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Abstract
The capability to sutomaticqlly detect vegetation changes
using multitemporal remotely sensed image data is of up'
most importance to many global-change research ptojects. A
procedure to automatically map vegetation changes within'arid 

and semi-arid regions of the southwestern United States
is presented. Multitemporul Landsat Multispectral Scanner
1vss1 images were the primary data source, but some prclim-
inary work was also done using same-date VisibleJnftared
Sprn-Scon Radiometer (wsst) data for comparison with the
ttzss resu/ts. The change-detection procedure includes multi'
temporal image calibration using a hybrid method that we
dev'eloped for the proiect; the hybrid calibration allows a ra'
diomeiric calibration to be applied to historical data by
using field-radiance information rather than a modeling pro-
cedire. The results indicate that a calibrcted visible band is
morc sensitive than the widely used Normalized Dffircnce
Vegetation Index (NovI) in detectingvegetation chonges in
the arid and semi-arid environments of the southwestetn
[Jnited States. Changes werc detected in the desert enuircn-
ment, wherc the vegetation density is relatively low, with
both Landsat MSS and GoEs vIssn images. Some changes de-
tected by the automatic procedure were confitmed in the

field during two of the Landsat overpasses. The-changes cor-'responded 
mostly to the blooming of ephemeral or annual

vegetation.

lntroduction
Digital images obtained through multitemporal satellite re-
mote sensors have been successfully used to map land-cover
changes from year to year and season to season [g.S., S]tt-
pard, 1964; Robinove et aI., \g17i Jensen and Toll, 1982;
Fung, 1990). Muititemporal satellite image data have recently
become even more important due to their use in research
dealing with global change - change occurring both on_the
surface of the Earth (in its vegetation, land use, etc.) and in
its atmosphere. Information about change is used to create
models of past and possible future conditions. In this study
we are using automatic change-detection techniques and
multitemporal image data to correlate vegetation changes
with the effects of dust storms. We discussed the detection of
dust storms in deserts using images from the NOAA Ad-
vanced Very High Resolution Radiometer (AVHRR) and Geos-
tationary Operational Environment Satellite (coes) Visible-
Infrared Spin-Scan Radiometer [vlSSR) systems in a previous

paper (MacKinnon and Chavez, 1993)' The purpose of this
baber is to present the automatic change detection proce'
dure, including calibration, and to discuss some of the vege-
tation change results seen in our study site'

Earih scientists are concerned about dust storms because
the storms may indicate that the climate has induced, per-
haps irreversi6le, desertification processes in the source
areas of the dust. The most critical results of these storms are
the suspension and blowing away as dust of the finest
srained soil nutrients, those most capable of assimilation by
iatural and cultivated plants. Although these nutrients fall
mainly into the oceans and can locally-nourish oceanic eco-
systems, they are permanently removed from land-based eco-
systems. The dusf also locally degrades air quality and

"h"ttg.t 
the Iocal and global radiation balance, which may

eventually trigger other negative climatic effects (Pewe' 1981;
ucAR, 1ee1l.

Vegetative cover is the single most effective shield
againstlemoval of very small grains of soil by the wind'
C-onsequently, a sensitive method for the detection o-f vegeta-
tive chinge is essential for determining when-the effects of
climatic Jh".tg. have substantially degraded these soils. This
is one of the iain purpose of doing a study such as ours and
whv change detectionls so important' The desert areas that
*e a.e preiently studying are typicai of much larger expan-
ses in the western United States where evidence of cata-
strophic episodes of climatically induced vege.tative changes
and'subsequent dust storms has been reported (McCauley el
ol., tgBl; GiUette and Hanson, 1989). Because the wind pro-
tection offered by vegetation is extremely sensitive to very
minor changes in the percentage of cover (Raupach et al., ,,
1993), an eJsential pait of our project involves automatically
detecting and mapping these subtle changes, esp-ecially over
previously defined'dust-source areas' In our study we have
irsed mosily multitemporal Landsat Multispectral Scanner
(tvtss) imagL data to automatically detect and study the
changes iri natural vegetation. However, we have done some
preliminary work comparing the-changes seen in MSS images
*ith .h..tg.t seen on the sime-date GOES vlSSRimages. The
objective of this paper is to present the change-detection pro-
cedure and some of the vegetation change results generated
using remotely sensed multitemporal images. The procedure
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includes multitemporal image calibration by a hybrid
method developed by merging absolute and relative calibra-
tion techniques.

