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Vegetation in Deserts: 1. A Regional Measure
of Abundance from Multispectral Images
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A wiethod  was dested in the semiarid Cheens
Valley, California for measuring spoarse vegetation
cover using Landsat Thematic Mapper (TM) mudti-
spectral bnages. Although preen vegetation has o
characteristic reflectance spectrum in the visible
and  near-infrared,  wsing  conventional
processing methods, it has been difficult to quantify
vegetation cover of less than about 40%. owing to
the spectral dominance of the background soils angd
rocks. Thus multispectral images have been of lim-
iledd wme in vapping variations In vegefation cover
i aridd and semiarid regions. In this study fractions
af vegetation, sails, and shading and shadow within
the smallest resolution elements (30 % 30 m pivels)
of the TM images were computed by applying o
mixing model based on laboratory and field refer-
ence spectra. Fructions of vegetation were caleu-
luted for each pivel in TM images taken in Decem-
Der 1982 and May 1985, and the results were
compared with ground  transects, Despite spatial
variations in background soil, temporal differences
in salellite instrimnent response, and differences in
atmospheric and lighting conditions, the fractions
of vegetation computed [rom each image gave o
spatiolly consistent measure of the projected vege-
tation cover. Results were obtained for a 150-kmn
sezment of Cwens Valley: they indicate that the
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method  can facilitate  mapping and wenitoring
sparse vegetation cover over large regiony covereed
by satellite images.

INTRODUCTION

This paper 15 Part T of a two-part study of desert
vogetation, Tocussed on Owens Valleyv, California
(Fig, 1), In Part I we show how remotely sensed
measurements can be used o estimale vegelation
abundance in semiarid and arid deserts. In Part 11
(Smith et al, this issuc) we analveze how the
environmental factors of net radiation, tempera-
ture, elevation, precipitation and soil type affect
vegelation almmdanee in a semiarid landscape.

Ecologists now regard the earth as an inte-
arated ceosvslem with Huxes of gases and nutri-
cnts among soils, waler, hiola and the abmosphere
{e.g., Walter, 1979: Odum, 1953; Greegor, 19586).
New awarencss of the integration of processes in
the biosphere has increased concern for the
fragility and stahility of biological communities
subjected to a variety of both man-indueed and
natural elimatic changes (Waring et al,, 1986).
Desert communities are especially sensitive to such
".']IEl'I'I:i.EL‘.H. II]L:[’E"E]SE'_"(_] }il_ll'l'li:l.'l,'l. L]L"'I'I'I,:;]'I'I,L] 'F[)'I_' waber .i:'l,],]_d
predicled climatic changes due to increased abmo-
spherie CO, have stimulated a need lor greater
understanding ol the ceelogy ol arid lands and the
factors that control the abundance and distribution
of natural vegetation,
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Dietailed maps of the present-day vegetation in
the world's arid Linds would lacilitate a variety of
ecological studies and would provide a reference
against which 1o measure the effects of future
changes; however, such information is not gener-
ally wvailable, Although extensive field studies of
desert vegetation in western North America were
made in the past {e.g., Kearnev et al, 1914; Shantz
and Piemeisel, 1940 Billings, 1943; 1949) soch
cfforts are too expensive and labor-intensive to
attempt today, Elsewhere in the world's arid lands
there exist few detailed s ot vegetation. he-
cause ol cost factors and logistical difficulties in
conducting ground surveys in remote areas. In the
place of extensive field work there presently is an
emphasis on modeling of large-scale biophysical
processes, Models of ceological phenomena, such
as r'u;=gin;1|m| desertification, however, sl must be
validated by wronnd observations, capecially when
studving processes of global elimatic and land-use
changes.

Remote-sensing lechnigques have the potential
to overcome the manpower and fiscal restrictions

that now limit large-scale ecological survevs, and
recent studies have demonstrated their utility in
assessing  vegelation  distribution {eg,  Justice
et al.. 1985: Tucker et al.,, 1955; 1986). Visible and
near-infrared multispectral images are the most
useful data currently available to exumine vegeta-
ton patterns and corresponding ecological pro-
cesses al resional and global seales. Multispectral
data are available Bom earth-ohserving satellites
that date back to 1972, and current satellites pro-
vide an expanding data base.

There are two main challenges in applving the
vast :nl_[ltis[}uctru] image datn base Lo ceological
mapping: 1) relating H'EJ(?(.‘IFH] data to the conven-
tional g]'{yund—husffd measurements that are used
by characterize vegetation  commuonibies, and 2
bridging from the scale of local lield measure-
menks ko 'I'{_'!E_E;'I-(_]I]-I;!] :-i!'ll:] _Li](]hél] EL'H.]US.

1) The first challenge arises because ecologists
measuring the properties of vegetation in the field
tvpicallv do not have o be eoncerned about re-
fected solar medintion: however, to make nse of
remote sensing data it is essential to understand




the: correspondence belbwesn scene radiance as
recorded in 1111.I1HSI:|UL'|:['11[ irages and field param-
cters such as vegetation cover, species, commmunity
type, and developmental stage. The adinnee mey-
surcd by a mullispectral image also is influeneed
by various factors that are unrelated to the materi-
als om the ground, such as instrumental sensitivity
and drifg viewing and illumination geometry, at
mospheric backscatter and absorption, and the ges
ometric orientation of surface elementd (including
topography) within the scene. When these factors
have been taken into account, it is possible to
interpret the light reflected from a sorface in
terms of the materials and their mixtures.

2) Satellite images cover spatial scales from
tens of meters to hundreds of kilometers, One
challenge is to connect observations of vegetation
in the feld to the measurements mide L the
smallest resolution elements of the multispectral
images (3030 m in the images used in this
stuely), This requires understanding the reflective
propertics ol the vegetation at the field scale. The
next challenge is lo extend ecological observations
from local areas to larger regions bascd on the
properties measured by the images. 1f this can be
done, the images can become a unique vehicle fiar
cxploring regional patterns of vegetation abure
dance and character, providing new ecological in-

sizrhtss

Remote-Sensing Techniques
and the Seale of Observalion

There are three main approaches to the problem
ol estimaling vegetation tvpe and abundanee from
remotely sensed images: 1) the ecaleulation of in-
dices that may bhe related empirically to the pa-
rameters ol interest: 2) thematic mapping, or sta-
tistical methads of inage classification; and 3)
spectral mixture analvsis. The three approaches
share certain strengths and weaknesses in compar-
ison to ground-hased investizations. Vast areas of
the earth can be sirveyed at the same time and in
4 variety of spectral regions: however, the data
depiet spectral information onlv, and the seale of
the individual measurement is dilferent from the
scale of observation in the field,

The appearance of vegetation varies with the
scale of observation. At the large scale of lield
observations a shrub is seen to consist of different
components, including sunlit and shadowed leaves
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and branches and stems, plus a substrate of litter
ane soil. These various scene components are
characterized by different reflectance spectre At a
stnaller seale the shrub components are not spa-
tHally resolved, although individual shrobs may be
For example, Figure 2 95 a smaller-seale oblique
view of a scene of desert serub in Owens Valley,
within our study arca. In Figure 2, 4 single picture
element or pixel ol ~ 30 %30 m, typical of Land-
sal Thematic Mapper (TM) imnages, has been
schematically delineated. This smallest element of
a satellite image encompasses shrubs of several
specics, the shadows cast by shrubs and boulders,
shading due to local variations in incidence angle,
and the unshadowed soil visible between shrubs.
At the small seale of satellite imazes, commponents
of the individual shrubs—Ileaves, branches and
litter—are not spatially resolved, although they
contribute spectrally, even at the subpixel scale,
Even at the scale of Figure 2, it is not possible to
determine the species of individual shrubs acen-
rately, and this also is true at the scale of most
sutellite images. The interpretation of the scene
may vary with changes in spatial scale, although
the materials on the ground remain invariant,
Vegetation indices, reviewed by Jackson
(1983), Tueller and Oleson (1989), and others
generally are based on ratios of the radiance in rede
and infrared spectral bands, chosen o maximize
the rellectunce contrasts between vegelalion and
other materials. Some indices have been nsed to
estimate leal arca index (1AL and ather vegeta-
tion parameters (e, Choudhury, 1958 Elvidge
and Lvon, 1985 Hucte et al, 1985; Huete, 1956
Tucker, 1979 Jackson, 1953; Kauth and Thomas,
1976). Most commonly used are the vegetation
vatio index (VRI), the normalized difference vege-
tation index (NDVI), and the perpendicular vewe-
tation incex (PVD) (Richardson  and  Wiegand,
1977). Statistical methods of data classification in-
clude maximum-likelihond,  clustering, aned - dis-
criminant élﬂul‘.\-':-;l'r; '[L*.g.‘ Huralick and Fu, [953)
and methads based on principal-components anal-
vsis {eg. Crist and Cicone, 1984). The objective
of image classification is to link image spectra to
dominanl seene components or to characleristic
mixtures of components. It is assumed that spec-
trallv similar data will deseribe thematically simi-
lar elements within a scene. It is also assumed that
for ench pixel there is a dominant scene compo-
nent, or at least a unique and identifiable suite of
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Figiee 20 Photograph of desert serol in Owens Vallev, The shrabs themselves ae resolvable mothe foreground, blurving together
in the distanee. The outhined fgure, voughly 2 302030 m squace on e grousd, is the area over whiel Heht for o stngle W pisel
s oollected Do no pisel is Heht reflected from g single spectral component of the seene Greferenee endmemberd fostend, 18 s
innised Trom the seil. the vepctation, ol sludows,

components that are present in distinetive propor-
tions, :

Vegetation-index and classification techniques
have been primarily used to map vegetation in
agricultural or forest lands, where the argument
can be made that there is a single scene compo-
nent or class represented inoat least some pixels,
However, in sparsely vegetated areas this is rarely
the case. and index and classification techniques
have been shown to perform less well (Ustin et al..
[956a; Tueller and Oleson, 1989, Tucker and
Miller, 1977; Huete et al, 1954; Elvidge and
Lvon, 19685; Heilman and Bowvd, 1956; Huete ot al.,
19530, In desert seruly environments, for example,
thematic classes correspond Lo churacteristic suites
or mixtures of components thal oceuar in prefereed
proportions and al certain illumination geometries
(e.g., shaded or sun-facing slopes). The radiance

e

recorded inoan image pixel may be mixed from
bioth soil and vegetation, but hecavse soil aned
vegetation can theorctically mix in any proportion
there exists, in theorv, an infinite number of
classes, even for a scene containing but bwo com-
ponents, Clusters of radiance values are thus tvpi-
cally indistinet, and otherwise distinct clusters may
overlap  because of illumination  differences  in
rugged terrain, Thus rules must be applied to
designate thematic classes for many scenes.
Spectral mixture analvsis transforms radiance
data into fractions of a few dominant endmember
5513!_"('21'1"&1 Whi{_;}'l U{TI'T(‘}'S])UHL] {'L! scens L"l'i]'T'Ij'}Ull{‘.l]!'H
Py and Adams, 1954 Adins et al, 1986
Smith et al., 1983). “Fraction images” depict the
mixing proportions of these endmember spectra
and thus, via calibration to field data, the mixing
proportions of the scene components. Mixlure




analvsis differs significantly from statistical classi-
fication in a number of wavs, perhaps most signif-
icantly in the small sumber of endmembers com-
pared Lo the potentindly Lage number of thematic
classes required o deseribe w scene. Mixture anal-
vsis separates the spectral contributions of these
intrinsic scene components from shadow and other
cffeets of illumination, This approach is particu-
larly nseful for measuring vegetation cover, espe-

ciallv in desert regions where the proportions of

vegetation and soil may vary significantly  over
sl distances.

