is evident that the various species have statistically different mean
elevations but also that some overlap of elevation ranges does exist between
the species, creating transition zones.

As compared to previous information concerning the topographic position
and distribution of the various cover types (as shown in Figure 2), the
figures appearing in Appendix C and statistically summarized in Figures 12,
13, and 14 represent the actual distribuzion of the various cover types, based
upon the information generated through the topographic distribution model.
Previous information has been largely qualitative, whereas these figures
quantitatively characterize the topographic positions and ranges of the
various cover types. This approach has shown some differences in the ele-
vation range of some species as compared to the information available in
the literature. For example, the topographic distribution model data shows
that the spruce/fir cover type extends to a higher elevation than previously
thought.

In comparing the histogram data shown in Appendix C with the normalized
data summary displayed in Fiqures 12, 13, and 14, it was noted that the
elevation distribution for each species is generally normal, except for
ponderosa pine and Gambel oak. The apparent skew in the original data for
these species was ~~used by the deficiency in sample po nts below 2,225
meters. The topographic distribution model had been truncated at the lower
elevations due to the range of elevation existing in the study site.
(Ponderosa pine as well as pinyon/juniper cover types are present at lower
@levations in southwest Colorado outside of the test site area.) It could
also be noted that the histogram data for grassland shown in Appendix C
displays a broad range of elevations without a distinct single mean. It is
possible that this is because the data shown summarizes data for many

P I

different species of grass, each of which may in fact have distinct elevational
distributions. However, the fact that the normalized curve for grassland
shown in Figure 14 displays a more pronounced mean than the original data
displayed does not indicate a need to separate grassland into sub-groups
having different elevational ranges. Because the major use of the elevation

R

A, A

i ),gi Y

ek disAr ¥



i sal

Chini gl

3ses. 1 \

3556. T ~

33ge. 1 Engelmann spruce/
/ subalpine fir

3058. 1

2380. T

2850.

1688, 8a.
188.

60.
FREQUENCY

Gaussian curves of frequency along the elevational gradient

Figure 12.
for the major coniferous cover types. (Elevation in meters)

e e N A s e+ 0 11 o0 e 2ot ot b Al 4




S TS TR TN e SN T I s SR D S AR

36
\
\
3800. 1 N
AN
] Alpine Willow
3550, /
3380, 1
3059, |
Aspen
2828,
3 1
- 2550.
=
: , Oak
2300. 1
3
; 2050. H
i8en, 4 —t + $ $ —dq
E, 2. 2e. 4. 62, e 100,
o FREQUENCY
F i
E 5
| i Figure 13. Gaussian curves of frequency along the elevational gradient
? 2 for the major deciduous cover types. (Flevation in meters)
.
i

ey o S

I

T




B

SR T e TR AT TR

il ke iy

ey A P e e e <

PR .

37

3000.

N\ Tundra

3550,

3300.

3858, T

ZOre—tD<INM

2800, T

Grassland

2550. T

2300, 1

2058. 1

-+

1l

40. ga.

FREQUENCY

Figure 14. Gaussian curves of frequency along the elevational gradient
for the major herbaceous cover types, (Elevation in meters)

68. 108.




s ey ibbe kil

R A st s e e -

SO

38

data for grassland was to separate grassland from tundra, the topographic
distribution model data does clearly show that grassland can be separated
from tundra as a function of elevation,.

