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Abstract

Vegetation indices (Vi) have long been used in remote sens-
ing for monitoring temporal changes associated with vegeta-
tion. In this study, seven vegetation indices were compared
for their value in vegetation and land-cover change detection
in part of the State of Chiapas, Mexico. VI values were devel-
oped from three different dates of Landsat Multispectral
Scanner (MSS) data. The study suggested that (1) if normali-
zation techniques were used. then all seven vegetation indi-
ces could be grouped into three categories according to their
computational procedures; (2) vegetation indices in different
categories had significantly different statistical characteris-
tics, and only NDVI showed normal distribution histograms;
and (3), of the three vegetation index groups, the NDVI group
was least affected by topographic factors in this study. Com-
parisons of these techniques found that the NDVI difference
technique demonstrated the best vegetation change detection
as judged by laboratory and field results.

Introduction

To address complex global change issues requires a variety
of data. Issues such as inventory of carbon stocks, change in
land cover in terrestrial environments, and the impact of hu-
man activities require quantitative information (Lunetta et
al.. 1993; Cairns ef al., 1995). A program of implementing
satellite-based instruments to collect data in support of ad-
dressing analyses of these issues is being executed by U.S.
federal agencies. The Pathfinder Program consists of several
projects using satellite data as a starting point, and it forms
part of the research goals of the U.S. Global Change Research
Program (GCRP) and the Earth Observing System (EOS).

The North American Landscape Characterization (NALC)-
Pathfinder project had the goal of producing and analyzing
Landsat Multispectral Scanner (MsS) satellite data (Lunetta et
al., 1993). One objective was to make use of the more than
20-year archive of Landsat MSS data to examine change in
vegetation, land cover, and carbon stocks. This was accom-
plished by assembling “triplicate’ sets of three images from
the 1970s, 1980s, and 1990s, so as to facilitate analyses of
change over time. These data sets are available from the
USGS EROS Data Center, and more details may be found at the
USGS internet site and from the Global Land Information Sys-
tem (GLIS).
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A very important part of this effort was to determine the
tvpe of change-detection algorithms that may support such
analyses. This paper was the result of a sensitivity analysis
of a variety of vegetation indices (vis) for detecting change in
vegetation and other land covers over time in support of
Pathfinder activities.

The development of vegetation indices from brightness
values is based on the differential absorption, transmittance,
and reflectance of energy by the vegetation in the red and
near-infrared portions of the electromagnetic spectrum (Der-
ring and Haas, 1980; Lyon and McCarthy, 1995; Jensen, 1996).
It has been shown over the years that the ratio of near-infrared
MSs band 4 and red MSS band 2 is significantly correlated
with the amount of the green leaf biomass (Tucker, 1979; An-
derson and Hanson, 1992).

Numerous vegetation indices have been formulated to
make use of this difference. Basic techniques include sub-
traction of the near-infrared band and red band, division of
near-infrared band by red band, and combinations of both
that seek to normalize the response (Tucker, 1979; Lyon and
George, 1979; Perry and Lautenschlager, 1984; Elvidge and
Lyon, 1985; Price, 1992). Band ratio images exhibit several
important properties. First, strong differences in brightness
values of the spectral response curves of different features
may be emphasized in band ratio images (Short, 1982). Sec-
ond, band ratios can help to suppress differential solar illu-
mination affects due to topography and aspect, and help
normalize differences in brightness vales when using multi-
ple date images (Lyon and George, 1979; Elvidge and Lyon,
1985; Singh, 1989). Third, Jackson ef al. (1983) stated that
the ideal vegetation index would be highly sensitive to vege-
tation dynamics, insensitive to soil background changes, and
only slightly influenced by atmospheric path radiance. The
ratioing of two spectral bands reduces much of the affect of
any extraneous, multiplicative factors in sensor data that act
equally in all wave bands of analysis (Lillesand and Kiefer,
1987).