The application of spectral mixture analvsis
presented o this paper differs from previous dis-
cussions of spectral mixing by Morwite et al. {1973),
Jackson (1983), Conel and Alley (18584), Huete
etoal, C1885) and Peel b all (1T986) in that the
approach is divected at using a simple mixture
model to link reflectances measured by field
and for laboratory instruments with image rela-
tive-radiance measnrements aceuired by satellite,
This is done by referencing to the known spectra
ol malerials and their mixtures on the round.
Although previons studies have disenssed the im-
portance ol spectral mixtures, they do not provide
the methadology to determine the combined abmo-

sphere and instrument calibration at the time of

image acoguisition, to remove variations in lighting
geomety caused by topography and other factors,
and o separate spectral mixtures,

I this article we discuss the use ol speetral
mixture amivsis of Landstat Thematic Mapper
(ITM) mullispectral satellite images to estimate
vegetation abundance in deserts, In particular, we
explore the construction, calibration, and signili-
canee of vegetation, soil, and related [raction im-
ages of semiarid Owens Valley, California, The
method, however, is not limited to any one imag-
!‘]]::_T‘ .‘:"__u-'.‘:'l.f:fll: ':’I.!]l:] ]'I:-i..‘i ]:][;!l:'?'l'l Ell)])]f[;!d tor 5|_!L'|"i I'_il"'.-"(_'!'l".‘i[_'
data as Viking Lander images of Mars {Adamns
et al, 195%6) and the 224-channe] Advanced Visble
Infraved Imaging Spectrometer (AVIRIS) images
of terrestrial seenes (Smith o ol 1988

METHODS

The vegetation cover and other maps reported
herein were calenlated from Landstat TM images
using spectral mixture analvsis and calibrated by
laboratory and feld reflectance spectrae The resule-
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mg x-':?g::mt[unnﬂ'n{:tim] images were then further
l.':"l][h!"d’.[.‘(] Ly [fl{'f]"'.'f"llt LT !}} Ei(?]tl reeesreTients
ol plant community tvpe and cover, logether with
other ceological parameters, Cluster analysis was,
used to determine the relationship between radie
ances and endmember fractions for TM images
taken at different times. The cluster analysis also
wis used to investigate the relationship between
remobe-sensing veretation  indices
ane the estimated vegetation fraction. Finally, re-

{f(]lt\'("'l'lf'iUlL.i-l]

sults were compared Lo previoosly published data
and maps, where possible. Similarly, soil-faction
images were checked against previons maps.

Site Description

The study area (Fig. 1) consists of a diverse mix-
ture of semiarid vegetation communities and soil
types. [t is located in Owens Vallev, Invo County,
California between the Sierra Nevada to the west
and White and Tnyvo ranges to the east. Chwvens
~ 130
lem long and ~ 30 ki owide, TE consists of @ central
Hoor of river and lake sediments separating -
judas, which range in elevation from  ~ 1200 o
~ 1800 m. Permanent streams are found on the
Sterra bajada, but onlv intermittent ones on the
eastern fans. Owens River is on the valley Hoor,

Vallev brends northwest-southeast and s

which also has mmerous small ponds in the wet
season. Ohwens Vallew lies within the strong rain
shadew of the Sierm Nevada, which rises to 4000
m clevation, The continental climate has cold win-
ters with hot summers, with a precipitation regime
dominated by winter storms. Precipitation varies
areatly annually and with elevation. The average
annnal precipitation on the valley Hooris ~ 14 om,
Lypicallv with ~ 77% oceurring between Novem-
ber and March (NOAA, 1986: Hollett ot ol 1958).
Mean January and Julv temperatures are 2.9°C
and 25.0°C, respectively,

Chwvens Valley is part of a broad ceotone he-
tween typical Great Basin and Mojave desert shrub
communities to the north and south (MacMahon
and Wagner, 1985; Ustin et al., 1986a; West, 1983a,
b ) In eastern California the transition between
these bwo communily bvpes ocenrs within the range
of clevations found on the Hoor of Oseens Valley
{West, 1982ak 12530 m {northern end) to 1100 m
{southern end), Most of the Sierra fan vegetation
is u Great Basin sagebrush semi-desert ( Artemisia
triddentata) ecosystem type, or Blackbrush (Cole-
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ogne ramosissina ) transitional  tvpe, while the
valley Hoor is dominated v allali prasslands ( Dis-
tiehdis spicata, Sporvebolus aireides] and salthosh-
shadseale commumnities (Adeipler spe, Sarcoleatus
vermiculatius) [Part 11, Fig. 1Th1]l The lower Sierran
fans and White—Inyvo fans support a mised desert
seruly including  some  Mojave  elements {eg.
Franserfa duwmosa and Gragia spheosal, Mojave
elements (e, Larrea fridentata) extend [urther
north on the White—Invo fans than on the Sierra
Nevada funs, Vegetation patterns are complex be-
catse of topographic patterns, a complex geologic
history {Ci”ﬂﬁpin*, 19521, and homan disturbance
inclnding Srasing, wildfires on the fans, aban-
doned farmland on the valleyv Hoor, and recent
desertification resulting from removal and diver-
sion of water (Griepentrog and Groeneveld, 1951
Groeneveld et al., 1986a).

Ficld Measurements

Vegetation

Various vegetation sampling methods were used to
guantify vegetation abundance in the field. On the
Fans, vesetation parameters were recorded every
.0 moalong 42 stratified and  randomly placed
S0-m hne-intercept transects (Ustin et al., 19860
Canopy heights were obtained  Trom plants se-
lected nsing the point-conter quarter method (Lo
p-q per transcet) or from nearest-neighbor mea-
sures (six per tansect), Another data sel cansisted
of @ matrix of 36 5x3 m subplots, integrated to
correspond to 11 30230 m pixels, Perennial plants
(recorded by species), standing litter, and boulders
=02 moin height) were measured for heisht,
longest width, and perpendicalar width. Percent
cover was visially estimated in each subplot for
live cover, litler, ]if_§|]1 and ek soil, and ok
Varicus sampling methods were used by different
eroups of rescarchers o quantily vegetalion abun-
dance in the feld Their Leld work totaled 3
man-vears, Further details are given in Ustin el al.
(1986h) and Teensma (1981).

Aclditional transeet data rom previous studies
on the Sicrran lans were used o complement our
measurements  (Teensma, 1981), On the wvalley
Hoor, a vegetation map of the 7.5-min Indepen-
dence quadrangle was used as control for ow
remotely sensed  vegetation  estimates  (unpub-
lished data on file at the Burean of Land Manase-

ment and Inve County Waler Dislricl, Bishop,
CA). This map was developed using low-altitude
acrial photographs to delineate map units. Six or
o 3[‘]-?" ]'I"II{'_'! transects 1'){_':]' |T'|i:l1') l]]'l'it WO mcta-
2\'!]1'{;!(] Fia (].f_'!t{_"!!"l'l'l'l-llf:! H]_j{!l:il:_"hi {Zt]rT'I.]_'_]{}.‘:i'iH[J'II :;]'I'I(] [_'I-L"'I'-
L.‘L‘.'I'Iti;t}.{ﬁ_" LUV,

Soils
Sails on the Sierra bajacda were mapped by
Gillespie et all (1956 using some of the remole
sensing technigques deseribed in this paper, Turrin
and Gillespic C1956]) dated interbecded basalt flows
to provide constraints on the sofl ages. Other
constraints arc imposed by stratigraphic relation-
ships with glacial depaosits for which ages have
heen estimated nsing relative dating techniques
(Gillespie, 19582}, Conventional studies of soil de-
velopment profiles and soil chemistrv were con-
ducted at Ouk Creek. in part to verify the remaote-
sensing interpretation (Burke et sl 1956) In
seneral, the soils are voung (10-25 ka) cambor-
thids and lorriorthents, poorly developed on boul-
derv granitic franglomerale. Betler developed and
older sails were haplargids colored tan by dron
oxides { ~ 200 kal. Less common were eroded
haplargids { ~ 300 ka), weakly cemented by iron
oxides.

Viallev-bottom soils are Dbeing deseribed and
mapped by the USDIA Soil Conservation Service
(SCS) as part of the Benton—Owens Valley Area
Soil Survey lunpublished data, SCS, Bishop, CAL
A range of soil tvpes was found. Soil developroent
senerally rellected the depth o the shallow water
table, which was only a few melers or less belore
the historie groundwater dreawdown by Los Ange-
les, These soils were developed  on generally
finc-prained river and lake sediments, and are
camborthics, torriorthents, and argizerslls, Some
(natrargids) are typified by surface encrustations of
salts.

Some soils of the arid eastern bajada were
described as a part of the SCS survey. Others near
Tinemaha Reservoir have been mapped by |
Herrick (ompublished data, 1988). They are typi-
callv caleic, even where the parent material was
the same as on the Sierran bajada, Tnoaddition, a
witler runge of lithologies was present, dominated
by Paleowoie  dolomites,  quartzites, and  other
metamorphosed sedimentary rocks. Most of the
soils are

camborthids,  lorriorthents,  and  eal-

{.'Jl.li]!'l.]'JlI.':lll..‘i. M }lél]‘!]il'l'gi.{!.‘s' WO (]]J.‘;l‘r‘-"{!(].
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Spectral Analvsis

Tolal-hemispherical  laboratory of field
samples were measured using a modified Beckman
ZK-DA spectrometer. Bidivectional licld spectral
measurements were made using the Portable Field
Hetlectanee (Goets ol al, 1973).
Conversion between these two tvpes of measure-
ments is cdisenssed by Tapke (19510, All soil types

spectrit

Spectrometer

within the scenc were sampled, Plant samples ol

the dominant species were collected  at varions
[]m'in;.{ the wvear, Tnlacl Were
chipped, pliced in sealed plastic bags, and refrizger-
ated until analyzed in the laboralory within 1-5
davs alter collection. We found that no significant
spectral changes ocemred  during this interval.
Samples were grouped by species, and for each
species they were separated into green Chealthy)
leaves, wondy stems, dry litter, sencseent leaves,
and Howers and for [ruils,