Characteristics of lhe Data and Test Site
The study area is in the southwestern United States, and
Landsat MSS images collected on 4 April 7992,7 ]uly 1992,
24 February 1981, and 26 February 1984, and coEs VISSR
data collected on 4 April 1992 and 1 luly 1992 were used.
The Landsat MSS images have an approximate spatial resolu-
tion of 75 m; the vISSR images have an approximate resolu-
tion of 1 km at nadir, similar to A\,TIRR, and cover a much
wider swath than the MsS images. However, the view angle
geometry of vlssR images is similar to that of Landsat MSS
images rather than A\,'IIRR images because of the much higher
altitude of the coES satellite. The standard false-color com-
posites of the four Landsat MSS images are shown in Plate 1.
These images have been geometrically and radiometrically
calibrated/slaved onto a master image, and the same contrast
stretch was applied to all four for visual display. Because of
the radiometric calibration, the brightnesses and colors of the
images have the same spectral reflectances if they have the
same DN values.

For Yuma, Arizona, which is in the lower part of our
study site, the average total yearly precipitation recorded at
the National Weather Service station is 63.5 mm. However,
in 1992, precipitation for February and March alone was 85.3
mm. Only 10 mm fell in April and May and then nothing
through the end of July, Therefore, the 4 April and 1 fuly
1992 images, respectively, depict the relative surface bright-
ness due to growth of ephemerals at near-peak vigor at the
end of the wet season and at complete senescence at the end
of the dry season (Plate 2J.

The Landsat Mss images of 24 February 1981 and 26
February 1984 (Plate 1) were acquired, respectively, follow-
ing extremely dry and extremely wet (EI Nino) periods span-
ning much more time than the three months displayed by
the 1992 images. From May 1980 through October 1982, the
region experienced a severe drought, when only 108,8 mm of
precipitation fell in Yuma. The driest portion of that drought
was May 1980 through January 1982, when only 3B.B mm of
precipitation fell, From November 1982 through lanuary
1983, a total of 84.6 mm of precipitation fell. During the rest
of 1983, another 100 mm of precipitation fell. The 1982-83 EI
Nino was considered the strongest since records were first
kept 100 years ago (MacKinnon ef a,1., 1990). Ground photo-
graphs taken on L4 January 19S4 by these authors confirm
that the Mss image acquired on 26 February 1984 shows
parts of the desert within our imase area with a dramatic
6loom in vegetation compared witlh vegetation imaged on 24
February 1981 when the dry-year Landsat MSS image was ac-
quired.

Besides the satellite images, some photographs were
taken on field trips during the 4 April (wet season) and 1
July 1992 (dry seasonl, Landsat MSS overflights and ten days
prior to the + April overflight (Plate 2). These photographs
show the amount of vegetation present in the desert when
the image data were recorded, During these field trips,
ground-radiance measurements over a bright and dark site
were collected for use in the absolute calibration procedure
and for checking the accuracy of the calibration models. Exo-
tech model 100-AX radiometers with spectral filters corre-
sponding to the four Landsat vss bands were used to collect
about 400 ground-radiance readings at each site; these values
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were used to compute the ground reflectances at these two
sites during the satellite overflights.l

The dominant perennial vegetation species over most of
the image area, including East Mesa, are the creosote and
white bursage bushes and the big galleta grass (MacKinnon el
a1., 1990). The many ephemeral (annual) species (grasses and
various plants) are responsible for most of the seasonal bio-
mass changes. Ground photographs and field observations
indicate that vegetation in the East Mesa study area was pri-
marily composed of creosote bushes with an areal coverage
of 4 to 7 percent, which is generally too small to reduce
wind erosion. The creosote bushes showed little or no
change in areal coverage during our seasonal studies, al-
though their crowns became some what denser during the
spring when sufficient moisture was present. The ephemer-
als, on the other hand, showed great seasonal and precipita-
tion-induced changes. The creosote bushes and other
perennial species grow on both good and poor soils and
rocky areas and are relatively insensitive to short-term
changes in precipitation. As is shown later, the areas of poor
rocky soil undergo little or no change in vegetation as de-
tected by the satellite images. This may be due to the fact
that ephemerals typically do not grow abundantly in poor
soil, even if precipitation is above average.

Methods
An important step in the comparison of multitemporal re-
motely sensed images is geometric and radiometric calibra-
tion. In general, geometric calibration is more straightforward
than radiometric calibration. In this project, image-to-image
control points were used to map/slave geometrically all of
the Landsat MSS data to the MSS imase of 26 Februarv 1984
(the master). The 1984 dataset *.r oir of the first uied in
the project; it was selected as the geometric master at the be-
ginning of the project, because it represents the cumulative
effects of the 1983-84 El Nino. Data from most of the other
years were compared with this dataset. In most cases, about
15 to 25 image control points were sufficient to give the de-
sired geometric registration accuracy of one pixel (picture
elementl.