A number of efforts have evaluated the capabilities of
various vegetation indices. Richardson and Everitt (1992)
conducted a comparison study on various vegetation indices
for estimating rangeland productivity and concluded that all
vegetation indices were significantly correlated with standing
green and brown biomass. Angelici et al. (1977) used the dif-
ference of band ratio data and the threshold technique to
identify changed areas. Banner and Lynham (1981) used a
vegetation index difference transformation and threshold to
locate forest clearcuts. Nelson (1983) tested the vegetation in-
dex difference method quantitatively in the study of gypsy
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TagLe 1.  VeceTamion InpiceEs Groups
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Transformed Soil Adjusted Vegeta-
tion Index (TSAVI)

Subtraction Group

Division Group

Rational Transform
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moth defoliation in Pennsylvania. In a comparison study by
Singh (1989), the NDvI differencing technique was identified
as among the few, most accurate change detection tech-
niques, and it had the disadvantage of being sensitive to
miss-registration of pixels.

In recent years, vegetation index development included
further evaluations of Landsat sensors, and has been ex-
tended from Landsat to SPOT, AVHRR, AVIRIS, AIRSAR, and
other sensor images (Justice ef al., 1989; Huete and Tucker,
1991; Marsh el al., 1992; Paloscia and Pampaloni, 1992; Qi
et al., 1993; Ray et al., 1993; Thenkabail et al., 1994; Vander-
venler et al., 1997).

In particular, researchers now favor the AVHRR multiple
temporal products (Loveland et al., 1991). AVHRR and vegeta-
tion indices have been used in remote sensing for monitoring
temporal changes associated with vegetation, particularly for
large regions (Turcotte et al., 1989; Hochheim and Bullock,
1994; Van Leeuwen ef al., 1994). In 1989, the U.S. Geological
Survey used AVHRR data to conduct a biweekly assessment of
vegetation conditions in 17 western States. The assessments
of the NDvI at biweekly intervals were found to be adequate
for monitoring seasonal growth patterns in types of range-
land, forests, or agriculture areas (Eidenshink and Haas,
1992). This work is ongoing (Loveland et al., 1991), and the
USGS and Canadian Centre for Remole Sensing (CCRS) have
published a 1:12,500,000-scale NDVI map for North America
(Eidenshink, 1992),

Tappan et al. (1992) studied a series of three NDVI im-
ages [rom AVHRR data. They concluded that the NDVI image
series could be useful for monitoring the seasonal vegetation
conditions of Sahel and Sudan rangeland, and were particu-
larly valuable for differentiating seasonal, weather-driven
fluctuations from long-term production characteristics. Marsh
et al. (1992) compared the NDVI derived from SPOT and
AVIHRR data for mapping land-cover dynamics in the west Af-
rican Sahel, and pointed out that SPOT data provided good
temporal assessment of vegetation dynamics. Gomarasca et
al. (1993) used NDVI transformations in conjunction with a
maximum-likelihood classification to analyze land-use
changes in Milan, Italy. Ray et al. (1993) studied the land
degradation after abandonment using NDVI computed from
both Airborne Synthetic Aperture Radar (AIRSAR) and Air-
borne Visible / Infrared Imaging Spectrometer (AVIRIS) im-
ages, and found that abandoned fields supported less
vegetation than the undisturbed desert aller six or more
years.

As a fast and convenienl method, vegelalion index dil-
ferencing is a good technique for identifying vegetation
changes over large regions. In change detection, the com-
puted vegetation indices for two dates were differentiated.

144

The change pixels were identified [rom the change image for
the vegetation indices.

For the purpose of this experiment, seven different vege-
tation indices were evaluated. They were examined on the
basis as to (1) whether they produced similar results, (2)
what statistical characteristics they possessed, and (3)
whether they were feasible for detection of change in the
study area of interest. A portion of the State of Chiapas in
Mexico was selected due lo the question of change in forest
and other vegetation in the tropics and Mexico (Cairns et al.,
1995), the research needs of the U.S. GCRP, and the desire to
test various indices in support of the Landsat Pathfinder pro-
gram of activities.

Methods
Vegetation indices examined in this study were categorized
into three groups according to the type of computational op-
erations they involved (Table 1), Preliminary experiments
showed that the vegetation indices within each group, if they
were scaled into the same range, had similar spatial and sta-
tistical characteristics and provided similar change detection
results,

The mathematical transformations for the experimental
vegetation indices (v1) are given below. The formulas and
parameters were based on Richardson and Everitt (1992).