Lirres bnehes

Thematic Mapper Data

The Landsat Themuatic Mapper (TM) data were
rectified to geographic conrdinates (USGS, 19749),
Relative radiance “digital nomber” (DN) values
were converted to hidireetional reflectance Ty ap-
plving a nominal instrument calibration { Rohinowve,
18952) and by making o nominal atmospheric cor-
rection (Oterman et al, 19503, We use the lerm
“nominal” colibrmtion because we later make an
additional correction using the combined gains
and  offsets derived Trom the mitxing  model ko
account for possible instrumental drift and the
actual atimospheric parameters at the time of im-
age acquisition. The bwo T images used in this
study  were oblained  on 10 December 1952
(Landsat 4, Path 41, Row 33) and 16 May 1985
(Landsat 3, Path 41, Rows 34, 33) at approximately
09:30 PST. The six visible and near-infrared T™M
bands were nsed to determine the spectral end-
members and fraction images. Sun elevations at
the times of image acquisition were 23° and 39°,
respectively,

Spectral Mixture Analysis

Spectral mixture analvsis presupposes that differ-
ent mixtures of a small number of surface muateri-
als or components in the scene are responsible for
much ol the spectral wvariation in multispectral
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and thal these components have different
reflectance spectra (Adams ef al, 195891 Arcal or
“checkerhoard” misxtures of components in the
seene are expressed as linear combinations of their
respective spectra in the image [for a discussion of
“intimate” or nonlincar mixing see Johnson et al,
(1983) and Shipman and Adams (1987} Thus.
vegetation cover estimates based upon multispec-
tral images require separating the spectral eontri-
butions of vesetation and other
nenks,

I component mixtures arve the major source of
spectral variation in the scene, then it is possible
to extract a sel al sy el 'Ft'IIJHI th[: Jimage sueh thal
mixtures I.).[ these ﬁ_]_itl_]:l simulate the actual ob-
H_a'ndtmm m*l] or are 4 “good fit” to the ohserved
image, The set of spectra was identified for cach
image stuelied, using a combination of auntomated
factor analvsis and visual inspection of the multidi-
menstonal dita elusters fo
originating Irom component mixbures,
ness c]! it s 1|1fum:1£,ﬂ by _the Jf:w.hm] _pm Lral

almnu__ u"]]LT s _measure af th( amounl m‘"
ﬂ]}t*f‘hdl ‘-mt.ltl(m .lm! []tE"fE!Ll‘E"{_! TJ'-. tJm rn-;]dl_]
L.UU{' ﬁ? 5 ane [{}1 u[m.h this variation is ¢1E i
level chiaracteristic of the instrument noise.

Tages,

."illl'.[':lL.‘[f COTEEpy-

trends or stroctures
Th: 1_,1:':1:1

Fudmembers
To identily the charpcteristic endmember spectra
that mix to comprise an image, we use factor
analysis interactively with trend analvsis of the
data clusters, We have named the spectra thus
identificd from the radianee Sl
endmembers.” Tmage endmembers are themselves
of spectra of meaningful
seene components, defined by the field scientist,
We have named these scene components
ence endmembers”: their spectra are named “ref=
erence  endmember spectra.” Both image  end-
members and reference endmember spectra will
vary with image scale (Fig 3)

The spectral contribution of endmembers in
an image may be guantified, pixel by pixel, as a
fractional abundance of each spectral endmember,
which generally corresponds in a straishtforward
wav to the abundance of the corresponding seene

data alone
n.‘xpr'tr:iﬁ::d as  mixtures

“relor-

The fraction of av endmember is
conslrained to lie between O and 1, and the sum of
the fractions for each pixel is required o equal
unity, A fraction of O implies there has been no
contribtion from the particular spectral endmem-

L'II]IIl|]t]I]lI?'I'IT.
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Reflectance

TM Bandpass Mo.

Fiogee 50 The Bve reference endmember spectea Chan cach
of vesetation and soils. ples shaded thet best Gt e imaege
codmembers [Fo. (23] These reflechoes spectsa were mea-
suved in the labomatony sooa Beckman DE-2A spectrometer
anel eomvalved with e six complete T bandpass transmis-
sion spectra to ohtain the T spectra plotted here, The soil
spectra were sampled from SCS sl onibs GO0 and B35
Cgray”™ and ki sodls, respectively).

Ler, whereas a fraction of 1 implies the speclrom
for the pixel is identical to the parlicalar endmem-
bher. (Fraclions oulside this range are mathemati-
callv possible but physically unreasonable, and
suggest that the endmembers were not well cho-

senad A more detailed mathematical discussion of

image endmembers and mixing is given in Possalo
et al. (1990).

I,'I'I'IEJ':rL" {‘Il{!rTiUTT'IE'IL"'I":; anre ‘il:_"],ﬂ{'t(_"d ‘{k_!l’,_:l'i thi;l.t
ﬁ!l‘{t'l_'l'll',_" U'F H II'I'IIZ'II'I'I'II,]'I'I'I 'I'I'II'I'I'I]J{"I' ('If 31')!_"{1'1;[ ]}{_"Ht
] rﬂ?f l]w :] L[:l l]nh I!}u'x [{THYY not [d;ﬁ-’;f}(;rl{l Lin
mdltlmh in Lhe and their
]T]li"\l hl.':' [I]i( [']{"f]. E]TJ[“ re I{ l( f_' "':]-:'l'.( Lra 'H"r [{]'II:TI‘-\II
mate ;1]*1 “For example, an image endmember—
like a thematic class in conventional cluster analy-
sis and image classilication—might correspond to
a mixture of 30% vegetation and 70% soil because
ne pixels of 100% vegetation or LO0% soil are
present in the imaged scene, In this example
vegetation and soil spectra may themselves be
regarded as reference endmember spectra. In
practice, reference spectra are typically bidirec-
tional or hemispherical reflectance spectra taken
in the field or in the laboratory under controlled
conditions using well characterized samples. Bidi-
rectional and luflrlisphuri{:u] reHoctances are simi-

SOCTI, il nlily

lar for many natural surfaces (Gradie and Veverka,
1952), and thus both may be related to mullispec-
tral image data (radianee) via @ linear transforma-

tion (Hapke, 19511

Selection of Tmage Endmembers

The preliminary objective of the study was 1o
determine i each Owens Valley TM image could
be represented as a linear mixture ol a lew distinet
Image endmembers were
selected Trom inage spectr nsing a set ol coua-
Lions for c:ur:!: band as lollows:

h'i':-l:.':(?i I'El] lI.':II'i].fI'I{'['tIhl."I'.‘:'.

DN, Lr DN, +E, and

w
E LE=1 (1)
i1

where DN, (digital number) is the relative uneali-
brated radiance in band 6 of an image pixel, F, s
the fraction of endmember {0 DN, s the relative
radiance of endmember i in band b, is the
number of endmembers, and £, is the error for
band & of the fit of N spectral endmembers [see
Adams et al. (1986), Possolo et al, (19901 and

Smith et al. (1953) for more detailed descriptions

of the muathemutical []]UU‘{][I]{'H] T]u L
[]lII]]E}("'I l:]_{ l:"ll.{][!l("]'l'lh("l'\ (\\':l ]H UTH. 'IIII:]ll: uhlfl lh{
num!:-m “uof ]J‘ul:lx By (‘nl]ll:ll]]l'i{ (D A (1) for Ty
;J]xx]a it ois [ZIHHHIEJI]E tr make leasl-soguares esti-
mittes of the image endmember spectra “):\.I_,-,}:
and 1L may tuen oot that lewer than the maximom
possible number ol endmembers is required  to
deseribe the image adeqguately,

Equation (1) is nsed to determine image end-
members by a sequential search of the pixel spec-
tra, requiring that I} values of F. for each pixel
spectrum computed must lie between 0 and 1 and
2) the least-squares fit to Eq. (1) is
H'IL" I:'U('It—l'lIf:'li;lri-.‘:;fllll-lt'f" f'l']]'].‘:i:] (][L HH" II:.I.'

“wood” [ie.,
\r'q'l].l[l:.‘h,
Z'\"I]'I'I'I'I'I'IE_"{_I ovir H'H! 'I'I'IJ'III]:I{‘I' -:rf }]Elll{!.‘:' [}ixt:]:;._ 1% L0
]J':l'l'él]]].[.‘
Th{: ':lili!”h'!}]l(.'!l'(" 5 l:.‘l?]l.‘ii".l{'l'i.'{! Loy h‘.: Il[llij-f]['l'll HUS VL
the dmaged area, and its ellects are imbedded
within the spectral endmembers seleeted using
Eq. (1), II' the atmosphere is not unilorm across
the sce ne, then it may b:, ne mm to u:LhnL
dhmhph: v e ncrwmhm 15, or f] there will be par ts of
EE(* image that [mml 1 m{}:lc*lf:d as revealed by
um CLTON 07 imf_ tion- error ltmrfm

For both of The TM images of Owens Valley
we caleulated an rms term that was <2 DN
levels, or < 0.8% of the range of DX values in the
image. This value s similar to reported values for
TH noise |~ 1 DN level: Barker (19830 Anuta
et al, (1954} thus the image spectral measure-
at the
S{]I'I‘l_',l'i.\]!_"l ][._"\r'[;]. T] [ 'I-IllEl:If‘lL!‘ 1:'!!!(]]1](‘.'T'|'|]I!"[’ H[JI:}L‘! el TJ'I'(:I-

magnitude to the instrument noise].

ments iy be described as linear mistores

vide only relative spectral charpcterization of the




surface materials, since the image endmembers at
this stage of analysis are unealibrated, and not vel
alizned to the reference endmember spectra.

Reference Endmember Spectra

Just as the measured image data may be expressed
as linear combinations of image endmembers, so
may the image endmembers themselves be ex-
prissed  as combinations  of  reference
endmember spectra. (Reference spectra are re-
Nectanee spectra taken by feld liboratonry
instruments. They are convolved with the TM™
bandpasses before  comparison with  the i
endmembers.) In this way the imaged scene may
be deseribed in terms of its physically meaningful
components. The connection between image end-
members and reference endmember spectra con-
sists of 1) a spectral “alignment”™ of the image
endmembers o the reference endmember spectra
and 2 a “ealibration” velating the image endmem-
bers (nominally ealibrated radiance) to the refer-
ence endmembers (laboratory reflectance). Thus,
the alismment is the linear translormation that
defines the imare endmembers in terms of mix-
tures of reference spectra. The calibration also is a
incar transtorm, consisting of a gain and oflsel for
cach spectral band, This calibration makes the
final correction of the image datu to reflectance by
adjusting for the combined effects of instrumental
drift and atmosphere that were not accounted for
in the nominal correction. These operations are
deseribed in more detail helow,

Aligning fmace ¢ nc]mmu]_}_gh_t{} roferene :53_1{[
member spectra is a keyv g ll:;1_t
provides the phvsical context necessary o inter-
pret the image. Reterence endmember speche are
chasen such that when mixed they reproduce the
calibrated image endmembers and henee the radi-
ances encoded in the image. Alignment reuires
that a sel of reference endmember spectra be
extracted from a larger collection of reference
spectra. This set has the same number of spectra
as the set of image endmembers,

linear

Selecting Reference Endmember Spectrn

The first step in the selection of reference end-
member spectra limits the candidate spegtra o
those that are appropriate to the scene in the
experience of the analvst These candidates are
m_ﬁ;din:uﬂy grouped according to general
categories such as

“soil” or “bajada vegetation.”