Figure 11 (shown previously), Figures 15 and 16 show the regression
line plots for the three coniferous cover types, the three deciduous, and
the two herbaceous cover types, respactively. As one would expect, the
average elevation is significantly higher on the southern aspects than on
the northern, The data also show that there is very little difference in
average elevation between east and west aspects. Average elevation for each
species varies as a function of aspect by approximately 70 meters (225 feet),
with Douglas-fir and white fir having the greatest aspect-dependent varia-
tions among the coniferous species. In addition, analysis of the data showed
that slope is not a significant factor affecting the distributions of any of
the forest species. This is indicated for the coniferous forest cover types
in Figure 17, which is an example of the results of the regression analyses
of the three slope classes,

2. Analysis of the topographic distribution model. A further analysis of
the results was conducted to determine statistically which variables are
significant in distinguishing among the various species and the accuracy of
using topographic data alone to distinguish among the species within each
major cover type group. To carry out the discriminant analysis, the vegeta-
tive cover types were grouped into the three Level II categories (i.e., coni-
ferous forest, deciduous forest, and herbaceous), and the SPSS discriminant
function (Nie et al., 1975) was run on each category. (In general terms,
this involved a principal components transformation of the data, followed

by a maximum 1ikelihood classification.) To double-check the results of the
previous regression analysis of the topographic data, topographic variables
for all sample points in each Level II category were input to the discriminant
analysis function. The processor was allowed to select the significant vari-
ables and perform the classification of the sample points,

Table 6 shows the results of classifications of the sample points in
the three categories when (1) equal a_priori probabilities were assigned to
each class and (2) when the probabilities were weighted. In the former case,
the range of accuracies for the various species is from 70.8% for aspen to
100% for grass, with the average near 89.5%. 1In all cases, species in the

L B e




39

- ALPINE WILLOW

ASPEN

ELEVATION (METERS]
W
<]
I

\ OAK

2000

o 15° 90° 135° 180°
N ASPECT S

Figure 15. Sample regression line plots showing the relationship between
elevation and aspect for alpine willow, aspen and oak.

A

it W



R M -m_m
B
40
4000 — »
3500 — |

ELEVATION [METERS)
(78]
%

B Sl SR N

e 5 % & W
N ASPECT S
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elevation and aspect for tundra and grassland.




ELEVATION [METERS)
W
o]
|

SPRUCE-FIR

- e FIR
2500—
_ PONDEROSA
— I = TrresssTsevees e PINE
2000 - ; \
15° g0° 135° 180°
ASPECT S
Figure 17. The relationship between elevation and aspect by slope class

e —— < A T s 8

for the major coniferous cover types.

kA

DOUGLAS & WHITE

4
L000—-
_ SLOPE CLASS
— LOW
- --= MODERATE
=+++ STEEP
3500 —




TR

Table 6.
graphic data.

Class Assignment

42

Training sample discriminant analysis results when usirg only topo-

No. of
Cases Equal Probability Weighted Probability!
- rrSpruce/ Doug- Ponderosa ' Spruce/ Doug-  Ponderosa
éﬁgggl Coniferous fir white pine fir white pine
fir fir
Spruce/Fir 806 729 77 0 740 66 0
90.4% 9.6% 0.0% 91.8% 8.2% 0.0%
Douglas & White 617 21 513 83 24 526 67
Fir < 3.4% 83.1% 13.5% 3.9% 85.3% 10.9%
Ponderosa Pine 440 0 39 401 0 43 397
0.0% 8.9% 91.1% 0.0% 9.6% 90.2% .
Percent of "grouped" cases 0
correctly classified '88']9% 89.26%
Actual Deciduous Alpine Aspen Oak Alpine Aspen Oak
Groups Willow Willow L
Alpine Willow 232 219 13 0 213 19 0
94 .47 5.6% 0.0% 91.8% 8.2% 0.0%
Aspen 432 51 306 75 36 373 23
11.8% 70.8% 17.4% 8.3% 86.3% 5.3%
Oak m 0 1 110 0 8 103
0.0% 0.9% 99.1% 0.0% 7.2% 92.8%
Percent of "grouped" cases
correctly classified 81.94% 88.90%
Actual Herbaceous Grass Meadow  Tundra Grass Meadow Tundra
Groups :
Grass 99 99 0 0 99 0 0
100% 0.0% 0.0% 100% 0.0% 0.0%
Meadow 108 17 87 4 17 81 10
15.7% 80.6% 3.7% 15.7% 75.0% 9.3%
Tundra 787 0 30 757 0 19 768
0.0% 3.8% 96.2% 0.0% 2.4% 97.6%
Percent of "grouped" cases
correctly classified 94.87% 95.37%