Radiometric calibration is often more difficult than geo-
metric calibration because of atmospheric effects and radio-
metric errors within the imaging system. There are various
methods to calibrate radiometrically a digital image, depend-
ing on the information available about the sensor, atmo-
sphere, and ground truth for the date of image acquisition
(Barker, 1983; Slater, 1987; Price, 1987; Chavez, 1989; Teil let
et 01., 1990). Without radiometric calibration, it can be more
difficult to quantify and interpret changes on multitemporal
images. However, many changes can be detected without ap-
plying a radiometric calibration, but, to identify automati-
cally what the detected changes are, even in a general sense,
calibration becomes crit ical. Depending on the appiication,
the required calibration may be either absolute, where a digi-
tal number (oN) is converted to a ground reflectance, or rela-
tive, where the same DN in both images represents the same
reflectance, regardless of what that reflectance value may be
on the ground, In this project, both absolute and relative cal-
ibrations were used to develop a hybrid procedure to cali-

lAny use of trade or firm names in this publication is for descriptive
purposes only and does not imply endorsement by the U.S. Govern-
ment.



brate the historical satellite-image data. However, for
comparison, the uncalibrated data were also used as input to
a change-detection procedure that automatically applies a
first-order, relative image-to-image calibration by removing
most image-wide, low-frequency differences between the two
input images.

Generally, absolute calibration is achieved by using
either (1) a model that converts the DN values in an image to
a ground-reflectance value or (2) ground-reflectance measure-
ments collected during the satellite overpass and applying a
brute-force matching procedure. The results indicate that rel-
ative image-to-image calibration can be used if either the per-
centage of total pixels whose DNs have changed in the image
is small relative to the entire image, or if the overall reflec-
tance distribution and dynamic range remain rather constant
except for image-wide, Iow-frequency differences. Both of
these conditions often exist in arid and semi-arid environ-
ments when an entire scene is used. Acceotable relative im-
age-to-image calibration results were geneiated using not
only a full scene but also only subareas within the scene.
These subareas have relatively few changes, and not only is
the DN range large, but the overall brightness distribution is
quite stable.

The relative image-to-image radiometric calibration
method uses a histogram-matching procedure. Histograms of
the DNs within the two multitemporal images, master and
slave, are computed for either the entire image or a subarea
that has been selected based on either visual analvsis and/or
field knowledge about the area. The histograms of the master
and slave images are used to identify the DN values of prese-
Iected cumulative percentage points. In this study the 1, 10,
20,  30,40,  50,  60,  70,80,  90,  and gg percentage points were
used. The percentage sampling interval can be important, be-
cause i.f it is too small, such as every one or two percent,
then the actual matching procedure can di.stort or remove
some of the high-frequency differences caused by actual
changes on the ground. The lower resolution sampling al-
Iows matching of the overall image brightness distribution,
but not of the more Iocal higher frequency changes within
the brightness range of the histograms. Once these DN loca-
tions are found within histograms of both the master and
slave images, a histogram-matching transformation is applied
to the slave image so that its histogram will have the same
characteristics as the master at the selected sampling interval
(i.e., the same cumulative percentages occur at the same
nus). Again, in this procedure we assume that the master
and slave images have the same dynamic range and oN-dis-
tribution characteristics at the given sampling intervals; we
can make this assumption because the DN values of a large
majority of the pixels have not changed, and, even with
brightness changes on the ground, the overall brightness dis-
tribution of the entire image area remains rather stable.

Usually, in arid and semi-arid environments, the number
of pixels whose DNs change significantly is statistically so
small that it does not influence the overall dynamic range
and distribution characteristics of the entire image or subarea
being used. We tested the different datasets being used to see
how robust these procedures and assumptions would be for
the multitemporal pairs. In the tests, we used not only areas
that changed very little between acquisitions of the two im-
ages, but also included agricultural areas where many
changes did occur. For these data, even with the agricultural
areas where crop rotation and growth did include substantial
changes, the histogram-matching function changed very littie
(usually by one oN or less). The main reason for this is that,
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even though the DN values of some pixels were changing
within the image, the overall dynamic range and distribution
of the reflectances stayed rather stable, therefore affecting the
histogram-matching results very little. It is important to note
that two-dimensional histogram-matching is not being done;
instead, the procedure is to apply a one-dimensional histo-
gram-matching of the two images. Our assumptions will not
always be valid in all environments, so this procedure must
be used carefully. However, a scene-to-scene radiometric nor-
malization technique that also uses "approximately constant
reflectivities for the viewing conditions" has been employed to
look at land-use changes in non-arid environments (Schott et
al., 79sB). These authors concluded that changes in reflec-
tance of more than one percent could be correctly detected.