Abundance of Desert Vesetation 9

Then Eq, (2) (see below) s used to caleulate
mixtures ol relerence spectra, randomly selected
from each general group, necessary o reercate the
image endmembers. Inappropriate sets of refer-
ence spectra have umminh( i}mgurtmm and are
[:*[1'{ twl H]L l)f:at i(u nf ihL' remaining sets u[i]
be those that recreate the inuge endmembers, as
indicated by their small root-mean-square (rms)
residual. Finally, if there is no single best choice
at this slage, the reterence endmember spectra are
subjectively  selected from these few  survivors
based on their physical significance.

The reference endmember spectra are repre-
sentative of spectra measured in the feld. Each
may act as a proxy for a number of similar spectra,
which could be used in its stead. Selecting one
plant specics as the hest endmember does not
necessarily imply thal all vegetation in the scene is
of this species, On the commumity level, vegela-
tiem may be deseribed by the spectra ol whole
plants. or by mixtures of plant components such as
green leaves, stems, and bark. Although cach com-

ponent itself could he considered as a mixture of

even more fundamental speetra (e.g., chlorophyll.
cellulose, waxes, water, lignins), this level of bio-
chemical resolution is not necessary Lo deseribe
the image. A _ vegetation reference endmember
spectrim _ij_mlh is L]‘l{}sf_‘ll as a Imlrl or d]m:um-
tory tLﬂLEEd]]I’_P spectrum of t]1c umlmd{-r] foliage
uF_ a plant. or as the spectrum of the entire plant,
:m._fgn_]_lll_j: stems and hark.

Alignnient and Calilvation

The objective of alignment and calibration is o
recognize the most parsimonions solution of S¥5-
tem (TM plus insolation and at mospheric scatter-
ing and absorption) gains, offsets, realistic end-
member fractions, and fit between the image and
reference spectral endmembers. Nominal TM sen-
sor gains and offsets, together with the standard
solar  spectrum and  an  atmospheric model
(Otterman el al,, 1980) were used to reject unreal-
istie solutions (e.g.. solutions requiring calibration
gains ane oflsets ontside the range of uncertain-
ties). For the puorpose of discussion, we
regard alignment and calibration as separale pro-
cesses, but in practice they are performed simulta-
neously. The first conceptual step is “aligning” the
image endmembers to the relerence endmembers,
The second step is calibration of image spectra
from encoded radiance values to reflectance. The

[N
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two steps are carried out by solving for [ractions
I, gains G, and offsets O, using the following
copualion:

N
+E, and Y F =1

N
E Fr 'H'r_.l'.l

C,DN, , + 0, =

i r=1 & r=1
= Lak (2}
where [, is the laboratory or field reflectanee in

band b for reference endmember r, and IJ"\.'= b 18
the uncalibrated radiance in hand & fof image
- Nate that values of £, and F, need
not be the sume as those for the c[_{u]’\-'u_]cnt terms

l.’[l{l[ll{'!ll!h(!"l

in Eq. (1), Equation (2) is applied to the set of

image  endmembers and  reference  endmember
spectra, and not to the image data as in Eq. (1),
but the calibration coefhcients G and O, are
Llppijf_.lhlt‘ Lo I'.h{ dmage data, mﬁ]":jiﬁ'ﬁ&:{ﬁﬂ'ﬁ;
constants T_j[ i gnk_l Lm.tL,:* Fnﬂ:e{r—:‘:_f within the
l:clllhldilml LDL‘HJC]( aiks - are 11111“1])1(' effects of the
instrumentation, the atmosphere, and the ilomina-
tion intensity, which, to first order, typically are
linear, Departures [rom linearity usually are ex-
pressed by a lack of fit 1o Eq. (2). Variable atmo-
spheric effects over the scene would require the
use of additional endmembers.

The reference endmembers themselves are se-
lected in a manner ontlined above and analogous
which image cndmembers were
chosen. This selection involves the repeated appli-
cation of Fi. (2) for different candidate groups of
reference spectra.

tir the WY

Images of Endmember Fractions

chtmm {}f cach reference endmember spectrim
can be L{m _Lutvcl Tor Lw:h Em*[ :ﬂ'au Trage. A
fraction 1 image for “cach endmember is s con-

structed. Displaved on an image monitor, areas of

high fractions will be brighter than areas of low
fractions, For Owens Valley, we anticipated, hased
om field observations, that there would be one or
bwor vegetation endmembers, two or three soil
endmembers, and a “shade” endmember which is
necessary to relate the image to the other refer-
ence spectTi,

The shade endmember accounts for shading
Uvariabions in lightness due to Ium[ incidence. _an-

nghiness lenee

ale el and _shadows at_ all spatial scales. At the sub-
pixel scale, where shadows cannot be spatially
resolved, it is not possible to tell whether shade is
due to shading, shadows,

or to a combination of

“shade” as the re-
surface. In images,
['lld!lll][_'i" r]'u]]] Hi]'rt{l”“'(.’-‘(]. AL ﬂ_"U'l'lti;i'l'l]f{ U{}l'l'lt'l'fl]“—

Besths. We define reference

E[{'II Lance HIF il ]dE_";'I] ]I]].;id{

tions of hght seattered from wdjpcent terrain and
from the atmosphere.
Because LF =
the relative abundinces of vegetation and soil will
Lo somewhal anticorrelated with the shade frac.
tion (£, ) image, which primarily depicts light-
ing and topography, It is desirable o normalize
the endmembers corresponding to the material
components of the scene by rescaling all [ractions
except F, . such that they sum to unity, pixel by
pixel. This procedure remoy ¢ shacle frae-
tion from images, As an example, if there were a
s;inf,rjn:: virretabion endmvmlmr, W Ay caleulate a
sealed vegetution fruction (VE)) from the vegeta-
tion fraction (F_ ) and F s

sl
lf‘:i!'l-.n:'.l.'jl d [3}

VE, = Fge 1=

o the PrOCess of ﬁ“ii"d]l-rlL, it is assumed that
shade is equally partitioned among 1l l]IE" r:1|u*1 enil-
mu:mhc T
‘:hddf: imf_tmn s eontribuled h\ HEhuImﬂ' (rather
than shadows) if the subpixel topography aflects
all materials more or less equallv. For pixels in
which the shade component consists primarily of
siubpixel shadows, equal partitioning may not he
correct, If some endmembers are more obseured
by shadows than others, rescaling will produce
ractions. There did not appear to he
strong partitioning of shadows between vegetation
El'lll'.]. .‘>II]EI in 1I]L? !_'Il:-i.j:;i.di;! N \r\."}l{!!'{:‘! H 1€ .‘:i!]'l'll]:].‘:i |'Iq'_l.{_]

the fraction images giving

”"ll‘s fi‘.‘:lll!!l[]l[”'l'l 15 Wilr r:l!ﬂ{*(] W]!I[*T'I l'.llliJ

IO

an apen architecture.

Unlike F_ .. VF, is a measure of the fractional
abundance of ug_,f Lation independent of the de-
A pic-
and may be

gree of shadowing or surfece lopography.

bure of ¥, alone mgy appear” Hat”

difficult 1o ke ko l:]p[:grn]ﬂ1[t.' features
seene, In order o facilitate visual inspection, we
combine VI, with the complement of the shade
[raction image (1—F, ) to form a single image
for display, The complemented shade image itsell
illustrates shade fractions in a lorm thal is inluilive
tevz, high shade [ractions appear dark rather than
lighth, The VF, and (1—F, ..} images are com-
bined such that shade and shadow are represented
by intensity and ranges of VF, are represented by
colors in the displaved picture. In this combined
image the relationships between VE, and £ .
are made explicit by encading the different frac-

re in the




. . f 3
p i : 3 -
Ir PP Vs ot R e | -“}'—(1‘. A =) s i A e

. f f N I-"-'.
Ao il 5 fetap] I"I(_: S

._[;,,,.

tioms as different perceptual variables (ie.,
aned intensibv), In contrast, the single parameter
f‘-lJ.. L‘{}JILLLI:IH rllll{]l UF E}l(‘_ﬁl'l'l'l!_" ”'Iﬁ)'[’T'I].:ttl(]n s 1'\"1‘
:ﬁ-|—|. .{ l]lll r.]'l{ [!]r]["l'l'l.-i![”"l'l 1% 110k ._\{’!]_jd]’.;kt{'! .:'I,'I_'I_(_I,

ik
Tmﬁ[j!ll}'f:fl els ol SI-@HJUT(ZLmG
Lo, intensity),

In caleulating VF, the
normalized for the amoennt of shade alone, I there
are two or more endmembers that are closely
related (eo., different soils) it may be desirable to
normalize the fraction images for not only shade
Bl wlse for all the other unrelated endmember
Thus it is possible to produce sealee

hat_discount both F o and
If'1|lmh_ such thal the :'n;*]‘Ltiw__pr{};}urtmus ot di CI 1t
soitTipes are dis aved. For instance, STV mr{}
soil endmembers Sa and Sh, g sealed soil fraction
for endmember Sa, SaF,, ¢

]Illl'

vegetation fraction s

fractions.

soil-fraction images

ATl h{' [féll-’.f'l]]:lt(?(] ]!\-

Fy.). (1)

Higher values of SaF, indicate mare soil of
tvpe i, whereas low fractions correspond to more
soil of tvpe b By {'H]m]mti o hoth the fractions of
'-rl_jJ_‘thmu and HT:H!( 3 We -:Jht‘u],]_nmmd][f{,f_! trac-
Hong (]ljhd [I_’]dl:_]_t mh ni -:}f ]:-Uth_ﬂ]n;- tup[;-j,[mp]_‘u\
mJ vegetation. We may use l":[x (30 and (4) to
compute quantitative fraction images for the refer-
ence endmembers that correspond more closely
than the original ones to parameters measured in
the field. Equation (4) requires that_the other
endmembers_be_equally pactitioned h{*lm;_u_ Su
‘Effl ‘3_]:. Field observations (Ustin et al., 198G
'l'{:{.‘?ﬁrml._ 1851) support this assumption,

SuF, = Fy, /(Fg, +

Cluster Analysis

The biomedical  statistics  program  BMDPLM
{Dixem et al, 1979) was utilized to evaluate 1) the
temporal stability and internal consistence of the
measured radiances and caleulated endmember
fractions for each TM image, acquired at different
seasons and vears, and 2) the performance ol our
spectral measnre of vegetation abundance com-
pared Lo other vegetation indices used in remote-
sensing studies, The BMDPIM program groups
the input variables using the absolute correlation
matrix as a measure ol distance,
high correlations are grouped together while vari-
with low correlations are separated. The
groups and their degree of separation

Viriables with

ll}!]{"..‘{
I]l![tl].]{;!l U'F

A
-t b7
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provide a pgeneral indication of the number of
factors in the measured and computed variables,
Cluster analyvsis is 4 means of testing whether
spectral mixture analvsis provides a consistent
[ramework to evaluate  temporal
f:l'll![]g("i :i]'l A BT, Q'Ilt‘]'l H ﬁ':lnu*WUr]i ]'I'Ii:!"n" ]J('
hecause
other t{.‘mpmal changes doe o extrinsic factors
such as illumination geometey, atmosphers, and
instrumentation have not been removed.
the measured radiance images include such extrin-
sic factors, it is likely that images from dilferent
times are uncorrelated, and this should be re-
vealed by the cluster analysis, It is also likely that
“contumination” of measures of vegetation from
extrinsic fuctors will be similarly revealed.