INumber and percentage of sample points

in each group assigned to each class.
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middle elevation ranges (Douglas-fir/white fir, aspen, and meadow) were
classified less accurately than the other two classes in the group, mainly
because each middle class is flanked by transitional zones, To help refine.
the training procedure, the sample size for each class was used as a weight
in the ciassification, a Baysian-type classifier. These results for the
weighted classification are shown on the righthand side of Table 6. In eacn
category the overall classifications are slightly improved, although indi-
vidual species classification accuracies were decreased in some cases. The
lowest percentage for any species was raised from 70.8% (aspen) in the un-
weighted classification to 75% (meadow) in the weighted classification with
most percentages tending to be much closer to the average of 90%.

Care must be taken when interpreting these results since they indicate
only the ability to distinguish among the various species within each of the
major categories, using topographic data alone., Also it must be emphasized
that the points classified in this test were solely training data, There-
fore, it is not expected that these accuracy figures would be representative
of those obtained in the final classifications when Level III categories and
species would be differentiated using both spectral and topographic data.
The results do indicate, however, that the topographic data should be help-
ful in distinguishing among the various species (Level III) within one
category (Level II) -- a differentiation which could not be accurately
accomplished using spectral data alone (Hoffer et al., 1975a).

D. Techniques for Using the Topographic Distribution Model in Conjunction
with Spectral Data.

Prior work in analysis of satellite multispectral scanner data revealed
that the simple addition of topographic channels to the spectral data vector
for each pixel and multivariate analysis of the augmented data set did not
result in consistent, significant improvements in classification accuracy
(Hoffer et al., 1975b). A major part of the work completed under the current
project has been the development and evaluation of a wide range of procedures
for conducting analyses using topographic data as ancillary information in
the analysis of spectral data. Various methods for developing training
statistics are discussed first; these are followed by a discussion of several
classification strategies.
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1. Development of training statistics. In developing the training statistics
for use in classifying a combination of spectral and topographic data, a
primary consideration is that two very different types of data are involved

in the analyvis: spectral data and topographic data. Consideration must be
given to the development of one set of training statistics that is appropriate
for the spectral data, and perhaps an independent set of training statistics
must be developed which is appropriate for the topographic data. In previous
work with the Skylab MSS data (Hoffer et al., 1975b), the modified cluster
technique had been used to develop the training statistics. Although these
training statistics did characterize the spectral characteristics of the
various cover types present, they did not define their topographic character-
istics. The result was that the addition of topograhic data increased
classification accuracies for some of the cover types but lowered them for
some others. Therefore, it was determined that for the current study two

sets of training statistics would need to be developed, one to define the
spectral reflectance characteristics of the cover types and one to define the

topographic characteristics of the cover types. Two different techniques for
creating the training statistics have been developed and tested in the current
study. These will be referred to as the "MCB" (Multi-Cluster Blocks) and

the "TSRS" (Topographic Stratified Random Sample) techniques.

The MCB techniquel/(F1eming and Hoffer, 1978) was used to develop the
spectral training statistics only. In this technique, Landsat color composite
imagery and small-scale color infrared aerial photography of the area were
used to select a number of relatively small blocks in the data. In this
study, two such blocks were defined in each of the seven training quadrangles.
Each block was approximately 40 x 40 pixels in size and contained a diversity
of spectral characteristics. (Careful selection of these training blocks
enables spectral data characterizing all cover types in the entire area to
be included in the training sample.) Each training block was clustered in-
dependently into 16 spectral classes, and the cover type associated with each
cluster class was identified. Spectrally similar cluster classes for the
different training blocks were then pooled to produce a single set of training
statistics to describe the spectral characteristics of the cover types present.

