Reprinted from
Symposium on
Machine Processing of

Remotely Sensed Data

June 27 - 29, 1979

The Laboratory for Applications of
Remote Sensing

Purdue University
West Lafayette
Indiana 47907 USA

IEEE Catalog No.
79CH1430-8 MPRSD

Copyright © 1979 IEEE
The Institute of Electrical and Electronics Engineers, Inc.

Copyright © 2004 IEEE. This material is provided with permission of the IEEE. Such
permission of the IEEE does not in any way imply IEEE endorsement of any of the
products or services of the Purdue Research Foundation/University. Internal or personal
use of this material is permitted. However, permission to reprint/republish this material
for advertising or promotional purposes or for creating new collective works for resale or
redistribution must be obtained from the IEEE by writing to pubs-permissions@ieee.org.

By choosing to view this document, you agree to all provisions of the copyright laws
protecting it.



A FORESTER’S LOOK AT THE APPLICATION OF IMAGE

MANIPULATION TECHNIQUES TO MULTITEMPORAL
LANDSAT DATA

DARREL L. WILLIAMS
NASA/Goddard Space Flight Center

MARK L. STAUFFER, K. C, LEUNG
Computer Sciences Corporation

ABSTRACT

Registered, multitemporal Landsat data of a study
area in central Pennsylvania were analyzed to detect
and assess changes in the forest canopy resulting from
insect defoliation. Images taken July 19, 1976, and
June 27, 1977, were chosen specifically to represent
forest canopy conditions before and after defoliation,
respectively. Several image manipulation and data
transformation techniques, developed primarily for
estimating agricultural and rangeland standing green
biomass, were applied to these data. The applicability
of each technique for estimating the severity of forest
canopy defoliation was then evaluated. All techniques
tested had highly correlated results. In all cases,
heavy defoliation was discriminated from healthy forest.
Areas of moderate defoliation were confused with
healthy forest on northwest (NW) aspects, but were
distinct from healthy forest conditions on southeast
(SE)-facing slopes.

I. INTRODUCTION

One primary objective of an ongoing research ef-
fort at NASA's Goddard Space Flight Center (GSFC) is
to evaluate, modify, and develop image manipulation
and processing techniques that facilitate the use of re-
motely sensed image data to assess forest damage
resulting from major insect infestations. This paper
presents a forester's evaluation of several image mani-
pulation techniques that have been applied to multitem-
poral Landsat data for this discipline-specific applica-
tion.

The technique-evaluation phase of this project has
dealt primarily with the analysis of Landsat multi-
spectral scanner (MSS) data of central and eastern
Pennsylvania. The hardwood forests in this region
have been infested throughout the past decade by epi-
demic populations of a defoliating insect commonly
known as the gypsy moth. Several investigators have
experimented with both manual and digital analysis of

Landsat image data of this area for mapping defoliated
for:st lands. To clarify the temporal dynamics and
remote sensing obstacles associated with monitoring a
forest infested with gypsy moths, the moths' life cycle
and feeding habits are described briefly, and the pre-
vious investigations are reviewed.

II. BACKGROUND
A. GYPSY MOTH LIFE CYCLE

The gypsy moth causes tree damage in its caterpil-
lar stage by devouring foliage. This feeding begins
shortly after the caterpillars hatch from their egg
masses, generally in early May in Pennsylvania. Ini-
tially, these caterpillars are small and incapable of
devouring vast amounts of foliage, so defoliation is
usually not noticeable until early or mid-June. By late
June and early July, the heaviest defoliation has taken
place: The caterpillars have continued to molt and have
nearly reached full size. In mid-July, the caterpillars
molt for the last time and go into the pupal stage. Af-
ter about 10 days, they hatch into moths and immedi-
ately mate. The females then lay their fertilized eggs
in masses containing 75 to 800 eggs. This step com-
pletes the moths’ one generation per year, since they
overwinter in the egg stage.