with which

[JI?KLIJH in |.|]l2 :1[{][!!]{'L] (]ri!:l f]'l(_"'l'l'l"\ﬁ_"]‘v"(_,"

Becase

Cluster analvsis was performed on g subset of
the TM image data that included the ranges of
soil, vegetation, and shade foud on the bajadas
and vallev Hoor, The subset of the scene extended
from the Alabama Hills 20 km north to Ouak Creek,
near the town of Independence. The distribution
(histozram) of cach variable
nnimodal. The December soil fraction images were
filtered using a 3%5 uniform-weight kernel to
suppress effects of instroment nodse, The Altering

wily conbinms El'l'lf].

was necessary becanse of the low T s;i;.{miijnc]isv
ratios ab the low winter illimination levels, coua-
pled with the intrinsically Tow spectral contrast
between the two soil endmembers. The solar ele-
vation angle for the December TM inage was 237
compared to 597 for the Mav image, corresponding
to more than a twolold decrcase in insolation for
the December Tmage,

RESULTS

A total of fve image endmembers was identified
using the method deseribed above. Inspection of
the distribution of image  endmembers
showed that only four of them were required to
describe the bajadas; the filth was found only in
riparian areas, We therefore considered the hajada
and riparian areas separately, All five image end-
members for each image lemy, - and em,,_, lor
the December and May images. respectively) are
given in Table coand emy,, , oare the
image cmdmembers that pertain to the bajadas.
For both the December and May TM images
wiz aligned and calibrated the

these

1; &m

fmu' !.I]]:-lgi" i1 l{[-
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Talde I Tmage Endmembers, Calibration Gains and OFsets, and Referenee Spectra for Owens Valley®

™, T, Ty ™, TS M-
Image endmermnbers f.'\z;r-« (et }-_.'.x.;l:
AN units)

£ gy 733 312 Ha 1.5 (3.4 A5a
UL g e ars 41.4 362 n2.k 33
LI gy [15.46 211 SH.1 13 LS 7S
o g, 54 212 216 Ex) 1L 52
P s 562 5.3 6.4 550 B4 243
Ly 1:34.1 594 5.1 970 116 4 104.2
EM ) 1300 0T LET L1146 105 1 104.2
T 1620 5.0 g23 574 1008 4.2
LTk 15032 ALY 1487 LR 2024 1387
iy 957 i S0 I547 707 263

Calibation collicients
Coivims 20 107 {10 ) 26T R 4.24 Gt 391 G003

O fzees (12ec.) =15 =11 — ik —{107 — 04 =009
Cains 10 {May) 1.31 276 220 3.20 .00 308
(et [Mhay) —.13 —0.0% — {05 =007 — (0,003 .03
Betorenee speetr
Crieflectance unils)
“Fan" snil 011 LI 15 1,200 0240 a7 [.as
*Cirav” soil (.22 027 29 (.30 0.28 (126
Aterivin .24 .25 [h240 .74 1135 2%
Shadde PRTIE T (IR [AXATH 11LIH) Lk
Fopeilug 0417 112 (RN (.62 125 0niz
Coleagne .09 1l 013 (.32 23 014
Lorres a0z [EREL] 007 0,45 22 o010
10y smisiss 0,22 30 0,35 041 54 i1
FPhat litker 1.2 3l 037 LR 35 (LG7T L4 354
Salt LG4 7l 0.7k 07T [h54 [
Saned .28 4l 0.4 11.5% [1.G5 (.60
Fired Bl 003 13 0.2 {1365 (35 (.31

Flmage endmembers emyy, 5 vefer to the December T982 T dmage; ey o reler to the May LTSS imege.
T emadmembers are given in DS Gencodled radianee ) wond must be calibrated vsing the guins and offsels toorelite
them to the refevence spectra, in relectance units, Image endmembors om o oand emag, , pertain to the bajadas,
The relerence endmembuer speedra fear Al1es ]Iu_‘iiql_zil. ares e fiesd T Disted O 4™ aned "gru}'“ soil, Arfeneisio, aned shisdie)
FPoperduy was the fifth referenee endmember, and pertsined only te viparian areas. The remeining reference specto ane
fonmed in the seene bl were niot the best choices foe endmembiers.

Talle 2 Aligrment betaween Doage Endwembers and Beferenee Endoenler Spectea loe the Sieoa
Newvda Bagadas, for TM [mages from December V952 and May 1955°

Bieference Endmember

Tz it
Fndmember T Sol “laray” Soil Arfemisia Sheade s Frror

1tecemlber

LTy (25 — [ LIRS (.43 (00

. 021 0.0 {110 0.6 0.002

Cit e 0.5% 016 021 —025 0.007

i —aa1 0.02 000 Lo 0001
Say

Mg 039 002 i 150 (7

Sl vsg 27 022 i1 11,39 0011

il 1140 019 0,05 .46 0010

111 4yy 11541 0130 017 .03 11009

“The reference endmembers were "t and Tgeay” sodls (S05 635 and 800, respeetivelyl, wovegetation
st (Artesiisial, snd shade. The it Gn reflectance? expresses b well mixtures of reference spectra it the
i endmember spectre Fiis amomg all endmembenss e 2 105 rmes eeflectanee.
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Table 3 Proportions of Beference Spectra Mecessary o Bepresent Spectrally Seone

Components in T Tisges

s H_f:J'-r-'r{*u{'c: Enelmembwer \ Fit,

Clenmpaone it “Tan” Sodl Cray” Soil Artenivia Sheade ris Error
Prpmafyes 1153 113 0,549 (LOLT
Caeogyng {1.11 072 1135 IS
Lairmin .12 1.0 154 LEERIE
I gmiass .-k} L .24 HE
Plant liteer .4 k14 —L.37 (10605
Salt (.55 1.1 — 147 04
Sanil (LaH nn7 —{0.77 1LUE
liesel Trasaly sy

members lor the bajada to our collection of refer-
ence spectra, A number of pertinenl reference
spectra are given i Table 1, including the ones
E!]1i]ﬂ'¢ih‘.i}" selected as the reference endmember
spectra. The four reference endmembers [or the
bajadas were two soils (7 tan”™ aned Turay'’), vegela-
tion { Artemisia ), and shade (Tables 2 and 3), They
were selected from over 100 candidates by the
criteria that 1) their spectra have a “zood fit”
(small rms error) 1 fo. lmag* “endmembers, 2) the
alignment [ractions are l;gtu-:wﬁf?]"!fﬂ?]’]: 3) the
fractions are hased  on indt:m!ndeut
knowledese of the surface materials, and 4) the
systemn paing G, and offsets O, necessary for
calibration are within the uneertaintics of known
engineering  calibration  data and  atmospheric
F!I(]L]L"lfj.

The alignments of the [our bajada image end-
members to the selected reference endmember
speclra are given in Table 2. These ri]11,.,1'11'|'|i_=1‘1t‘1 are
fractions of the reference spu*ct_m ne L*a_a_(!rz_ to
]"L‘EILM‘E 1!‘](‘ inage {‘t‘l_d]]]L]leLt‘m
December image endmember (,mm is spectrally
eouivalent o oa misture of 21% “tan” soil, 5%
Tgray” soil, 10% Artemisie, and 65% shade. The
sume scene imaged at a different time may have
i ﬁ'{*rt“ﬂt 113,]1t1n£, and ‘1’[111031:_5]1-91’10 concitions, as
well as different instrument. (flhbmtmn f_[)(“l-
G wnr_ “and the ¢ Lqmm]ml 1T11=1ﬂ'f‘ enJmmn BCTS Ay
rlrﬁu ;mwrdm;lv Thus "»‘Irw image endmember
& m,k12 is fit | h}f the same reference spectra, but in
different proportions: 27%, 22%, 11% and JJ’?*E-,
respectivelv. Image endmembers are defined

!“

realistic

rf}l E".‘k .;1]T'I[_'l]{_"

the data (DN) n-space, not geographically; a piv cnl

pixel imaged at different times will have ¢ ummtunt
reference en member proport tmm except  for
ﬂ]acle and u-'tbg:-*tzl_ﬁrm. i

R3] .05 Q057

In _;_{t-'uf-r]'u]: sets of image cndmembers for im-
ages ol the same scene taken under different con-
ditions need not correspond  to each other: in
particular, their alignments to the same relerence
sperctra may diller, We found that for the Decem-
ber and May images, lwo of the four image cnd-
members (em s S and em fyas @My ] diel elli_L’,‘n
with the relerence
others, em |, em .; and €1y, ettty ligmed dif-
[erently.

All alignment fractions for the May image are
between O and 1 (Table 2), indicating that they are
physically realistic in that their speetral mixtures
could create the observed image measurcmenls.
Field observations of soils and measurcments of
vepetation cover and type verified that the image-
endmember pixels contained the reference end-
members in the appropriate proportions,

Three of the alighment [ractions for the De-
cember image were negative (Table 2). The range
of uncertainty of the caleulated [ractions depends
upon the spectral contrast of the reference end-
members and the precision of measured radiances.
For all six bands, the average rms uncertainty in
reflectance between the TM and the laboratory
and field spectrometers is 2% At this level, two of
the three negative fractions fall within the range of
uncertainty: both the —001 fraction (Mtan” soil;
em ., } and the —0.09 fraction (“gray” soil; em ;)
could actually be positive. Thus we dismiss these
two small negative [ractions as being within the
rms error of the measurcments.

The negative fraction of —0.25 shade for em |,
is too large to be explained by instrument noise. Tt
is best explained if the absolute calibration be-
tween the two TM images is in crror by a single
gain [actor. By multiplying the different values of

similarly endmembers, The
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G, determined from Eq. (2) for each band by a
constant value, we change only the fraction of
Hhu’,ld!_" 'I'{;‘.]:;iﬁ\"t" Eia ﬁ]ﬂ' -:]Htﬂ]' i'."'l'lt].'ll'li.‘_‘!”l]:][;!]'.‘i. II[I"»‘;"E?V{‘.]':
this does not change the relative magnitude of
fractions among the other endmembers,

A separate alignment of image endmembers
Wilh [:ijll[]!](:tifll ﬂ]'l' ”:I[‘. I'I-'[)q"ll'j':i.!] HA R Jlfl{t ‘v'q"l].![‘.‘}"
floor. This resulted in the selection ol Populus as a
ffth reference Thus after alignment
and calibration. both the December and Mav TM
image measurcments could be explained as mix-
burcs of the same scet ol only Hve veference end-
members: two vegetation spectra, two soil spectra
{("gray” and “tan”), and a shade spectrum (Fig. 3).
The vegetation spectra— Artemisia and  Populus
—characterized the hajada and rviparian areas, re-
sp{;'.:;t]'\f'{:h.-'. No effort was made to model the
5“{}\'.'-(_:{'?\-"(_‘1'[;"(] 5iﬁf1'!'£1 N{"!\"Eidil._ ‘\Vhi[:h Wuii]d }1211"1_‘

ti[t{E[tlf?]]?I}(‘?l'.

required a different set of endmembers. "I:}u* pri-

mary difference between Hu* by Tmages o uf' ﬂwvm_

II]'I'FF{‘]t"n ﬁf":i'\(fl'll‘r "v".-q'l% ]'I'I t}l{"
[]ll(—" Ll'l L{’!"r |'.IIZI HIH." II].'I'F[II*]"

;ﬂrc:-*n il
fmmlmts of Hh.tﬂt

.-i.]]i-"\-

e r

ent s E—"l("‘.:ﬂl[ﬂl dn{., e,
e L

Reference Endmembers

Fraction Images

For each TM image we computed a fraction image
conresponding to each of the five reference end-
members shown in Figure 3. Because Artemisia
and  Populus did not oceur together, we summed
the two vegetation fraction images 1o obtain an
image depicting a single measure of overall vege-
tution abundance, applicable to both the hajadas
and riparian areas. Thus only four reference end-
member fraction images, shown in Figure 4, are
required.