(1) Difference Vegetation Index (Dv1):
DVI = Band4 — a » Band2
(2) Normalized Dilference Vegetalion Index (NDVI):

Band4 — Band2

NEVI = 0— o o
Band4 + Band2
(3) Perpendicular Vegetation Index (PVI):

Band4 —a * Band2 — b
PVI = —
V1 + a2

(4) Ratio Vegetation Index (RVI):

_ Band4

RVI
Band?2

(5) Soil Adjusted Ratio Vegetation Index (SARVI):

Band4
Band2 + b/a

(6) Soil Adjusted Vegelation Index (SAVI):

(1 + L) * (Band4 — Band2)
Band4 + Band2 + L

SARVI =

SAVI =

(7) Transformed Soil Adjusted Vegetation Index (TSAVI):

a * (Band4 — a * Band2 — D)
Band2 + a * Band4 —a * b

TSAVI =

where a = 0.96916, b = 0.084726, and L = 0.5 (Richardson
and Everitt, 1992).

Chiapas Image Data Experiment
The State of Chiapas is in the southeastern part of Mexico
(Figure 1). The physiography of the study area included parts
of the Pacific Coastal Plain, Sierra Madre, Central Depres-
sion, and Central Plateau. The central and the southwest por-
tions of the image were primarily in the Sierra Madre, while
the northeast portion of the study area was in the Central De-
pression,

This region had experienced several deforestation
events, mainly due to agriculture activilies and [orest fires.
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Chiapas, Mexico MSS Scene
Path 22, Row 49
4017 lines x 4571 samples
Band 1=Blue, 2=Green, 4=Red
03/11/86

=

selecied
subscene

L Figure 1. Chiapas scene, 11 March 1986.

Forest harvesting has had a major influence in the Central
Depression area of the State of Chiapas during the 1980s,

The images used in this study were three co-registered
MSS scenes from the Chiapas area in the Landsat World Ref-
erence Syslem-2, path 22 and row 49. The 1970s image was
obtained on 05 December 1975 (Figure 2), the 1980s image
was obtained on 11 March 1986 (Figure 3), and the 1990s
image was made from a composite of images (Figure 4) ob-
tained on 03 March 1992 and 04 April 1992 (Lunetta et al.,
1993). A composite was necessary because of cloud cover,
and was made according to the procedures used by the EROS
Data Center and described in Lunetta et al. (1993). All im-
ages were in the UTM projection within zone 15. Bach pixel
was resampled into a 50-metre ground resolution, and the
datum used was NAD27. The scene size was 1024 by 1024
pixels. The compilation of the (riplicale images and registra-
tion were performed by the EROS Data Center (Lunetta ef al.,
1993).

Several changes were observed directly from the three
scenes. They included changes

® From forest to fire burns. Most of the fire burns existed in the
northeastern portion of the 1986 scene, but they also existed
in the central and southeast portions of the 1986 scene.

® Irom land to reservoir. One new reservoir was constructed in
the southeast portion of the 1986 scene.

¢ ['rom cloud to land. A typical area of this type of cloud ob-
struction of land cover was located at the eastern lakeshore
in the 1986 scene.

® From fire burns to vegetation regrowth. This type of change
happened in the previous burned areas, and regrowth was
found in the 1992 scene.

® From land to clouds. The majority of this type of change ex-
isted in the south-central portion of the 1992 composite, but
was also scattered in other parts of the 1992 scene.

® From water to clouds. A lypical place where this type of
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change was found was in the reservoir in the 1992 compos-
ite.