If defoliation is complete, trees may remain bare
as late as early August; in general, though, by mid-
July hardwood trees that had about 60 percent or more
of their foliage removed begin to refoliate, Studies in-
dicate that hardwoods suffering less than 60 percent
loss of foliage do not refoliate, and evergreens cannot
refoliate. Thus, it should be apparent that the life
cycle and feeding habits of the gypsy moth and other
forest insects must be carefully considered before se-
lecting or scheduling aerial surveillance to correspond
with peak levels of damage-related activity.
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B. PREVIOUS LANDSAT INVESTIGATIONS ON
DEFOLIATION

The temporal and synoptic coverage provided by
Landsat makes it an ideal survey medium for monitor-
ing widespread phenomena such as insect-related dam-~
age in forested areas, and a few Landsat investigators
have reported varying degrees of success in delineating
gypsy moth defoliation. Rohde and Moore (1974)
showed that gypsy moth defoliation can be delineated by
manual interpretation of Landsat color composite im-
ages.1 However, they were not able to quantify degrees
of defoliation accurately and relied on conventional
photo interpretation clues, such as uncalibrated bright-
ness and tonal changes, to distinguish heavy and light-
moderate levels of defoliation from undefoliated areas.

Williams (1975) used a digital analysis approach to
derive relative statistics and to map areas of heavy de-
foliation and healthy forest in eastern Pennsylvamia.2
A spectral signature descriptive of moderate defoliation
was artificially derived by averaging the healthy forest
and heavy defoliation signatures. Classification results
using all three signatures were subjectively analyzed
and found to be representative of actual ground condi-
tions.

Talerico et al. (1978) reported on a quantitative
photographic approach for delineating various levels of
insect defoliation by applying advanced photometric cal -
ibration techniques to aerial photography and Landsat
imagery.® They concluded that Landsat data were not
only more economical, but also better than high alti-
tude film for mapping defoliation.

Johnson (1978) analyzed Landsat digital data of
eastern Pennsylvania using an interactive digital image
analysis system and a modified-supervised approach to
develop training statistics.* Johnson's work also dem-
onstrated that forest canopy defoliation could be identi-
fied and mapped from satellite data, but he concluded
that additional research was needed, since defoliation
severity levels could not be reliably identified because
of errors of commission. Williams and Stauffer (1978)
recently reported the creation of a multitemporal
Landsat data set representing forest canopy conditions
"before'' and "after" defoliation.? They suggested that
the application of certain image manipulation techniques
and procedures to the multitemporal data set should
lead to a reduction in commission errors when levels
of defoliation are delineated. Accurate delineation of
defoliation levels is necessary for identifying popula-
tion foci and monitoring population dynamics from year
to year, thus permitting earlier and more intelligent
application of control measures thdt may minimize
large-scale outbreaks of insect infestation.

III. APPROACH
A. RESEARCH OBJECTIVE

The primary objective of the current research at
GSFC is to develop a procedure for accurately identify-
ing and quantifying intermediate levels of defoliation
that could be used instead of the typical supervised clas-
sification procedure. The user community, which con-
sists mainly of state and federal agencies, would like
accurate information on three levels of defoliation:

(1) heavy, or 61 to 100 percent of the leaf canopy re-
moved; (2) moderate, or 31 to 60 percent of the leaf
canopy removed; and (3) light, or 5 to 30 percent de-
foliated. The approach taken in this project was to de-
velop an index value, based on the Landsat spectral
responses, that would measure the severity of defolia-
tion. Two considerations prompted this approach.
First, the derivation of a continuous-valued index in-
dicative of defoliation was thought to be superior to ob-
taining discrete output, which would result from a
typical classification procedure. Secondly, the diffi-
culty and subjectiveness in selecting training areas for
varying degrees of defoliation was thought to limit the
application of a classification procedure.

B. LINEAR DISCRIMINANT ANALYSIS

The initial approach taken to derive an index value
was the application of Fisher's Linear Discriminant
Analysis (LDA). LDA is a standard method for reducing
the dimensionality of a classification problem by pro-
jecting the n-dimensional data onto a single line. This
line is chosen in such a way that different classes are
well separated--i.e., it maximizes the interclass sep-
aration over the intraclass variances.