Fach fracltion image exhibits markedly difler-
ent spatial patterns. For example, primary patterns
in the complemented shade image [Fig, 4al] corre-
spond Lo large-seale topographic features and sur-
face albedo, Secondary shade patterns correspond
to subpixel-scale lopography, surlace roughness,
and vegetalion community and canopy architec-
ture. In eontrast to shade, the spatial distributions
of the combined bajada and riparian vegetation
[Fig. 4b)] delineate sharp boundaries along ripar-
fan zones and around moist areas on the valley
Hoor, whereas low and continuous vegetation gra-

dients parallel the east—west elevation gradients
om the bajadas. The soil fraction images [Figs. 4c),
dl] comtain spatial patlerns on the bajadas that
delineate individual [ans, The delineated units va-
diate from the mouths of crecks at the range
fronts, in accordance with known depositional pat-
lerns, and in contrast to the patterns aof veretation
cover. Un the bajada, the two soil types demarcate
fans according to age (the “tan” soils are more
developed and older). On the wvalley Hoor, the
same color differences appear to reflect differential
development controlled in part by depth to the
water table instead of age.

Shade / Shadow

Much of the variance in TM images is cansed by
topographic shading and shadows. This variance is
F ) image [Fig. 4a)], which to
first approximation depicls topography (see Adams
1986). In areas where the (1— F, .} image
is not influenced by topographic shading, on the
villey floor and on the bajadas, subtle effects of
subpixel surface roughness and vegetation canopy
architecture are revealed, For example, partially
regenerated wildfire scars on the hajada appear
slightly lighter than their surroundings, a conse-
quence of decreased vegetation height and den-
sitv, and hence shadow.

Because vegetation bvpe, vigor, and cover all
affect the amount of subpixel shading and shadow
in the scene, E, . can be used to help differenti-
ate communities, Together, the (1— P;h;uh-} andd
VF_ images permil separation ol communitics on
physiognomic  criterie. For  example,  irvigated
meadows and stands of cottonwood  trecs hoth
have 100% cover and VI, values of nearly unity
and cannot be differentiated by VF, alone. How-
ever, they can be differentiated by ¥, ;. because
irrigated agricultural and pasture areas with nearly
complete  (100%) herbaccous cover cast less
shadow than cottonwood trees, Diflerentiation by
F,.p. alone is not always possible in hilly terrain,
but this problem can be minimized if shading and
shadowing caused by the topography is modeled
using a digital lerrain image and removed.

shown in the (1 —

&1 .'L].,

Vegetalion

We lind a single relerence vegetation endmember
for the bajada. A second one describes the riparian
areas that are concentrated on the wvallev Hoor



(g 30 The sune two vegetation reference enc-
members were found in both TM images, taken in
winter and spring of dilferent yvears. For the ba-
jada, the reference endmember is Artemisin tri-
dentata; for the riparian lands it is Populus Fre-
monti, Spectra were measured in the laboratory of
sumples having approximately the same propor-
tions of green leaves, stems, and branches found in
the feld.

We regard the Arfemisic reference spectrum
as representative of a set of similar spectra of
many species from the desert serub communities
where the green-leal area comprises a small pro-
porticn ol the total biomass. Althoozh the spec-
trum of Ardemisia is bypical of the bajada vepeta-
tion, we caution that Aremisin tridentate cannot
he identified from TM images, Similarly, the spec-
trum of Populus is a proxy for the spectra of
several kinds of ¢green vegetation that show little
or no woody material.

Sorils

’[1]”:‘ Lwio Hl:il'i]. 'I'{!ﬂ"['f"'l'l(,'i_" E_"'I'I{l'l'l'lf;"!'i'il]l:_‘]' Hljﬂﬂt]'i'l LI_‘:H'_‘[]. ki
compule {raction images [Fig d¢), d)] were from
the valley Hoor, The “tan”™ soil endmember (SCS
soil unit G35; hercafter SCS 635) is an argixerol]
from the vallev floor near Independence. T owas
better developed than the “grav” seil endmember
(5CS 600}, a light-colored sandy torriorthent [rom
the hase of the alluvial fans. Alone, these two soil
tvpes are inadequate to characterize the diversily
of seils, rocks, and boulders of Owens Valley,
However, their spectra characterize the two broad
classes ol soils thal can be :1i.l;’ti1|_L§|1i.<;]1§=d with the
six TM hands,

Spectral variation in scils is evident along
north-south transects across the Sierra bajada. Pat-
terns in the soil fraction images [Fig. 4c), d)]
contrast with those of the vegetation fraction im-
age [Fig. 4b)] in that they do not eonform to
elevation contours, but rather delineate individual
alluvial fans and depositional units of different age
within the fans. These patterns are consistent with
previous conclusions that the soil spectra on the
Sierra bajada express both the lithologic diversity
ol parcnt materials emanating from the Sierra
Nevada and soil development (Gillespie, 1952
Gillespie et al., 1986),

Soil studies and field survevs confirm that on
the alluvial fans the two soil-lraction images of
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Figures del, d) aceurately depict younger (10-25
kal and alder sails { ~ 200 kal, respectively ( Burke
et al, 1886; Gillespic et al., 1986G: Turrein and
Gillespie, 1986; |. Herrick. personal communica-
tion, 198% K. Whipple, personal communication,
1988), The spectral dillerentiation of soil ages
appears to be associated with the degree of iron
oxidation and the development of clay ar clavlike
films on sand grains exposed on the surface of the
soal, The older soils, s;i}t_-*.f_t’rmn‘:.' characterized on
the fans by 5C5 633, have more irom in the
onidized  stale,  resulling in
Hectance and a lan color. This contrasts with the
vounger, poorly developed srev soils that spec-
trallv resemble SCS 6000 The older soils also have
thicker clav films which decrease reflectance in
TM Band 7, bevond the range of human vision.
The interpretive model for the spectral vari-
ability of granitic Sierran soils is applicable to the
cast-side bajada only on fans containing mainly
granitic gravels, and even it is open to doubt
becanse the soils developing in the arid rain

lower  wvisible  re-

.‘;hﬂdﬂ“’ ATEE T10re {'El]t:"il:.‘. F-l.‘{(‘.‘.'r"l'l(_"'l'l’,_" 1] tl"ll':_" eastern
bajacla, the parent malerial on the fans consists
mainly of Paleozoic carbonate and other metamor-
phic rocks, Patterns on the castern bajada in the
tan soil fraction image [Fig 4d)] emphasize these
lithologic differences, In this imase, carbonates
are dark (low reflectances in Band 7) whereas the
plavas and other tan soils are light, hecause these
areas spectrally resemble the tan soil endmember.
Where the granitic Santa Rita Flat pluton crops
out in the Invo range northeast of Independence,
'I'l]‘l"n’l"c:lt]-.lf;['ﬁ‘d f}l]i{'['ﬁIﬁS .%T]{!{:l"l'll“}" r(?ﬁ-f“'l'l'l]]l[!‘ 1']'IE" _'.',{'I'J';l‘_y'
soil endmember [Fig, 4c)].

Although some soils are spectrally distinet,
others are nat and for these it is necessary o rely
om ancillary data such as loeation or morphology Lo
aid in the interpretation of the soil fraction images.
For example, we found that some light alkaline
villev-Hloor soils and some voung bajada soils could
be confused: this was because vegetation mixed
with the alkaline soils spectrally mimicked SCS
BO0 in the six TM bands, as did the voung bajada
soils. The alkaline soils are found only on the
"r'-i:'t[iU:'t" [l(]l}]': ':‘llld li](" ll?':l_'i':il:].'d H!}j]ﬁ Ang ﬁ]'lll'ld f}11]‘_\r’ on
the fans; thus thev are distinguished by their
location, Similarly, the red hematitic basalt cinder
cones spectrally mimic the “tan™ sail endmember
[Fig. 4d)], but these cinder cones may be distin-
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,u ey :Iﬁ;:: -

§ Tame Tine

Fignre 4 Fraction images of the reference endmembiers, for the May T8 dmage, Arveas where the endmenber comprises
100% of the spectral signature ame while, whereas dark aveas indicate the absence of the particolar endnember al The
complemented “shade”™ fraction image highlights steep topographical festores dioe lo changes in shadowing and surbice
arientation: with respect to the solar illomination, igh-albedo sirfaces appear light in the fmage. b The ™ vegetabion” faetion

0r

e

T image is marked by distinet aveas of sericaltore, irvigated pasture, and riparian areas, [t illustrates the spatially

contimons vesetation gradients on the bajecdas s depicted in the contoured image of VI, (Fig 683, bat differs o0 that the
Fraction of shade Tus not Been memoved By oormalization using B, 5

guished readily from the alluviom by their mor-
phology.

Calibrating VF,

Vegetalion cover, as determined by field measure-
ments, ranged [rom 0% to 100% for 112 map units
covering 54,000 ha on the valley Hoor (unpub-
lished data on file at the Burean of Land Manage-
ment and [nyvo Country Water District, Bishop,
CA), For the bajada, vegetation cover ranged from
0% to 30% for 31 transects and 11 plots covering
areas the size of TM pixels (Ustin et al,, 1986h;

Teensma, 19811 Simple linear-regression analysis
was used to determine the relationship between
VE, and the leld measurements of vegetation
cover for corresponding areas (Table 40

Different results were obtained for the valley
floor than lor the bajada (Fig. 5). To quantify this
dillerence, we computed separate regressions for
the valley Hoor and bajuda for each TM image.
The same field data were used for cach TM image.
We also regressed VI, values for the two different
images. In each case linear regressions fit the data
better than polyvnominal or other nonlinear regres-
sions.
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r ¥ ¥ : ¥, F I|- -.‘.II - - _I
: S e R d N A
Pigrre d feond ) Fraction images ol the reference endmembers, Tor the May TM amage. ¢f The "we™ soil (508 [J[]I:J-}

cadimeniher is vepresentative of voumg soils oo e bajicda and e highly alkaline sails of U ey Hoor, o3 The “tan™ seil
endmember (SC5 635) cortesprnds both to alder soils on the allovial Fans and o leany villev-bottom soils, as well as to the red

cinler cones.