1/

— previously referred to as the modified cluster technique, Fleming et al.,
1975b.
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In this study, there were fifteen spectral classes in the final set of
training statistics,

Previous work with Landsat and Skylab data had indicated that it was
very difficult to get an effective set of training statistics that would
spectrally discriminate among some of the individual forest cover types
present in the San Juan Mountains. This was particularly true for spruce/fir
and Douglas/white fir. Preliminary analysis of the data used in this study
again verified that training statistics could not be developed on the basis
of spectral data alone which would reliably separate individual forest cover
types in this area of complex topographic and vegetative characteristics.,
Therefore, the MCB technique was used to define spectral training statistics
only for major cover types (i.e., Level II groupings). It was hypothesized,
however, that if the various species and forest cover types were distributed

as a function of their topographic position (particularly elevation), one

1 could use the spectral data to identify major cover types (i.e., coniferous
forest, deciduous forest, herbaceous vegetation, rock and soil, and water)
and then depend upon the topographic characteristics to separate and classify
individual forest cover types.

A TSRS (Topographic Stratified Random Sample) technique had been
used earlier in the study to evelop the Topographic Distribution Model,

which characterized the topographic distribution of the various cover types.
i Since the cover type as well as topographic characteristics of each of the
pixels used to develop the model had been determined, it was apparent that

the same data set could be used to define the toupographic training statistics.l/

As previously described, the TSRS (Topographic Stratified Random

i Sample) technique involved stratifying the site into numerous (i.e., 91)

E topographic positions, followed by selecting and identifying an equal-size
sample of single pixels (i.e., 50) from each strata. The result was a
statistically valid sample which described, quantitatively, the topographic

l/Whereas spectral training statistics quantitatively describe the spectral
characteristics of each cover type of interest, topographic training
statistics were required to quantitatively describe the topographic charac-
teristics of each cover type. Therefore, development of the topographic
training statistics required input data which would statistically describe
the various cover types as a function of their topographic position rather
than their spectral response.
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distribution of each vegetation type.

In addition to using the TSRS technique to define topographic training
statistics, it was also apparent that this technique could be used to define
spectral training statistics, since the cover type of each of the pixels
sampled had been determined. Because the data had been stratified by topo-
graphic position, every slope and aspect combination was represented for
each vegetation type. Therefore, all variations in spectral response for
each cover type due to topography should have been represented. Also, the
sample size for each cover type was thought to be large enough that any
variation in density would also be represented in the sample. (This was not
true for the water class which occupied a very small percentage of the
study area.) Although the TSRS approach requires considerable effort to
identify the locition and the cover type associated with the relatively
large sample of pixels, once the data set is developed, it can be used to
generate training statistics for both the topographic data and the spectral
data.

It should be noted that any statistically defined random sample of data

f prints could have been used to provide a set of X-Y coordinates for developing
the spectral characteristics of the individual forest cover types. Since

the topographic distribution model data was available and had been developed
using an appropriate statistical sampling design, use of this data set
eliminated the requirement to photo-interpret and field check an additional
set of X-Y coordinates which wouid be used only for developing the training
statistics.

A key point to note is that the TSRS procedure enabled the spectral
characteristics of individual forest cover types to be determined. The
multi-cluster blocks approach, on the other hand, could be used to effec-
tively describe only major cover types because it determines the natural
groupings of spectral characteristics in the study site,

2. Approaches to classifying combined spectral and topographic data. The

objective of the classification step is to integrate the spectral and topo-
graphic distributions into a logical classification sequence. Once the
statistical distributions (training statistics) have been developed, the
classification of the data set can be accomplished by any one of several

i |
Pt




o

L E ST

TR YR Y

m‘(""""?“ = -

47

different approaches. The major difficulty encountered is that the spectral
classes and topographic classes do not necessarily match the information
classes. In other words, there is not always one topographic class and one
spectral class for each information class. (Informational classes could be
considered to be individual forest cover types, for example.) The purpose
of the classification step is to logically combine the spectral and topo-
graphic data to define the desired informational classes.