At times, absolute calibration is preferred, and it is re-
quired for the part of our project that will need physical
units to compute dust volumes from changes in optical
thickness. Absolute calibration can also be critical when
working with data covering more than two dates and/or data
collected by different sensors. Because of these requirements,
we developed a hybrid procedure that allows an absolute
calibration to be applied to historical multitemporal data by
using radiance data collected in the field rather than by
using a modeling procedure. The hybrid is made by merging
the brute-force, absolute-calibration method that uses ground
radiances collected during a recent satellite overpass and the
relative image-to-image histogram-matching calibration pro-
cedures. In the hybrid procedure, ground-radiance measure-
ments, collected in the field over dark and bright targets
during the 1992 Landsat Mss overpass, were used to apply
an absolute calibration (using the brute-force matching pro-
cedure) to the Landsat MSS data collected during the over-
passes; these data become the radiometric master. We used
the relative image-to-image histogram-matching calibration
procedure in which an absolute calibration is applied to the
historical Landsat MSS slave image (i.e,, it maps the slave im-
age onto the absolute radiometrically calibrated master). This
method was used instead of a modeling procedure because of
errors that can be present in models due to (1) insufficient
atmospheric information for the dates of the historical data
being used, and (2), even if atmospheric information is avaii-
able, the model may not be correct because other errors are
sti l l  present. These two problems can be avoided by using
the hybrid method, realizing that the two assumptions will
not always be valid in all environments. This procedure al-
Iows us to apply an absolute calibration to historical or new
images using radiance data collected in the field on a date
that corresponds to the date of the image being used as the
radiometric master. The procedure is useful, because most
multitemporal studies use images collected before the studies
are oegun,

Calibration is often critical but can be difficult to apply.
Fortunately, there is a change-detection procedure that can
be used with uncalibrated data, because it automatically ap-
plies a first-order, relative image-to-image calibration.
Gunther (1982) and, Iater, Chavez and Kwarteng (1989)
showed that principal component analysis (eca) can be used
to map information that is unique between two images. The
procedure called selective PcA was used to map the spectral
contrast between Landsat Thematic Mapper bands (Chavez
and Kwarteng, 1989). In other previous studies, change-de-
tection has been done by using (1) image difference, (2) ratio-
ing of the image data collected at two different times, or (3) a
post-classification difference (Chavez ef o/., 1977; Singh,
19s91. Artifacts can result from the imaee difference or ratio-
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Plate 1. False-color composites of four Landsat Mss images used in the study, made by using MsS bands 4, 5, and 7 in the
blue, green, and red color filters, respectively, Acquisition dates are 4 April 1992 (upper left), 1 July 1992 (upper right), 24
Februiry 1981 (lower left), and 26 February 1984 (lower right). The images have been geometrically and radiometically cali-
brated to the master Landsat MSs image; for visual display and comparison, the same contrast stretch has been applied to all
four. The Gila River is at the bottom of the images and joins the Colorado River in the lower left. Also in the lower left is the
bright area of the Algodones Dune Field, about 25 km west of Yuma. North at top; images about 185 km on a side.

ing procedures if image-wide, low-frequency differences are
present in the data, such as atmospheric effects (i.e', if the
data have not been calibrated). With post-classification dif-
ferencing, the results can have errors due to errors in the ac-
tual classification. In this project, good results were obtained
with the simple image difference, because both the relative
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and the hybrid image-to-image histogram-matching calibra-
tion procedures removed the image-wide, low-frequency dif-
ferences, However, good change-detection results were also
generated from uncalibrated data by the selective PCA proce-
dure developed by Chavez to map spectral contrast or differ-
ences in Landsat Thematic Mapper (ru) data. The procedure
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20 March 1992 t July 1992

4 Aoril t992 1 July 1992

4 April 1992 l July 1992

20 March 1992 l July 1992

Plate 2. Vegetation cover at four locations at approximate time of Landsat and coES over-
passes of 4 April 1992 and 1, July !992. Photographs on the left taken 4 April and 20 March
(as noted), duringthewetseason. Photographs on the righttaken 1 July 1992 duringthe dry
season, Photograph locations within the Landsat Mss image are shown in Figure 4a.
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isolates information that is unique to either of the input da-
tasets (Chavez and Kwarteng, 1989). This is done by using
only two images/bands as input rather than all bands, as is
the case with standard pca. This maps the information that
is unique to each of the two images/bands to a single compo-
nent (i.e., spectral contrast if two bands taken at the same
time are used as input, and temporal contrast if the same
bands taken at different times are used as input). Using se-
lective PcA with only two single-band images as input at aly
given time makes th-e interpreiation easier and more straight-
Iorward, because the information that is common to both im-
ages will be mapped to the first component, and information
tiat is unique to either image will be mapped to the second
component {Chavez and Kwarteng, 1989). One of the major
benefits of using only two bands as input to PCA is that the
procedure will iutomatically eliminate most image-wide,
iow-frequency differences between the two images (i.e., it au-
tomaticilly does a first-order, relative image-to-image calibra-
tion). Thii calibration occurs because the multiplicative and
additive coefficients computed for the eigen vectors to trans-
late (rotate and scale) the image data into the new coordinate
system remove most of the major low-frequency_ difference
b-etween the two images. A Iarge percentage of the image-
wide, Iow-frequency difference between two multitemporal
images will be due to atmospheric and sensor calibration dif-
ferences. However, because other relatively low frequencies
can affect the rotation, it is possible that an optimal image-
to-image relative calibration will not be applied.