Tafe 4. Lincar Regression Models of Field Vegetation Cover Measurements vs, V I,
fronm ".1l inler anel Sgerivgg T Inages”
leseession Slape 7 Inbercept v re
= cover fraction: x =V,
Varllew Floor (i i) [T [hisz {54 112
Vallew Floor (Decemley imeme) 1.23 — LI R 12
Bagacks [3lay image) 1.0 10k 41 42
Figadn (T evember mge) 152 —{1.N2 0457 12
= May VI - x = December VEF,
Vallew Flaur 1,21 =405 0,50 Gy
Iaafuila .21 — i1 (3,55 eI

Wegeladion cover U8 Dwas ineasured anly enee al coch site doving spring o swmmer. e i s
l'.l.l]n'( rteel to eover Sraction (0-13 The slopes ol thie regeessed line Gy = shipe = 1 F infers p e all
Thes elilferenees in regression M!II]_I('\. lsesbwwesen sessons e Dotween e villey Howr sl the
h'l} wla are comsistent iV F, vormesponds to projectied grevn-lesd ares, Parameter o i e correlidion
eoeflicienl and s is the mamber of da

|J_||,r||||\.
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Figure 3. Comparison between veretalion cover measuned
in the feld and calewlated from the May vegetation [raclion
(VI L oo the valley Hoor and on the allovial Fns. The
differences i slape between the tremds for the valles Hloor
C ) and the bajacda (00 indieate dillerences io the projected
ares of vegetation, The feld measurements are always greater
P e droagge estimates,

Although we obtained high correlations inde-
pendent of season and location, the slopes of the
regressed lines were different (Table 4}, Regres-
sion slopes for both the valley floor and for the
bajadas indicate that the vegetation fraction com-
puted from ground measurements is greater than
VI, In addition, the slope is consistently greater
for the bajuda vegetation than for vegetation on
the wvalley Hoor, and greater in winter than in
SPTITILE,.

The regression slopes are greater than anity in
Table 4 because the ground measurements of veg-
clation cover comsistently overestimate the pro-
jected area ol green leaves and woody hiomass
measured rom above by the satellite. Thus, the
ground measurements do not fully account  for
the gaps between the leaves and branches of the
shrubs., The largest discrepancies oeeur for the
shrubs characteristic of the lower bajada such as
Atriplex  polycarpa, Grayia  spinosa, and  Te-
tradymia spinesae which have comparatively low
values (< 2} of leal area index (LAID) and a low
ratio of LAL to stem arca or total bicmass
(Groeneveld et al., 1986h; Sorenson et al., 1985;
Beatlev, 1974; 1975; Chabot and Billings, 1972;
Ustin et al., 1986a). Species such as Purshia glan-
dulosa and Artemisia tridentata that are character-
istic of the upper bajada have relativelv high val-
ues of LAL and a higher projected leal area. Areas

dominated by these shrubs have higher VI values
that correlate more closely with the percent-cover
measurements made on the ground,

Both the correlation coefficients and the slopes
ol the regression lines changed with season. The
corrclations between TM and gronnd  measure-
ments of vegetation differed between December
and May, The December correlations are lower
{Table 4) because the 23° sun elevation coused
;:'['L":;!t-l’_"l' !-_;J'IEJ(JUW'I-E'.I?_’: :-]'I'Il:] ]U\.\"{'!I' H]'.IE"{."I.]'E[] conbrast, I]]
May the sun elevation was 597, resulting in less
.‘:il'l:;l.d{'i".'."i'l'lg :;il]L] THoare H'[J[f.‘l::tl':-li conlbriasl.

The: regression slopes in Table 4 change with
season, ws is seen in the regression of VE values
for the Moy image o those lor the December
image. This regresion slope exceeds unity lor hath
the bajada and the valley Hoor, indicating consis-
tently higher VF, in spring vs. winter. This is
consistent with increased amounts of projected
green-leal area in the spring due to new growth
and, espeecially on the valley Hoor, to the appear-
ance of ephemerals,

A picture of YE,, coupled with (1~ F, ) as
discussed above, is given in Figure 6. The image
J'I;_-'I,fi l_}(_’!l:’_'!n (_:('III'J'I.'-I:_;('IL]I::"(_:l E'I.'I'I(_]. lf":-il'i]'.l'l':-lh‘.{] ]:]_'\- 'HE"].[] CenveEr
estimates so that the vegetation cover 15 = 0.1 in
gray areas, (L11-03 in yellow areas, and = 0,30 in
g'l'-l'_‘.l::"'l'l s IT‘I]I': ".,ZU].H'I' conlonrs f](:l[[][:lﬂ{' "-"{:'g{:'ti‘l—
tion patterns that for the most parl are spatially
continuous and ek abrupl transilions except lor
the riparian, irrigated and high-groundwater areas
om the valley Hoor. Vegetation is more abundant
on the west than on the drier east side of Owens
Vallev., Field transccts show that the vezetation
caover, and hence the LAL increase with the elevi-
tion an the bajada on both sides of the vallev,

The contours reveal a generalized correlation
hetween elevation and bajada vegetation abun-
dance, which is denser near the fan heads, and an
asvmmety in cover due to decreasing precipita-
tion and runoff with distance into the rain shadow
toward the east. Vegetation cover 1s largely inde-
pendent of soil tvpe on the bajadas [Figs. 5 and
4c), d)]. This conclusion is supported by both the
image data and field observations.

The E-W gradient in cover oceurs across the
transition in commmunity from Creal Basin Sage-
brush on the west side to Majave /Shadscale Serub
un the east side [Part 11, Fig. 1h)] The increase in
cover occurs along with changes in communily
tvpe, In general, the Mojave—Mixed Desert com-



Figure 6,
multispectre] TW images. The image has been color-coded
and calibrated by field cover estimates so that the vegetation
cover is = 0L In gray arcas, .11 =03 inovellow areas, and
=03 green areas, The intensily of the color 15 medalsted

A vegetation map of Owens Valley derivesd from

L 08— 170, 8 The Sierra Newida on the left ol the image
is snoew covered wnd the color eodes are not applicalile to
thiz area,

ity aceurs at low elevations and is lound within
the grav areas of Figure 6, The Great Basin Sage-
brush community is found higher on the bajadas,
in the y‘c:llﬂw areas, and  the Purshia—Pifion—
Juniper communities oceur at the fun heads and
lower elevations of the montane regions, in the
green zones, Exceptions to this overall pattern
oceur where the vegetation Lype changes from
xerophytes to ephemerals or to phreatophvtic com-
munities, and where precipitation is anomalous
(see Part T1). For example, grasses are associated
with the basalt Hows, and mesic arcas on the
valley floor support phreatophytes [Fig, 4b)]. In
contrast, areas of recent disturbance or of highly
alkaline soils {e.g., salt pans) have unusually low
vegetation [ractions.

Abundance of Desert Vegetation 1Y

Cluster Analysis

Cluster analvsis was perlormed on the measured
and caleulated variables listed in Table 5 to deter-
mine seasonal and spatial differences in image
radiance data in relation to the computed fraction
images and other remote-sensing measures of veg-
etation. We summarize the rvesults of this analvsis
to illustrate that the radisnce measurements alone
oy not trr:lnﬁix’rn;-:nﬂ',-' characterize the suface of
Orwens Valley either spatially or temporally.

Seasonal Differences and Internal Consistency

For each TM image there is a high degree of
correlation among the six different radiance mea-
surements (M1-3.7 and D1-3.7 in Table 3). In
contrast, for most areas on the gronnd,
measurements stgnilicantly  dillerent and
were poorly  correlated  between the December
and May images. These low corvelations could be
mken b imply 1ntr111~.1f_ f:hdll{_,m in thf_ ALCIC _lt‘:LJI
or v]u‘:f LFidI‘l”'I:‘H m thc 11111m|_11:_i£5m and instrument

Lunr,htum extrinsic to the scene. It  can be cllfﬁmlt
to sort out these interpretations, The six bands of
the TM images were all poorly correlated to the
[raction images, with the single exception of the
shade image.

The normalized  soil
tractions of Table 5 were computed analozous to
VE expressed by Eqo (3). Both the [ractions for
the December and Mav image utilized the same
reference endmembers, The normalized sail aned
vegeltation fractions (DTS, DGS, MTS, MGS; and
DV, MV, respectivelv) computed for the Decem-
I}("‘I' :'lTIt]. 1"r] RS I.]'T]'rls__,f"%' W b("‘tt("l' f"l:_.'l'l']'{"]:;i.l'{‘d H:h'l'l'l
the corresponding radiance images. Thus, unlike
the images as acquired, the calealated  fraction
images provide a consistent framework or reler-
cnee from which to evaluate temporal changes in
the scene,

The shade fraction images from December and
Mav [Fig, 4a)] were the least correlated of the four
fraction images, because of the striking differences
in shade and shadow in the scene that resulted
from the greatly different summer and winter solar
H].{‘V':lt[“]'] 'r[[lj_{l{‘..‘i. Tf"[l![]{ﬂ"'l] f.[[ﬁ"i'?'l'i'."ﬂ(ff"‘.‘; 1Tt ]!El'l'lt].
radiances corresponded  predominantly Lo these
same changes in shade and shadow. Although many
changes in I, resulted [rom the large-scale
topography,

raclianee

wWoere

I'(.‘-H"'I'l‘!!’if.'{'f {"I![]]]’]ﬁTrI]JEt’

cgually  important changes resulted
trom shading and shadowing at subpixel scales.
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The normalized vegetation [ractions (DV, MV)
changed from December to Mayv. Although over
the whole subscene DV and MV appear to he
highly correlated, the actnal relationship is not
simple. For example, an area with a high VF, in
December will typically have a larger change be-
lween December and May than an area with g
lower December VEF
Lields on the Hoor

FE]I' an  extreme f_'?{{l'l'l'll)‘l'l'_':._
of Ohwens "r’:l”{!:.-‘ are
sparsely vezetated in any season, and henee VI
tor these areas is unchanged.

The two normalized seil fractions at the dil-
terent seasons (TS va DGS and MTS vy [D0C5)
were found to be spatially correlated (r < —0.89).
The correlation between the two soil fractions was
more extreme than between soil and virgetation
This difference is consistent with the
msensitivity of the vegetation to edaphic differ-

dl e

Fractions.
ences as measured i the dmages. The inverse
relalionship between the normalized soil endmem-
bers is one-to-one, indicating that they are spa-
tiallv independent of hoth shade and vegetation.
Fatterns in images of the same soil endmember
tractions Tor both December and Mav are consis-
tent, such that the same soil map can be con-
structed from either TM image.

Other Vegetation Indices

Images of three conventional vegetation indices,
VRI, NDVI, and PVI, were caleulated from the
two TM imuges, using only Bands 3 and 4 (Ebddge
and Lyvon, 1953). Index values for the valley Hoor
and bajada were compared o field measorements
ol vegetation cover, O the valley floor,
tions between the index values and vegetation
cover ranged from = 076 to 083, for both De-
cember and May images, The correlations are not
significantly different from those obtained for VE
{r=10.80 to 0.84; see Table 4). These uniformly
high correlation coethicients result in part from the

Cor I'II'.'!] L=

wide range of vegetation cover (0—100%). Among
the three vegetation indices, FYT had the lowest
correlation, for hoth May and December. There
was lille difference between values of v for NIV
and VRI.