The classification procedure can vary in several ways depending on the
mathematics, the iogic, and the type of data used by the algorithm., In this
study, two basic types of algorithms were used: single-stage and multi-
stage (or layered) classifiers. Both are maximu~ likelihood per-point
classifiers which differ only in the logic for m. ing the classification
decisions. The single-stage classifier is the commonly used "standard"
LARSYS algorithm known as *CLASSIFYPQINTS (Phillips, 1973). The layered
classifier has been developed over the last several years at LARS by Wu,
Swain, Landgrebe, and Hauska (Wu et al., 1974; Swain et al., 1975).

In addition to the different procedures that can be used in the classi-
fication process, different combinations of data can be used by the classi-
fication algorithm, Although many combinations are possible, the three major
variations compared in this study are: (1) the spectral data only; (2)
spectral data plus elevation; and (3) spectral data plus all topographic data
(elevation, slope and aspect). The classification using only the spectral

"data was the "baseline" classification, against which the other classifi-

cations weré compared. It was anticipated that results from the "baseline"
classification would be comparable to previous studies in this area in which
only the Landsat spectral data had been utilized to classify cover types.
The spectral-plus-elevation-data classification would indicate the improve-
ment in results that could be achieved from using the elevation data in
combination with the spectral data. The spectral-plus-all-topographic-data
classification would indicate the maximum accuracy achievable when using
Landsat spectral data and DMA topographic data.

To combine (a) the two different methods for defining training statistics
(MCB and TSRS), (b) the two types of training statistics (spectral and topo-
graphic), and (c) the two different classification algorithms (single-stage
and layered), the current study defined and evaluated two different analysis
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techniyues. These are referred to as "Analysis Technique A" and "Analysis
Technique B,"

Analysis Technique A involved spectral training statistics developed
using the MCB approach and topographic training statistics obtained using
the TSRS approach. A layered (or multi-stage) classifier was then used in
the classification. The first stage of the classification utilized only the
spectral data and classified only Level II cover types; it was followed by
the second stage in which only the topographic data was used in attempting
to identify Level III Forest Cover Types.

Analysis Technique B used topographic training statistics obtained by
the T€RS anproach and spectral statistics obtained from the same set of
X-Y coordinates. A single-stage classification involving both the spectral
and topographic training statistics was used in attempting to identify
Level III Forest Cover Types. '

Both the layered and single-stage classifiers are capable of using
weighting factors in the classification process, thereby resulting in a
Baysian type of classifier. For purposes of this study, we therefore
evaluated (a) the technique used to combine the spectral and topographic
data (i.e., Analysis Techniques A and B), (b) the use of weights in th«
classification step and (c) the impact of using the topographic data in
addition to the spectral data. Thus, results obtained from twelve different

classification sequences were compared: (1) layered classification, with

(a) equal and (b) weighted probabilities of occurrence, and (2) single-stage
classification, with (a) equal and (b) weighted probabilities of occurrence, ;
Each of these four combinations was classified using (a) only spectral

data, (b) spectral plus elevation data, and (c) spectral plus elevation, slope,

and aspect data. By way of a summary, Table 7 shows a matrix of the possible

data combinations and classification procedures that were involved in this

study. For ease in communication, a classification number was assigned to

each combiswation, as shown in the table.