If the data have been calibrated, a simple difference of
the two images involved will generate results as good as or
better than those generated by the selective PCA procedure,
because the image-wide low frequencies will be remov-ed by
the caiibration piocedure (e.g., matching of the image histo-
grams). If the images have not been calibrated, low-frequency
differences will be present in the simple difference results,
which oresents a pioblem if more than two dates are used in
the muititemporaianalysis, as is the case in this project. For
applications iequiring absolute calibration, the simple differ-
enie with the hybrid calibration procedure is the preferred
method. However, if calibration is not applied, then selective
PCA is preferred to simple difference.

Discussion
Most of the foregoing has dealt with the methods used to de-
tect changes in remotely sensed data. However, just as im-
portant are the image data that are used as input to the
ihange-detection procedure (i.e., if the information of inter-
est iJnot contained in the data being analyzed, the change-
detection procedure is irrelevant). Of course, the data to be
used as input for change detection should be dependent on
the type of changes that is of interest, In our case, as inmany
globil-change reiearch projects that use remotely sensed-im-
iges, the changes of interest are changes in vegetation. The
niost widely uied data product in studying vegetation with
remotely sensed images is the Normalized Difference Vegeta-
tion Index (NDVI). Studies using the NDVI and other vegeta-
tion indexes are varied and include those involved with
local, regional, and global mapping (Townshend-and |ustice,
1986; Clioudhury and Tucker, 1987; Jackson and Huete'
1991;  Iust ice et  a l . ,79g'L i  Tucker  ef  o1. ,  1991).

In this study, a calibrated visible band was better than
the NDVI image ior detecting vegetation changes in this arid
to semi-arid environment (the red spectral band was the best'
but the green band also generated similar results)' Previous
researchers who have worked with the visible and near-in-
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frared spectral bands in their analyses have reported similar
findingJ. In an analysis of range conditions in the Kalahari
Deseriof Botswana, Ringrose and Matheson (1991) found
that, for low and medium vegetation densities, the red band
(MSS 5) gives the best results for mapping green leaf cover.
They found that vegetation indexes do not predict green leaf
cover in areas of low and medium vegetation densities; how-
ever, both the red band and vegetation indexes do predict
the leaf cover in high vegetation-density areas. AIso, in a
separate study to map sparsely vegetated rangelands, only -
the red band luss s) wa1 used to generate maps showing the
percentage of vegetation cover (Graetz ef ol,, 19BB). Perhaps
one reason why the calibrated red band is better than the
NDM for detecting vegetation changes in arid and semi-arid
environments is that the soils supporting most of the vegeta-
tion (grasses) have a relatively high reflectance in both the
visible and near-infrared spectral bands. Therefore, the NDVI
values will not change much, because the near-infrared re-
flectance for the soils is high, and when vegetation, which
also has a high near-infrared reflectance, does grow, the
change in brightness of the near-infrared band will be mini-
mal (i,e., the near-infrared reflectance of a ground resolution
cell/pixel will be high whether it is covered by bright soils or
by vegetation). However, in the visible spectral bands, vege-
tition has a much Iower spectral reflectance than it does in
the near-infrared band. Therefore, it has a high spectral con-
trast with the bright soils in the visible part of the spectrum'
Because the reflectance of vegetation in the visible/red spec-
tral band is lower than that of the bright soils, the brightness
or DN value of a pixel changes more in the red band than in
the near-infrared band as vegetation covers of progressively
higher densities are imaged. This observation is similar to
that seen in an assessment of the conditions of mesquite and
grass vegetation by McDaniel and Haas (1982). They found
that the near-infrared bands (lrass 6 and z) did not vary as
much seasonally as the visible bands (vss + and s)' This,
combined rvith the fact that the ratioing process required to
compute most vegetation indexes enhances random and un-
correlated noise, indicate that an individual red spectral
band can be more efficient than vegetation indexes in detect-
ing vegetation changes in arid and semi-arid environments.

Results
Our results were generated from three different pairs of mul-
titemporal satellite images. The three pairs show vegetation
changes in the same desert area in the southwestern United
States.