The data processing procedures for vegetation index
change detection consisted of vegelation index transforma-
tions, vegetation index differencing, and evaluations of
change statistics. The vegelation index transformations were
performed using the formulas detailed previously. In the
computations, the following modifications were made:

® The computed vegetation indices were linearly stretched
from a given interval (mean — 2 * standard deviations, mean
+ 2 * standard deviations) to 0, 255. Any VI value that was
beyond the mean + 2 = standard deviations was truncated to
these boundary values. This process was used to eliminate
any outlier measurements in the data sets, and to convert vis
so that they could be recorded in 8-hit image files. Because of
the linear stretching process, Dvi and pvi transformations ac-
tually produced the same resulls; Rvi and sArvi produced
similar results; NDvI, SavI, and Tsavi also had similar results,

® The stretched Vi values were again “nearly linearly” stretched
from 0, 255 to 0, 1. The “nearly linearly” means mapping 0,
5 to 0 and linearly mapping 6. 255 to 0, 1. These scaled Vis
were classified into 11 classes. The resulting images were
stored in raster Gis files.

The vegetation index differences were performed based
on the scaled 0,1 images. These differences were again
placed into 11 classes according to the values of the differ-
ence. The resulting image was also recorded in a raster GIS
file.

The number of pixels in each of the 11 change classes
was oblained by counting pixels in that class. The percentage
of a change class in a scenc was obtained by dividing the
number of pixels in the class by 1024 by 1024 or the total
number of pixels.

The results of these experiments were evaluated in three
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Mexico Chiapas Subscene
Band 1, 2, 4 Composite (12/05/75)
Scene Size: 1024x1024; Pixel Size: 50x50 m
UTM Zone 15; UL: N1809000,E469900; LR: N1757800,E521100

7580, lan

IHAGE FILENAME
SCALE = 1:503536

Figure 2. Landsat MSS subscene, 1975.

ways. First, satellite imagery used in the analysis and other

satellite scenes were interpreted to evaluate the results of vI

groups. Second, local experts from Chiapas, Mexico were in-
volved in the evaluations of results in the laboratory and in

the field. Third, local experts and project personnel traveled
to Chiapas to evaluate results in the field.

Results

Some immediate observations could be made based on the
scene statistics (Table 2, Figures 5 to 7).

® The 1986 sub-scene had smaller ranges and a bigger mean,
median, and mode for all the four bands as compared to the
1975 scene. These characteristics suggested that the 1986 im-
age had changed significantly due lo changes in land cover,
and from atmospheric and sensor alfects and sun position.
Because the darkest and brightest areas should be present in
both scenes, they should have the same or similar spectral
properties if there were no atmospheric or sensor affects on
both dates. It was intuitive that the decreasing range should
he mostly due to the atmospheric and sensor affects. There-
fore, it was deemed best to stretch the spectral bands of both
scenes lo similar ranges and then conduct the work, so as to
have spectral similarily for both scenes.

® The 1992 scene was a composile of two dates (FFigure 4). Due
to the cloud affects, the maximum values for all bands were
significantly higher than those from the 1975 and 1986 scenes.
The band distribution ranges of the 1992 scene were similar
to those of the 1986 scene, but different from those of the
1975 scene. Temporal equalization was necessary in order to
reduce the atmospheric and sensor affects.

Vegetation index and difference images were constructed
for all seven vegetation indices and from all three scenes. Re-
sults showed that the vegetation index maps obtained by V1
transformations within each compultational group were simi-
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lar in terms of spatial distribution pattern and statistical
characteristics.

Generally speaking, the sublraction-group Vis had strong
multiple peak distributions. The ratio-group Vis had strongly
biased distribulions with peaks falling towards the tail of the
distribution. The ratio-group vis had normal-like distribu-
tions. It was still unknown whether these phenomena were
generalized phenomena or just localized phenomena. How-
ever, Lhis fact made NDVI a better transformation for statisti-
cal analyses of the study data.

All vI maps identified the water surfaces present in the
study area. The spatial distribution pattern for different vis
within a given group were similar. As far as the degree of
greenness of vegetation was concerned, the RvI appeared to
be the most sensitive, as it was located in a large area of
high RVI values (between 0.9 and 1.0). The NDVI was the least
sensitive because it located only a small area of high NDVI
values (between 0.9 and 1.0).

Vegetation Index Images

e Tor the 1975 vegetation index images, the RVI group of vege-
tation indices was affected strongly by topographic condi-
tions, as evidenced by the SW-NE color trends that followed
the topography in the 1975 rRvI map. (Color images are pro-
duced in black and white here due to cost conslraints.) The
NDVI was the least affected by local topography.