If the mean spectra for healthy forest and severely
defoliated areas are labeled as My and M,;, Fisher's
linear discriminant defines a line W as

W= s“l(M1 - M,) (1)

where S is the sum of variance-covariance matrices of
all samples used in obtaining the means. The projec-

tion onto this line can be used as a measure of the se-

verity of insect defoliation. A natural way of defining

a forest index (FI) for a cell with radiance X is

Fl =W - X) (2)
in such a way that
fw - Ml) =1
3)
fw . Mz) =0
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The lack of quantitative moderate defoliation ground
measurements prevents the use of any form for f(W - X)
other than a linear relationship. The result is

W-(X—MZ) “)

W (M, - M)

FI
One interesting consequence of this formulation is that
the computed quantity is somewhat insensitive to the
particular atmospheric condition prevalent at the time
of Landsat overpass. This feature makes comparison
between different Landsat scenes easier. Two proc-
esses contribute to this insensitivity. First, the for-
mula is constructed solely from differences between
spectral signals. Thus, for an area where atmospheric
haze and backscattering contributions are relatively
uniform, these factors will not appear in the signal dif-
ference. Secondly, the atmospheric transmission coef-
ficient that affects the total amount of surface radiance
transmitted through the atmosphere will not contribute
to FI. It is obvious from the definition of FI that this
quantity is invariant under a simple transformation of
scaling all spectra by some constant. Thus, LDA
provides an attractive way of looking at forest defolia-
tion.

C. VEGETATIVE INDEXES

In addition to testing LDA, this study also evalu-
ates several other techniques. Recently, many proce-
dures have been described in the literature that relate
Landsat spectral measurements to various vegetation
density indicators, such as standing green biomass or
leaf area index. These techniques have been developed
primarily for agricultural and rangeland applications
and are collectively referred to as Vegetative Indexes
(VD). Thus far, these indexes have had limited applica-
tion to other disciplines. The problem of estimating
defoliation is essentially a problem of estimating the
remaining green biomass or leaf area index of the for-
est canopy. The application of VI's may provide a use-
ful approach to the specific problem of defoliation
estimation and to forestry applications in general.

The various VI techniques tested are briefly out-
lined in the following discussion. Comprehensive de-
scriptions can be found in the associated references.
Comparisons of several VI's for agricultural and
rangeland applications can be found in Richardson and
Wiegand (1977) and Tucker (1978). %7

Ratio Vegetative Index (RVI). This index is com-
puted as the IR-to-red ratio. When applied to Landsat
MSS data, it is computed as:

MSS7/MSS5 (5)

Numerous researchers have used this ratio for a vari-
ety of applications.

Difference Vegetation Index (DVI). This index
value is calculated as the difference between IR and red
reflectance. It is computed for Landsat MSS data as:

MSS7 - MSS5 (6)
Richardson and Wiegand (1977) calculate a DVI as:
DVI = 2,.40XMSS7 - MSS5 )

Here MSS7 is multiplied by the slope of a linear equa-
tion, which represents the soil background line defined
by MSS5 and MSS7, so that a DVI of 0 indicates bare
soil. i

Transformed Vegetative Index (TVI). Rouse et al.
(1974) and Deering et al. (1975) have used a TVI as an
estimate of standing green biomass and relative green-

ness. ' This ratio is computed as:
MSS7 - MSS5
™VI={ vsstomsss v %5 ®

They also compute a TVI6 by substituting MSS6 values
for MSS7 in Equation (8).

Green Vegetation Index (GVI). Kauth and Thomas
(1977) developed a linear transformation of the four
Landsat variables, which they interpret to indicate
green Vegetation.10 The GVI is derived from the fol-
lowing transformation:

GVI = -0.29XxMSS4 ~ 0.56xMSS5
, 9)
+ 0.60XMSS6 + 0.49XMSS7

Perpendicular Vegetative Index (PVI). In an effort
to distinguish the response of green vegetation from the
response contributed by background soils, Richardson
and Wiegand (1977) developed an index value based on
the perpendicular distance of an unknown response
from a line that represents the response of bare soil
background.6 They compute the PVI as:

PVI = SOIL5-MSS5 + SOIL7-MSS7 (10)
where SOIL5 is the MSS5 soil background response and
SOIL7 is the MSS7 soil background response. These
quantities are computed as follows:

SOIL5 = 0. 851XxMSS5 + 0.355XMSS7 (11)

SOIL7 = 0.355xXMSS5 + 0.148XMSS7 (12)
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A PVI6 can also be computéd on the basis of MSS6 re-
sponse values instead of MSS7. The soil background
intersection then becomes:

SOIL5 = -0.498 + 0.543XMSS5 + 0.498xMSS6 (13)
SOIL6 = +2.734 + 0.498xXMSS5 + 0.45TXMSS6  (14)
D. ADDITIONAL CONSIDERATIONS

The transformations involving ratio-based compu-
tations can be applied directly. For those indexes in-
corporating a linear transformation (i.e., GVI, PVI,
PVI6), the coefficients have been developed for agri-
cultural applications and deal with the specific problem
of soil background response. Initially, the transforma-
tions developed for the rangeland and agricultural ap-
plications were applied to the test data. In the future,
it may be appropriate to consider modifications of these
techniques to deal specifically with the response of the
forest floor.

IV. DATA

The Landsat MSS data used in this study was col-
lected on July 19, 1976, and June 27, 1977. The pri-
mary area of interest is a 30~ by 30-km subimage near
Harrisburg, Pennsylvania. The study area is in the
Ridge and Valley province and has a forest cover pri-
marily of oak and hickory.

The July 1976 and June 1977 data were selected to
provide near-anniversary coverage of the area during
both non-defoliated and defoliated seasons. The pri-
mary area of interest experienced no appreciable de-
foliation in 1976. During the summer of 1977, several
thousand acres of forest in this area suffered varying
degrees of defoliation. These images were registered
to each other and resampled to 1-acre cells,

To support this investigation, the Forest Pest
Management Division (FPMD) of the Pennsylvania De-
partment of Environmental Resources provided color
aerial photography at a scale of 1:48, 000 collected on
June 23, 1977. FPMD personnel interpreted these
aerial photographs and plotted the boundaries of heavily
defoliated and moderately defoliated areas on USGS
7.5-minute quadrangle maps.

V. ANALYSIS

As indicated earlier during the literature review, a
factor that has made the accurate delineation of defolia-
tion confusing has been errors of commission. These
have been of two types: subtle errors of misclassifica-
tion between two adjacent levels of defoliation, or gross
errors of misclassifying defoliation pixels into areas of

non-forest land cover. For example, the terrain ef-
fects (i.e., slope and aspect) on spectral response often
cause confusion between moderate levels of defoliation
on southeast facing slopes (i.e., sunlit) and light defo~
liation on northwest facing slopes (i.e., shaded). Since
reflectance in the near IR spectral regions decreases as
defoliation levels increase, the shaded areas of light
defoliation are confused with areas of sunlit moderate
defoliation.

In the more extreme case of commission error,
the spectral signatures developed by training on heavily
defoliated areas are similar to the spectral character-
istics of certain non-forest cover types in the mid-to-
late June Landsat imagery. Consider, for example,
corn fields with corn stalks only 10 to 30 cm high in
June. The surrounding bare soil largely cancels out
the vegetative reflectance from the small corn stalks,
thus creating an average reflectance similar to a
heavily defoliated forest canopy. )

Since the most disturbing errors are those of mis-
classification between totally unrelated cover types, the
confusion between heavy defoliation and other types of
land use (i.e., cropland) was the first item addressed
in this study. A variation of a layered classifier was
used to reduce the potential for errors of commission.
By performing a simple two-category classification of
forest and other for the non-defoliated 1976 Landsat
data, it was possible to create a mask of forest versus
non-forest. A standard procedure of training site se-
lection and classification was used to generate the
forest/non-forest map. The results of this classifica-
tion were only subjectively evaluated, and no measure
of absolute accuracy was obtained.

The forest/non-forest classification was used to
generate a 1/0 binary mask, which was applied on a
cell-by~cell multiplication to the 1977 defoliated data
set to eliminate all non~-forest cells. This approach
reduces errors of commission with unrelated cover
types, since the majority of all non-forest land has
been removed from the data set.