Landsat MSS lmages Acquired on 4 April 1992 and 1 luly 1992
Ground radiances were measured in the field during these
overpasses, both to use in absolute calibration and to provide
ground truth about the extent of the vegetation cover. As de-
scribed earlier, this pair of images shows conditions during a
very wet season and the following dry season. On these two
dates and on one in mid-March, we observed the vegetation
growth cycle at selected sites within the image area. The
photographs that we took to show the extent of the vegeta-
lion cover at several Iocations within the southwest quadrant
of the full MSs scenes are shown in Plate 2. Note that the
areas where the ground photographs were taken show very
Iittle red in the color-infrared composites shown in Plate 1,
indicating that very little vegetation existed at these loca-
tions. The calibrated MSS band-s images are shown in Figure
1 and the change image of Figure 2 clearly shows changes in
different areas within the full scene, including the lower left
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Figure 1. Full-scene, calibrated Landsat MSs band 5 (red spectral band) image acquired on 4 April 1992 (a) and 1 July 1992
(b). They have been geometrically and radiometrically calibrated so that the same DN represents the same ground reflectance.
For comparison, the same contrast stretch has been applied to each image. EM, East Mesa; AD, Algodones Dunes; YU, Yuma;
GR, Gila River; CR, Colorado River; FL, Ford Dry Lake; BL, Blythe; and QS, Quartzsite.

quadrant of the image, where the ground photographs were
taken. Note that changes in the heavily vegetated agricultural
areas are also readilv detected bv the chanee-detection proce-

Figure 2. Change image generated from the images shown
in Figure 1 by a simple difference procedure. The dark
areas had more actively growing vegetation in April than in
.July. The bright areas had more vegetation in July than in
April. This figure shows changes that occur within the
same year between a wet (sprind and dry (summer) sea-
son.

areas are also readily
dure that used the calibrated Landsat MSS

by the change-detection proce-
andsat MSS band 5 data. This

implies that perhaps the use of the red band (vss s) with the
given change-detection procedure may also be useful in
highly vegetated areas.

To emphasize the relatively low density of vegetation in
this area, as shown by the absence of red in the color com-
posite in Plate 1, the IltovI images for this subarea are shown
in Figure 3. Note their absence of detail as compared with
the calibrated MSS band 5 data (Figure 4). As shown in Fig-
ure 5, the calibrated uss band 5 change image shows more
vegetation changes than the Novt data. The ground photo-
graphs (Plate 2) indicate that vegetation changes did indeed
occur from April to July of 1992 in this area of low vegeta-
tion density. The field of cultivated jojoba shrubs (large
bright rectangle) exemplifies the increase in vegetation. (At
this scale, we can see that in the Algodones Dune Field some
of the effect of shadow-length differences between the April
and July images are being detected.)

Landsat MSS lmages Acquired on 24 February 1981 and 26 February
1984
The 1981 data represent a dry year; the 1984 data, a wet year
(El Nino began in December 1982 and continued through
lanuary 19BaJ. Both images of Figure 6 were obtained at the
beginning of the season of natural vegetation growth in early
Spring, and thus they may not show the full growth achieved
during their respective seasons. Because these data were col-
lected well before the start of this project, as is often the case
in multitemporal studies, the hybrid calibration method was
used. The change image generated from these two radiometr-
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Flgure 3. Landsat MSS NDVI images for the subarea shown in Figure 4. (a) lmage acquired 4
luly !992. Both images were generated from the calibrated Landsat N4ss data. The most dr
cover can be seen in the agricultural areas in the lower right portion of the images, but few
locations of the ground photographs in Plate 2 (see locations given in Figure 4).

ical ly cal ibrated images is shorvn in Figure 7. As in the pre-
vious example, a simple dif ferencing procedure rvas used,
because the data rvere cal ibrated by the hybrid procedure.
Note that some of the locations of vegetation change are the
same as those shown in Figure 5a. Horvever, several loca-
t ions do not show the vegetation changes seen in the 1992
data, including the East Mesa site west of thc Algodones
Dunes. Possible reasons for this dif ference are the varied spa-
tial distribution of rainfall between the four dates of image
acquisit ion and the dif ference betrveen vegetation in late
February (early part of the n'et season) and early Apri l  ( latter
part of the rvet season). Field information and ground photo-
graphs during these satel l i te overpasses are not avai lable for
comparison. Horvevcr, photographs were taken earlier

fNlacKinnon et 01,, 1990] at a nearby location shown in the
lower center of the images (E in Figure 6a). These photo-
graphs show that the vegetation cover in 1984 was more ex-
tens ive  than in  1981.