As indicated in the above discussion, Analysis Technique A uses the
layered classifier. A critical aspect in using the layered classifier is
the development of the decision tree. For this study, the decision tree
which is based upon use of both spectral and topographic data by the layered
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Table 7. Numerical designations of various classification procedures used. | |

Analysis Technique:

y 82/

3/
Type of Equal= Equal ,
Data Used Probabilities | WeTINted | propanitities | Welohted

Spectral Only
(i.e., "Baseline 1 2 3 4
classifications")

Spectral and 5 6 7 8
Elevation only

Spectral and
Topogr‘aphic . 9 10 n ! 12
(i.e., Elevation &
Aspect & Slope

v

l-/Analysis Technique A utilizes spectral statistics derived using the Multi-
Cluster Blocks (MCB) procedure and topographic statistics obtained
using the Topographic Stratified Random Sample (TSRS) procedure. The
classifications involve the Layered Classifier in which the first stage
utilizes only spectral data and classifies only Level II cover types and
the second stage utilizes only topographic data in attempting to identify
g Level III Forest Cover Types.

L ey e

e

g/Ana1ysis Technique B utilizes topographic statistics obtained using the
TSRS procedure and spectral statistics are obtained from the same set of
. pixels (matching training pixel locations). The classifications involve
3 a singel-step classification based on both the spectral and topographic
training statistics (if called for) to identify Level III Forest Cover

Types.
- Q/Equal (i.e., unweighted) or weighted probabilities of occurrence of the
] individual cover types. Weights were generated using data derived from

the Topographic Nistribution Model.
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classifier, is shown in Figure 18. The input data tape contains both spec-
tral and topographic data in an overlayed "database" format. At each decision
node the type of data that provides the best information for making a
particular decision can be used. For example, as indicated by Figure 18,
spectral data alone was used to distinguish between the five primary ground
cover types present in the study area: coniferous forest, deciduous forest,
herbaceous cover, barren areas, and water. Based upon the discriminant
analysis results using only topographic data to separate individual forest
cover types (shown in Table 6), it was thought that the sub-division of the
major forest cover types into the individual forest cover types present in
the study area could be effectively accomplished through the use of topo-
graphic data alone.

As previously mentioned, the Multi-Cluster Blocks approach was utilized
to develop the spectral training statistics for the layered classifier. The
cluster classes from the fourteen training blocks defined by the analyst ;
were pooled, resulting in the final set of fifteen spectral/informational 3
classes. As indicated in Figure 18, five of these spectral classes were
identified as belonging to the coniferous forest cover type, three as
deciduous, three as herbaceous, three as barren, and one as water. E

The next stage in the multi-stage classification involved the utilization
of topographic data to divide the major cover types into individual forest
cover types. In this sequence, an attempt was made to define specific cover
type groupings which had been identified by the U.S. Forest Service as being
of interest. Therefore, five individual forest cover types were distin-
guished within the coniferous group, three within the deciduous forest cover
type, and two herbaceous classes were separated. The alpine willow class was
combined with the tundra class to identify a single group which should be
identified as alpine. In developing the decision tree, it was also found
that some areas in the spruce-fir cover type were being misclassified as water
on the basis of spectral data alone. Since water would logically occur only
in topographic positions having a 0% slope, at the second level in the
decision tree, pixels which had initially been classified as water were
divided into two groups, based upon slope. If the slope was 0% in the topo-
graphic data, the pixel remained identified as water, but if it was not 0%,
the pixel classification was changed to spruce-fir. These examples indicate
how the spectral and topographic data can be used in combination to more
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effectively identify individual forest cover type groups of interest to the
Forest Service. One could attempt to differentiate among crown closure
percentages of a single species as a third stage in a layered classification
process, using spectral information alone, but that level of detail was not
attempted in this phase of the project.

It should also be noted that a major programming effort was necessary in
this part of the project in order to refine the layered classifier so that
the algorithm would accept both spectral and topographic training statistics
decks and also would allow weights to be used in the classification,

3. Evaluation procedures for comparing the classification results. In

order to compare quantitatively the results of the various classifications

and strategies, a test data set was developed. Because of the complexity

of the test site and the ensuing complexity of statistical sampling procedures,
it was decided that the best approach would be to us<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>