From an operational standpoint, the mask can be
applied to the raw data as a pre-processing step to re-
duce subsequent processing time, or it can be applied
as a post-processing step. Throughout this project, we
elected to apply the mask as a post-processing step,
primarily to allow the LDA and VI techniques to be
evaluated for other features within the image, partic-
ularly agricultural and urban areas.

To evaluate each technique, a series of training
sites was selected using the color IR aerial photography
and associated maps provided by the FPMD personnel,
The training sites were carefully selected to provide
representative statistics for the three major categories
of interest: healthy forest, moderate defoliation, and
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heavy defoliation. The training sites for healthy forest
were further categorized on the basis of their slope and
aspect differences, generally NW or SE aspects.

The defoliated areas could not be categorized easily
according to slope and aspect. Within the heavily de-
foliated areas, the slope and aspect variation was not
sufficient to categorize the test sites further on the
basis of aspect differences. The areas of moderate
defoliation delineated on the color IR photography ap~
peared to encompass a wide variety of canopy condi-
tions, which made it difficult to select equivalent areas
of moderate defoliation that could be used to evaluate
slope and aspect variations.

The standard multivariate statistics--mean, covar-
iance, and correlation--were calculated for each train-
ing site., Table 1 shows the mean spectral response for
each test site. Initially, the mean signature vectors
and covariance matrices for the 15 healthy forest and
9 heavy defoliation test sites were used to compute the
coefficients for the linear discriminant transformation.
Based on the pooled statistics for these test sites, the
following linear transformation was derived:

LDA(ALL) = -1.94xMS54 - 4. 64xMSS5
(15)
- 0.87xMSS6 + 2.42xMSS7

Based on the subsequent analysis of the results ob-
tained using this transformation, a second linear dis-
criminant transformation was derived using only the
statistics for healthy forest on SE aspects and the six
heavy defoliation test sites that were consistently
grouped together. This resulted in the following dis-
criminant function, a linear discrimant index (LDI):

LDI = -2. 58X MSS4 - 7.28xMSS5
(16)
+ 0.88xMSS6 + 3. 59X MSS7

This transformation was found to maximize the
separation of heavy defoliation and healthy forest. The
results of this transformation were compared to those
based on the discriminant function calculated using all
the healthy and heavy training sites. A correlation co-
efficient of 0.99 was calculated, indicating that the
transformations are similar. (Throughout the subse-
quent discussion of the results, we will refer only to
the results obtained using the LDI.)

The LDI and each of the VI's were tested using the
mean values obtained for each training site. The re-
sults of each technique could only be subjectively eval-
vuated, since no quantitative ground measurement of

Table 1. Mean Spectral Responses. These are
derived from the training sites selected to represent
the forest canopy conditions of interest in the June 27,
1977, Landsat image.

LANDSAT MEAN DIGITAL COUNTS
TRAINING SITES
—
MsS4 MSSS5 MsS6 Mss7
HEALTHY FOREST
SE ASPECT
SITE 1 16 13 70 0
SITE 2 15 12 66 38
SITE3 15 12 63 36
SITE 4 15 12 65 38
SITES 16 12 70 41
SITE6 16 12 65 37
SITE? 16 13 64 37
NW ASPECT
SITE 1 15 12 56 n
SITE 2 14 1 50 27
SITE 3 15 12 48 %
SITE 4 15 12 56 31
SITES 15 12 57 32
SITES 15 12 58 33
SITE 7 16 13 56 3t
VARIABLE TERRAIN 16 13 61 35
MODERATE DEFOLIATION
SITE 1 16 13 58 [ 32
SITE 2 17 14 57 3
SITE3 17 15 54 28
SITE 4 16 14 56 30
SITES 16 13 58 32
SITE® 16 13 ‘63 29
SITE7 15 12 58 33
SITES 16 13 57 32
HEAVY DEFOLIATION
SITE1 18 21 39 19
SITE 2 18 19 42 20
SITE 3 18 21 38 19
SITE4 19 23 40 20
SITES 20 24 40 19
SITE6 19 23 0 19
SITE 7 19 22 40 19
SITES 18 19 43 21
SITE9 18 17 48 24

defoliation was available that could be used as an inde-
pendent variable for comparison purposes.