GOES VISSR lmages Acquired on 4 Apri l  1992 and 1 July 1992
Bccause dust storms can be detected with GOES vISSR images

fMacKinnon and Chavez, 1993), and because, as shown here,
the visible/red band is a better tool than the NDVI for detect-
ing vegetation changes in the desert, rve wcre curious to find
out i f  vegetation changes could be detected by using GOES
vISSR images. The GOES VISSR images that we used (Figure B)
n'cre acquired on thc sarne dates as the images used in the
first Landsat lr ' fSS comparison, rvhen r 've \\rere in the f ield col-
le r : t ins  s rornd- rad iance in fo rmat ion .  l ' h is  a l lo r .ved  us  to
compare al l  three datasets. T1'pical l l ' ,  in regional and global
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vegetation mapping projecis, AVHRR data are used. One of
the advantases of the A\tIRR data is that, unl ike the VISSR,
the AVHRR data hat 'e the near-infrare d spectral band to com-
pute the NDVI. However, in our'"vork this rvas not a problem,
bccause a cal ibratcd visible/red band is better than the NDVI
for detecting vegetation changes. A second disadvantage of
the VISSR images is that their radiometric qual i ty is relat ively
poor; they have a lorver radiometric range, less sensit ivi ty,
and a lower signal-to-noise rat io than AVIIRR images. How-
ever, a major advantage of the vISSR data over the A\,TIRR is
that they do not have the radiometric and geometric prob-
lems caused by the large-vie'"r'-angle geometry of the nr,ttzul
system. The VISSR vierv-angle characterist ics are similar to
those of Landsat because of i ts much higher alt i tude (approx-
imately 35,800 km compared with 860 km for n\TIRR). An-
other advantage of vtSSR over AVHRR is that its temporal
frequency/coverage is better.

The fact that a GOES VISSR image is acquired every 30
minutes can be used to help solve thc problem of i ts lorver
radiometric dynamic range and relat ively poor radiometric
quali ty, lVe solved this problem b1, digital ly registering and
merging VISSR images taken with a relati.vely higher temporal
frequency (hours/days) than the temporal frequency (months/
ycars) of the imagc data being used to detect changes. We
then generated a radiometrical ly improvecl vISSR image by
summing the digital ly registered and merged images. (The
average rather than the sum can be rrsed i f  one rt 'ants the
d a t a  r a n g e  t o  s t a v  r v i l h i n  t h e  B - b i t  r a n g c  o f  0  t o  2 5 5 . 1  T h c
v tSSR inages  r rscd  to  gencra te  the  sum image can be  co l -
l cc ted  e i ther  on  thc  same day  or  a t  thc  same t ime o f  day
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Figure 4. Southwestern portions of Figures 1a and 1b, respectively (April (left) and July (rig6q calibrated Landsat Mss band 5
Ojia). tmages are enlarded to show the Algodones Dunes in greater detail. The locations of the ground photographs sho\iln in
plate 2 are indicated in Figure 4a. The dart< tine nearthe bottom of the images is the All-American Canal. Many of the differ-
ences between the imageJ are related to vegetation gfowth along the drainages and in flat open areas where fine-grained sedi'
ments had been deposited.

within a few days of one another, Of course, the images must
be geometrically registered to one another, but with the nar-
row Landsat-type viewing angles, this is not a maior prob-
lem. In our study, morning and afternoon VISSR images for 4
April and 1 fuly 1992 were added to create the two ussR
sum images to use as input to the change-dbtection proce-
dure. Because these dates are the same as the dates of acqui-
sition of the Landsat MSS images and of our ground
radiances and photographs, both the Landsat MSS and
ground information served as ground truth for the results
generated from the coES vIsSR images. Ideally, to improve
the signal-to-noise ratio further, more images that are tempo-
rally very close to one another would be used to create the
coES vlssR sum images (e.g., all the 9:30 AM GoES vlssR im-
ages for the first week in April versus all the 9:30 au images
for the first week in |uly). The user may want to consider
working with the B:30 av or earlier images in July to keep
the sun-elevation angles about the same. However, applica-
tion of either the hybrid or the relative image-to-image cali-
bration procedure will minimize the need for this type of
temporal shift, The following sequence was used to generate
the change image from GOES VISSR data:

o Geometrically registering the vISSR sub images to the spatially
compressed and radiometrically calibrated Landsat MSS im-
a8e9.

r Cieating the vtssR sum./average images by using the av and
nu pairs for April and July. (A full week-long set of images
will be used in the future,)

o Appling the hybrid image-to-image radiometric calibration to
the cors vIsSR sum images by using the compressed cali-
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brated Landsat MSS imaqes as the radiometric masters, (Note
that this step is not reqrlired if only change detection is de-
sired, because the Pcz of the selective PcA between the two
images would generate a visually similar change -lmage')

o Using simple differencing to generate the 'r'IssR-change image
between the calibrated sum images of April and July.

o Appling a small, 5- by s-pixel smoothing filter to the result-
ing-chaige image to impiove the signal-to-noise ratio further.
This step may not be needed if more vlssR images are.used to
generate the sum images, that is, to Senerate the sum image
5y using five or seven-days of images rather than just two im-
ages for one day.