® 1986 vegetation index maps all exhibited fire scars which
were clearly detected by all vI groups, However, DVI indi-
cated a larger burn in the fire-burn arcas. Some burnt areas
had nvi values close to zero. For the high vi value class (be-
tween 0.9 and 1.0), all three vis had similar spatial estima-
lions.

® 1992 vegetation index maps indicated forest regrowth in the
previously fire-burned areas. Again, bvi and rvi showed more

Mexico Chiapas Sub
Band 1, 2, 4 Composite (03/11/86)
Scene Size: 1024x1024; Pixel Size: 50x50 m
UTM Zone 15; UL: N1809000,E469900; LR: N1757800,E521100

86EQ. lan

BCALE = 1:503936

Figure 3. Landsat Mss subscene, 1986.
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Mexico Chiapas Subscene
Band 1, 2, 4 Composite (03/03/92 and 04/04/92 composite)
Scene Size: 1024x1024; Pixel Size: 50x50 m
UTM Zone 15; UL: N1809000,E469900; LR: N1757800,E521100
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Figure 4. Chiapas scene, 03 March 1992 and 04 April 1992 composite.

burn area and seemed to be more sensitive than NDVI. The
cloud covered area over the land usually had vi values be-
tween 0.1 to 0.2, These areas should be distinguished from
those vegetation regrowth areas. In addition, scattered clouds
over the reservoir water significantly affected all vegetation
indices.

Discussion

Changes between 1986 and 1975 (Figure 5) were primarily
from loss of vegetation caused by deforestation and/or forest
fires, reservoir construction, and cropping activities. The pos-
itive changes in the difference images were represented by
green colors, the negative changes were represented by red-
dish colors, and areas ol no change were represented by dark
black in the original color composite images. (Again, color
images are produced in black and white here due lo cost

constraints.) All three vi groups clearly identified the land to
reservoir change that occurred between 1975 and 1986,

Both pv1 and Rvi difference images were affected by top-
ographic factors. DVI and RVI difference images estimated
aboul 1.5 percenl and 1.3 percent nel deforestation and loss
of vegetation for the whole scene, According to our visual
and field interpretations of change, these statistics underesti-
mated the actual change from deforestation. The NDvI differ-
ence images located about 6.8 percent net deforestation and
loss of vegetation, and this number was more consistent with
our visual interpretations from images and from the field
evaluations.

Changes between 1992 and 1986 (Figure 6) occurred in
two manners: the overall deforestation and loss of vegetation
in the whole scene, and the vegetation regrowth in previ-

TaBLE 2.  Summary CHANGE STATISTICS

Direclion Negative None Positive i
: Not Major Land-
Change Class Range <0 0 >0 Gain Comments Cover Changes
1975 DVI 39.77 21.93 38.30 1.48 insensitive (1) Deforestation
i RVI 37.13 27.03 35.84 1.27 insensitive (2) Forest —
i686 FFire Scars
s NDVI 38.12 30.52 31.36 —6.76G acceptable (3) Land — Water
1986 DVI 36.11 31.45 32.44 —3.67 inconsistent (1) Deforestation
Change % - RVI 29.59 37.60 32.81 3.22 unacceptable (2) Fire Scars —
1992 NDVI 31.69 36.97 31.34 —0.35 acceptable Vegetation Regrowth
1975 DVI 42.52 21.23 36.25 —6.27 insensitive (1) Deforestation
— RVI 38.74 24.40 36.86 —-1.88 insensitive (2) Land — Water
1992 NDVI 41.77 26.37 31,86 -9.91 acceptable
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1986 And 1975 NDVI Difference Map
Mexico Chiapas Subscene
Scene Size: 1024x1024; Pixel Size: 50x50 m
UTM Zone 15; UL: N1809000,E469900; LR: N1757800,E521100

Figure 6. 1992 and 1986 DvI difference map.