VI. RESULTS AND DISCUSSION

Table 2 shows the results of applying the various
indexes. To evaluate the results more easily, the data
presented in Table 2 were scaled from 0 to 100 and are
shown in Table 3. Values near 0 represent areas of
heavy defoliation, while values near 100 typically rep-
resent areas of healthy forest. The magnitude of the
numbers provides a relative measure of the forest can-
opy condition.
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Table 2. Results of Applying the Vegetative
Indexes to the Training Site Data Presented in Table 1.

VEGETATIVE INDEXES

TRAINING SITES 7 RV

%10 DVLE TVI ] TVIB) GVI | PVI | PVIE[ LVI

HEALTHY FOREST

SE ASPECT
SITE 1 31 | 84 | 101 ] 109| 49 [ 32 { 40 73
SITE 2 31| 80 | 100]| 108| 47 [ 30 | 38 67
SITE 3 29 | 74 99 | 108) 44 | 28 | 35 57
SITE 4 30 79 {100} 108) 46 | 30 | 37 64
SITES - 32 {85 {101 | 109] SO } 33 | 40 75
SITE6 29 | 76 99| 108 45 | 20 | 37 57
SITE 7 28 | 75 99 | 108} 44 ] 29 | 36 55

NW ASPECT
SITE 26 | 63 971 107| 38 { 24 | 30 36
SITE 2 23 | 54 95| 108| 32 | 20 | 26 21
SITE3 22 | 58 93] 105| 30 | 19 | 24 12
SITE 4 25 | 62 96| 106 | 37 | 24 | 30 33
SITES 26 | 65 971 107] 39 | 25 | 31 40
SITE6 26 | 67 971 106] 39 | 25 | 32 39
SITE7 24 | 63 95 | 106} 37 { 24 | 30 27

VARIABLE TERRAIN 26 | 70 97 {106 a1 {27 | 33 39

MODERATE DEFOLIATION

SITE1 25 | 65 96 ] 106§ 38 | 26 31 33
SITE2 pal 59 931 105§ 36 | 22 30 15
SITE3 18 | 52 89 ) 103} 32 ] 20 27 —4
SITE4 21 68 93 {1 105} 35 | 22 29 14
SITES 23 | 62 95 [ 106 | 38 | 24 31 24
SITE6 . 21 | 56 93 | 105 34 ; 21| 2, 13
SITE7 26 | 66 97 | 1071 39 | 25 71 40
SITES 24 | 63 96 | 106 | 38 | 24 n 31

HEAVY DEFOLIATION

SITE1 8 {24 66 891 15 9 12 -99
SITE 2 10 { 29 72 931 19 " 15 | 74
SITE3 8 | 24 66 88| 16 9 " —99
SITE4 8 | 24 65 88 | 15 9 12 1-106
SITES 8 | 22 62 B6| 14 8 11 1-119
SITE6 8 ] 23 64 871 15 9 1 (-108
SITE? 8 ] 23 65 88| 16 9 12 1-106
SITES LA 32 75 94| 20 12 17 .| —67
SITEQ 14 ) 41 81 981 26 15 21 —42

The similarity of the techniques is apparent if we
compute the correlation coefficients between the results
for each of the indexes. These coefficients are shown
in Table 4. In each case the correlation between tech-
niques is significant at the 0.01 level. The high corre-
lations between the LDI and the other VI's suggests that
there is little difference between the LDI and the other
indexes. This sample indicates that there is no signifi-
cant difference between any of the indexes. If an inde-
pendent measure of defoliation was available, we would
expect that the correlations obtained between each index
and that variable would be similar, although not neces-
sarily significant.

Since the various techniques tested were highly cor-
related, the results concerning the discrimination of de-
foliation will be discussed in general terms. The study
showed that each index tested, LDI and VI's, consist-
ently separated heavy defoliation from both moderate

Table 3. Results of Applying Linear Scaling
Factors to the Data Presented in Table 2. The scaled
values range from 0 to 100, where values near 0 rep-
resent the heaviest levels of defoliation and valueg
near 100 indicate healthy forest.