Because the GOES vISSR sum images were radiometrically
calibrated to the resampled, coarser resolution, Landsat MSS
images that were radiometrically calibrated and acquired on
the lame date, the same amount of DN change in the GOES
vtSSR data will represent close to the same amount of change
in the Landsat uss data. The changes are approximate be-
cause there will be small errors in the absolute reflectance
sense; these errors will arise because the spectral wave-
Iengths for the visible bands being used are not identical on
the cOrs VISSR and Landsat MsS systems. (The visible GOES
VISSR band covers the 0.55- to 0.70-micrometre spectral win-
dow; the Landsat vss red spectral band covers the 0.60- to
0.70-micrometre window). fo get a better spectral window
match, the Landsat t'lSS bands e and 5 can be used to Eener-
ate a weighted sum band that simulates the vISSR spectral
window more accurately. The calibrated GoEs vlssR images
generated from the surnimages for 4 April and l July 1992,
respectively, are shown in Figures Ba and Bb'
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Figure 5. Change images. (a) lmage generated from those shown in Figure 4 (calibrated Landsat MSS band 5). (b) lmage gener-
ated from those shown in Figure 3 (Landsat tr,lss NDVD. In both images, dark areas had more actively growing vegetation in April
than in July. Bright areas had more vegetation in July than in April; an example is the field of jojoba shrubs shown as the large
bright rectange. Note both the larger number and the larger amplitude of changes detected by the calibrated Landsat Mss band
5 than by the NDV| product.

The change images generated from the GOES rnSSR and
compressed Landsat MSS data are shown in Figure 9. Geuer-
ally, the correlation is good between the patterns in the two
change images; some of the differences that do exist are due
to the difference in spatial resolution between the two origi-
nal datasets. For example, the differences seen by the Land-
sat MSS in agricultural fields may not be seen as well in the
GOES VISSR data, because the radiometric changes are occur-
ring on a relatively high spatial frequency on the ground;
this can cause positive and negative changes to average each
other out in the lower resolution pixel of the cors vrssR
data. Because most of the natural vegetation changes result
from the growth cycle of ephemerals, which generally cover
a relatively large area, these changes have a lower frequency
spatial pattern than do changes in agricultural areas. Note
that a first-order, cloud-removal technique can be used dur-
ing the summing of the images to improve the resultant im-
age. (The cloud-removal technique would eliminate pixels
whose DN values differ from the medium or cloud-free DN
values by a selected threshold).

Summary
We have detected changes in natural vegetation in the arid to
semi-arid desert of the southwestern United States using
Landsat MSS and coEs vISSR multitemporal images. Calibra-
tion is very important if automatic identification of the
changes is desired, and if more than two dates will be com-
pared. However, the use of selective PcA on uncalibrated im-
ages will allow the automatic detection of changes. Our
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hybrid method allows us to apply an absolute calibration to
historical data by using recent field information rather than a
modeling procedure. In this study, the calibrated red spectral
band was found to be a better dataset to detect changes in
arid and semi-arid environments than the widely used I.rDvI.
This implies that groups who are generating regional and
global databases from remotely sensed images, such as from
AVHRR, for use in global-change research should make sure
that the visible bands, the red band in particular, are in-
cluded as part of their data bases along with the ltovt.

Some of the detected changes occurred in areas where
the standard Landsat USS false-color composite and the MSS
ND'r'I indicated that the vegetation density was relatively low.
However, our field studies made at the time of two of the
Landsat MSS and GOES VISSR overpasses show that vegetation
was indeed present (Plate 2) and that vegetation changes in
areas with relatively low vegetation density can be detected.
Note that by mapping areas where natural vegetation does
fluctuate, our procedure is also indirectly mapping areas of
soils that will support vegetation if rainfall is sufficient. The
procedure also generates information that may be useful to
identify soils vulnerable to wind erosion and desertification,
as well as information on possible grazing locations. By
showing that the red/visible band can be used to detect vege-
tation changes, and by using the sum of several same-date or
same-time-of-day COES VISSR images to generate a GOES WSSR
image with improved radiometric signal-to-noise, we have
demonstrated that these readilv available data can be used
for some regional and global niapping applications, These
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Figure 6. Full-scene calibrated Landsat MsS band 5 images that cover the same area shown in Figure 1 but acquired earlier. (a)
lmlge acquired24February 1981. (b) lmage acquired 26 February 1984. lmage (a)was calibrated to the master (image b).
The same stretch was applied to both images as was given the image acquired on l July 1992 (Figure 1b), so that changes
could be noted between (a) and (b) of Figure 6, between (a) and (b) of Figure 1, or between any pair of the four images' The
letter E in Figure 6a identifles the approximate location of the ground photograph in MacKinnon eta/. (1990; see text).

data will not have the geometric and radiometric problems
encountered with the widely used RtttRn images because of
the much narrower view-angle geometry. (The view-angle ge-
ometry is similar to that of Landsat.) Also, the temporal fre-
quency coverage of the GOES VISSR data is even hiSher than -
the AVHRR, so it *ill be better suited for some multitemporal
analyses.
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