DV Diff, RV Dift. WDV Diff,
Pattern Value Points % Pointa % Points %
IMAGE FILENAME © B6TSNDVI.gis
BCALE = 1:503936 .
;ﬂ -10 - 8 1216 0.12 365, 6.03 2 0.00
. -8 - =7 3906, 0.37 1053 0.10 1333. 0.13
i E -6 - -5 226484, 216 12466 1.19 5727, 0.55
-4 - -3  jp3ae. 9.84 85315, 8.14 40803 2.89
. =2 ==l 2686060 27.28 290059 27.66 351764. 33.55
- 0 999968 21 w3 283445 27.03 320050,  30.52
. 1-2 284913, 27.17 313257 29.87 287971, 27.46
I 3-4 92381 . 8 81 50752 a.8a 32334, 3.08
- S 18063.  1.72 8102,  0.77 6578,  0.63
. Wl a787. 0.48 2884 0.28 1351, 0.13
. 9 - 10 1428 0.14 878. 0.08 663, 0.06
Figure 5. 1986 and 1975 Rvi difference map.
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1992 And 1975 NDVI Difference Map
Mexico Chiapas Subscenc
Scene Size: 1024x1024; Pixel Size: 50x50 m
UTM Zone 15; UL: N1809000,E469900; LR: N1757800,E521100
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ously burned areas. The magnitude and direction of changes
were represented in the same way. All three VI groups were
sensilive lo the cloud cover present in the 1992 composite,
and indicated those areas as negatively changed areas. The
DI differencing map estimaled a 3.7 percent loss in vegeta-
tion and forest, which was not consistent with its estimate
for the 1975 to 1985 changes. The interpreted change in veg-
etation cover from 1975 to 1986 was greater than from 1986
to 1992. The rv1 difference image indicaled a 3.2 percent
gain in vegetation from 1986 to 1992, and this estimate was
unacceptable according to our visual analysis. The loss in
vegetation by NDvI differencing was about 0.4 percent, which
we believe was the most acceptable number from interpreta-
tions of images and field work.

The overall changes between 1992 and 1975 (Figure 7)
were loss of vegetation caused by deforestation, fire, reser-
voir construction, and cropping activities. The magnitude
and direction of changes were represented in the same way
in the difference images. All three vi groups were sensitive
to the cloud cover present in the 1992 composite, and indi-
cated those areas as having experienced negative change.
The land-to-reservoir change was identified hy all three vi
groups. The positive “greenish" colored changes were
mainly in the southern part of the scene whereas the nega-
tive “reddish™ colored changes were mainly concentrated on
the northeastern part of the scene. The DV1 and rvI difference
images provided smaller quantilies (6.3 and 1.9 percent, re-
spectively) for estimating the loss of vegetation, which poten-
tially underestimated the vegelalion change that had occurred
in the last two decades, The NDVI difference image provided
a 9.9 percent loss in vegetation, which was more consistenl
with our visual interpretations, and estimates from local
Mexican experts and from field work.
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Figure 7. 1992 and 1975 npvi difference map.

Conclusions
The change in the study area between 1975 and 1986 was
dominated by deforestation and loss of vegetation resulting
from fires, reservoir construction, and cropping activities.
From 1986 to 1992, the change was dominated by general
loss of vegetation and vegetation regrowth in the previous
fire burned areas. Resulls [rom NDVI indicaled that this re-
gion had experienced consistent change in vegetation and
deforeslation, with an overall rate of change in vegelalion
land covers of about 10 percent from 1975 to 1992, An inter-
esting trend was that the net rate of change in this region
dropped from more than six percent for the 1975 to 1986 pe-
riod to less than one percent for the 1986 to 1992 period.
Several conclusions stemmed from using different vege-
tation index groups:
® [n the study area, NDVI usually had a normal distribution
histogram. RVI usually had a highly skewed, exponential-like
histogram distribution, pvi usually had a multiple peak,
mixed histogram distribution.
® All three vi groups were found to clearly distinguish land
surfaces, water surfaces, and cloud covers. Therefore, these
algorithms can identify changes among these land-cover and
cloud types.
e Dvi did not provide consistent change stalistics for the
change detections conducted in the two successive periods.
RVl did not provide acceptable change statistics for the slower
rate of vegetation change processes that occurred between
1986 and 1992. Both DvI and RVI were more affected by topo-
graphic factors than NDvI and, therefore, potentially produced
less useful results than the NDVI method in this study area.
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