VEGETATIVE INDEXES
TRAINING SITES

RVIE( DVI } TVIITVIBIGVE | PVY | Pvig| Lyt

HEALTHY FOREST

SE ASPECT
SITE 1 98 97 99 | 100 98 97 98 98
SITE 2 95 9 98 98 91 91 91 95
SITE3 89 82 95 96 82 82 83 91
SITE 4 93 89 97 97 89 89 88 94
SITES 100 | 100 | 100 99 {100 { 100 | 100 | 100
SITE6 87 88 95 96 87 85 88 90
SITE? 85 83 94 94 85 83 85 89

NW ASPECT
SITE 1 74 64 89 a0 65 64 67 79
SITE 2 64 49 83 85 51 49 52 72
SITE3 57 44 il 81 44 44 46 67
SITE 4 n 62 88 89 64 62 65 78
SITES . 77 68 90 -2 68 68 69 81
SITE6 75 70 89 90 70 70 7 81
SITE7 66 64 85 B84 63 64 64 75

VARIABLE TERRAIN 74 75 89 89 75 75 76 81

MODERATE DEFOLIATION

SITE 1 7 67 87 88 68 67 69 78
SITE 2 57 58 79 81 61 58 64 69
SITE3 a4 a7 69 72 51 47 54 59
SITE4 56 56 78 81 59 56 62 68
SITES 63 63 83 85 66 63 69 74
SITEG 57 1 62| 79} 81| 54| 52| 57 | 68
SITE? 77 69 90 90 69 69 70 82
SITESB 69 64 86 87 65 64 67 17

HEAVY DEFOLIATION

SITE1
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3) 2] 9| 1| 31 2 4] 10
SITE2 10 10 25 30 12 10 15 23
SITE 3 s vl 8y 8 2] | 14§ e
SITE4 20 3} 71 6] 3] 3| 3| &
SITES 6} o) of of o} o o] o
SITE® 1 1 4 4 1 1 1 5
SITE?7 1 1 5 7 2 1 3 6
SITES8 13 15 31 35 17 15 19 26
SITEQ 24 28 48 [ 51 32 1 28 35 39
Table 4. Matrix of Correlation Coefficients
Between the Vegetative Indexes. These values are
computed on the basis of the results summarized in
Table 2.
VEGETATIVE VEGETATIVE INDEXES
INDEXES AV | ovi | Tvi [Tvie] avi [ pvi [pvig] Lwi
RVI 1.00
DV 0.99 | 1.00
™ 0.97 | 0.96 | 1.00
TVIE 0.96 | 0.95 [ 0.99 | 1.00
GVI 0.99 | 0.99 { 0.96 | 0.96{ 1.00
PV 099 1.00]0.96) 095} 0.99] 1.00
PVIG 09810990.97] 096)] 099] 099 1.00
Lvi 0.99 ) 098] 0.99| 099|098 098 | 0.98( 1.00
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defoliation and healthy forest. In all cases, the index
values tended to increase as the severity of defoliation
decreased. Table 2 shows this general trend.

Three of the nine heavily defoliated test sites have
consistently higher index values than the others, indi-
cating less severe defoliation. The color IR photog-
raphy and the Landsat enhancement show that these
areas were not as severely defoliated as the others;
according to the photointerpreter's criteria, however,
the areas were mapped as ones of heavy defoliation.

The problem unresolved by any technique tested is
the accurate delineation of moderately defoliated areas.
Examination of the unscaled (Table 2) or scaled
(Table 3) output provides an insight into the nature of
this confusion.

Consider first a .comparison of healthy forest on
southeast (SE) aspects with healthy forest on northwest
(NW) aspects. Regardless of the index used, the values
derived for SE aspects are consistently higher than
those for NW aspects. For Landsat data, this result is
expected, given the differential illumination resulting
from varying slope and aspect. However, that such dif-
ferences exist after the application of RVI, TVI, and
TVI6 is unexpected. Such ratio-based techniques are
generally assumed to reduce the impact of slope and
aspect differences on reflectance. For each ratio-
based index tested, as well as all other indexes, the SE
and NW ‘aspect training sites remain separable, which
in this context is unacceptable. In this case, the ratio
techniques do not appear to resolve fully this problem.
It is possible that environmental factors associated with
variations in slope and aspect, such as moisture differ-
ences and subtle changes in species composition, are
responsible for the differences noted between NW and
SE aspect slopes and that the ratio techniques have, in
fact, removed slope- and aspect-induced variations.
This problem warrants additional study, but is beyond
the scope of this paper.

For the sample data, the confusion between mod-
erate defoliation and healthy forest occurs exclusively
with healthy forest on NW aspects. This question has
proven difficult to resolve. One possible source of
confusion is the selection of training sites for moderate
defoliation. This selection remains a problem in this
application, as it does in a classification procedure.
The training areas for moderate defoliation were se-
lected on the basis of the photointerpreted results ob-
tained from the FPMD. Throughout the analysis, these
results were the standard against which the computer-
derived results were compared. (Absolute accuracy of
the photointerpreted results is not implied.) The areas
delineated as ones of moderate defoliation on the color
IR photography appeared to exhibit only slight tonal var-
iations compared to areas of healthy forest. Also,
based on a subjective evaluation of the photography,

areas of moderate defoliation appear to encompass a
broader range of canopy conditions than do areas of
heavy defoliation.

To clarify the confusion between moderate defolia-
tion and healthy forest, it would be desirable to obtain
a more detailed evaluation of defoliation levels for the
area. This information would allow a better assess-
ment of the computer-derived results; it would also
permit evaluation of the defoliation level at which con-
fusion with healthy forest can be expected. Without
detailed, quantitative ground truth information, the re-
sults of the procedures can only be subjectively evalu-
ated.

VII. SUMMARY AND RECOMMENDATIONS

The initial objective of deriving a continuous-~
valued index that indicates severity of defoliation was
accomplished using a variety of techniques. The simi-
larity of the results obtained using the linear discrimi-
nant index (LDI), which was derived for application to
a specific problem, and those obtained from the various
VI's indicates a general applicability of the VI's to -
problems other than those encountered in agriculture
and rangelands. Of particular interest is the applica-
tion of the GVI, PVI, and PVI6 transformations to this
problem without coefficient modification. Results in-
dicate that the coefficients, although developed specif-
ically for soil/crop interactions, are not limited to
those applications.

As expected, the discrimination of heavy defolia-
tion and healthy forest was accomplished using all the
techniques tested. Accurate delineation of moderate
levels of defoliation, however, remains a difficult prob-
lem. The gross errors of commission between defoli-
ation and unrelated land cover types were substantially
reduced through the use of a forest/non-forest mask de-
veloped from a non-defoliated data set. However, ac-
curate delineation of moderate defoliation from healthy
forest has not been resolved. It became apparent as
this project progressed that the available ground truth
information would not be sufficient to answer the ques-
tions that arose concerning the confusion between mod-
erate defoliation and healthy forest. Given the ability
to derive a continuous-valued index, it would be de-
sirable to establish the relationship between this index
and the severity of defoliation. Since moderate defolia-
tion did not fall into the range of values midway between
healthy and heavy, the relationship may be non-linear.
Without detailed, quantitative, ground truth information,
such evaluations cannot be made.

Based on the results, an approach that may resolve’
the confusion between moderately defoliated areas and
healthy forest is the application of techniques that cor-
rect or compensate for the spectral variations resulting
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from topographic differences. Since the confusion be-
tween moderate defoliation and healthy forest occurs
with healthy forest on NW aspects, the ability to com-
pensate for the effects of slope and aspect may reduce
this confusion. Several approaches to the problem are
being investigated. One approach, described by Cicone
et al. (1977), is to model the terrain using input from
digital terrain tapes.11 These data are used to derive
slope and aspect values, which are used to compute the
effect of terrain on observed radiance. Other tech-
niques that use the 1976 image as a base against which
the 1977 defoliated image is compared are also being
investigated. The question of terrain corrections war-
rants additional research, not only for this project, but
for remote sensing applications in general.
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