O the bu_iudu, correlations between the index
values aned vegetation cover diflered Trom May Lo
December, For the May image, r = 0.32-0.66; lor
the December image, r = 0.33-048. In contrast,
for VF, (May) r =091 for VF, (December) r =
0.87, As for the valley foor, n:ﬁ the three indices
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FVI had the lowest valnes of +, aoed NDVE and
VRI were comparable,

A corvelation matris [or two ol the standard
vegetation indices (VR and PV, VFE, and other
parameters for the Mayv and December images s
given in Table 5 VRL PYL and VF. cach a
measure of vegetation, are inconsistent in the de-
vree of correlation with other variables eiven in
Table 3. The seasonal correlation of ¥E, (MY vs.
% in Table 5) is rvelatively hizh compared to
those For VRT or FVT (ee, TIVT or T3 s, MVT or
MAR, respecltivelyv). None of the three indices cor-
relates well with the normalized soil fractions. VRI
has the highest correlation to the nominally cali-
beated image radinnees (1% values).

DISCUSS10N

The Physical Interpretation
ol Reference Endmembers

Finding a set of reterence endmember spectra that
[il the image data is part of the process of identifv-
ing the materials that actually comprise the scenc,
Equally important is the evaluation of the chosen
reference endmembers to determine whether they
are reasonable in light of other inlormation about
the field area, and whether their spectra are unique
or merely representatives of broader classes.
The six-point_spectra_of TM rarely _allow
unw;uv H]J{ h:¢1| |d::nt1ﬁ-:_¢it:r:|n<, For mttrnpiv tw
fere L. ‘m soil s Sped lhllh._Hj}l 11{rLI!L'-f_(‘ of
:i {Ll‘>‘> (TIE_.'I].'IJ_L“"I]_:.L‘I.& |.]'|¢11 I]'Il: Il](].!"% L]I{‘ I {! E]l:"'l'llgli“[l:
b lt Lmr.h s [:1!1]1 3). Howe VET,
ddtqudtu_ to identilv some ge neral spectral classes
such as vegetation and certain tvpes ol soil and
rock. Most of the materials in Owens Valley, when
measured throngh TM bandpass filters, are spec-
trallv indistinguishable from wvarious mixtures of

TRICTETI

M speclra are

1!!(" 'I'['?F{;']'f:!li{_:(! f_‘!li{]lil{_,"l'l'li'l‘!_‘!r.‘i._ :-il'IL] ‘v'E{_'I’:" VETH- FH'I'
example, a mixture of salt and sand (Table 3)
appears similar to the “gray” soil spectrum, but is
lighter {negative shade).

T]I(‘.‘ H[JE"{:!T[['I'I'I I'ilr ['i‘.'r(“'l'f"lll:.‘l‘ E"!'I(].!]]{‘.]]'I]:]l:"!'
Avteniisin is similar to thatl of several other species
of bajada vegetation, Thus, when a relerence spec-
trum such as that of Artemisia is found to fit the
image data, it is important to keep in mind that
the search has only narrowed to an Arfemisia-like

material, not to a specific genus or species. Our
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laboratory and Lield measurements of many plants
inclicate that few species have unique reflectance
spectra. 1!'_| 5 18 upuual]v true using the rmt] [Lti.‘f.[
TM bandpasses. These conclusions are consistent
with the fact that the spectral contrast responds
primarily to the biochemical constitnents (mainly
:;hh_:mphy” and swater) rather than to the murp]]u]-
Oy anel ph'_-.'.lii[_:gnr_:my that wre most often nsed to
Cates, 19700
However, the inlensily l:li_t,.rhhw.l,.x} of spectra also
responds Lo plant architecture {Adams and Smith,
1986), as is shown by the F, image [Fig. 4a)].
Onee the spectral class of the relerence end-
member has been established, it s possible

resolve ambiguitics and to narrow the choices of

reasonable  materials  lurther  using additional

knowledge of the field arca, The spatial context of

the endmember in the image is especially impor-
tant. For example, we know that various evapor-
ites (salts) occur on the valley Hoor and along the
lower edges of fans, Salt rarely is mixed with other
materials except along unit houndaries. Therefore,
we exclude salt as an interpretation for the “uray”
Sﬂi] {:‘]"Id'l'l'lt"'l'l'l])f_‘!l' O ﬂ'l{’! lJ}tj;:l{hl.S.

The spectral ambiguity between dry grass and
“fan” sodl (Table 3 wlso can be resolved from the
image context. In Owens Vallev, we ohserve that
ﬁﬁhlﬂ U‘:r ttr}" gnl}.ﬁ Are ﬁjl!!](l ].El'l'gl‘]}' 01l t}l{" ]ﬂ“"l’r
Fc'l'l'lh' Ell]fl '-"E‘l“i‘f}" HU“]-. Sp{“.-f.‘t riii]_'y": ';].l'}" g]':'lh'h' TESEIT=-
soil end-
members, which actually oceuar there also, butl nol
together, Thus, we would interpret apparent spee-
tral mixtures of "gray” and “tan” soil on the valley
Hoor as representing actual mixtures of the “grav”
soil plus dry grass and shrub litter, or altermatively
as some mixture of the “tan” soil and other refer-
ence endmembers. The same data for the bajadas
would be interpreted as a soil of intermediate
development resembling a mixture of the end-
member soils, because dry grass is uncommon
there and a range of intermediate soils have heen
observed.

One further limitation to identifving materials
in terms of spectral endmembers is the complete-
ness of the collection of reference spectra that is
used in the search. Tt is not feasible to collect the
spectra of all possible materials. However, it is
]_JUSS{bIF;‘ to assemble a set of spectri that meludes
the main materials that are known to occur in the
field area or that are known to be reasomable
candidates. These sets may comprise a few tens or

Bles mixtures of the “oray™ and “tan”
[ o

a lew hundreds of speetra. When the possible
mixtures of all spectra are considered, these sets
are seen to encompass a large range of spectral
variation. Nevertheless,
|q_l|:p in mind that unknown materials on the
ground may masquerade as spectral mixtures of
t]'l.{_': ]'[j‘i';'_‘,'l'{;'!li(_;{_"! ﬁndﬂ]t"lﬂ]!t‘:l'ﬁ TE]U;E l|'I:;i.".-"E_" ]?(:‘{;:I] Htl=
lected for the image.

it is alwayvs necessary Lo

The discovery of onlv two spectral vegetation
{‘.]](]]T'I(.‘-"I'Ilhlﬂl'ﬁ El]'I'II:iITlg il ".H"."('.'II'HI:.’: ]]'I:i.K l::l[. [jlll!]l .‘;p{'lﬂ'[{.'h'
andd communily bypes—one [or the mesic portions
of the valley loor and one [or the xeric bajada—
conflicts with the resulls of many prioe studies
which conclude thalt multispectral images diserim-
inate plant communities and Jor species (o,
Gross and Klemas, 1886; Satterwhite and Henley,
1957). The general correspondence between VE,
and community type in Owens Valley is not direct:
It occurs only because there is a characteristic
physiognomy, canopy architecture, and LAIL for
each community type, and not becanse the images
measure vegetation community directly. Perhaps
direct identification will be easier with the acqguisi-
tion of very high spectral resolution (~10 nm) data
by AVIRIS and related instrinnents thal can record
subile H[JHII.‘IFH] differences that characterize some
species. However, studies that suggest that direct
identification of desert vegetation can be made by
TM™ (ee. Satterwhile and Henlev, 1987) are not
consistent with our resulls.

Based on the correlations between the ground
measurements of percent vegetation cover with
VF,. we conclude that VF, is a quantitative mea-
sure of vegetation abundance, The differences be-
Pereen t_l,'_l_l:'_‘,' VL"g-I'_}t.‘:'l.ti(_'l!'.l 11_-*.&*.1’5_*11{1_-*. {*.'I'IL]'I'I'I{‘![EI}JL‘."I'S FUT
the hajada and the vallev floor are consistent with
differences in the amount of woody material ex-
posed and in the projected green-leaf area. Simi-
larly, the seasonal changes in the VI, are consis-
tent with measured  seasonal
(Groeneveld et al., 1986h; 19587).

It was not possible to regard the ground mea-
surements as an absolute reference against which
the accuracy of VF, could be judged.
careful field work by different  experienced

}]Uhl'll'l-..‘{f.*}, g'l'i_“]'l'l(]. measurements U‘r'l:.'rﬁ.‘s'ti[[liil.(.’-(]. l]]i.‘:

changes i LAI

Despite

shrubs cover becuuse it was not feasible to measure
the ITLETY stmall gaps between the leaves and
hranches. We suggest th thal VI dflu.l“v may give a
TrITe d::-:,umtg Hlbl_;,l.ﬂt.;’lnL,UI.l;-._ Im-unurn* :’Jf Ljrf}_]t“( 1[—*(1
veh{-;idfmn cover th‘m une-tnrw ﬁrulmf] TSI



ments; however, to test this possibility, it would be
nécessary to make exceptionally detailed ground
measurements during TM image acquisition, This
work has not heen u!fe:.ln]_jtew_].

The Correspondence between VE,
and Other Indices

Estimates of vegetation alnmdance from VI, and
three conventional indices [PV NV and VR
were different for the Owens Valley study area
(Ustin ef al., 18862 Smith et al, 19%5bh). For
riparian arcas, PYL, NDVIL, and VEI and VF, cor-
related well with field measurements, although the
stancard indices all indicated higher cover in De-
cember than May—contrary to field observations.
F“]' il{'!.‘i{'!]'t S-L.‘]'Il]:], |']'|E:" L;t':;]]'Il;]:;i!'f_]. i]'ld'i(_‘l:_"& Wi ],{_"55
well correlated than VE, to field measurements,
This suggests that PV NDWVL and VRI are not
sensitive oo Lhe
abundance tvpical of arid and semiarid

subille variations of vegetation

TEEOT S,

Apain, PV NDVI and VRI all were greater for

the winter than for the spring
tion of cach measure ol vegetation leads 1o diller-
ent conclusions regarding seasonal changes in the
vegetation and its spatial distribution,

We attribute to the assumptions implicit in
these indices the Lwk of correlation between PVIL
NDVI and VRT and feld vepetation measure-
menls. I}H. th I]'IL]'I( 25 1158 U'Ill"." h?\.t] H]J_{'Lt'l .;l.l }_].;l'l'l.{_lh

inage. Interpreta-

lfJ dete ]['Illl!_!_{ ﬂ]t T ]rttj_u_ ‘{[}qmtl‘umr_ n;_]’r \f_["-‘n,mtmu
Ihu]mtmail\ Tt is not possible to resolve more
than three spectral endmembers using only two
spectral hands, However, for Owens Valley we
found five distinet endmembers nsing T™., Thus,
when only two bands are used to determine vege-
tation abmmdance it is not possible to entirely
remove the H[H‘.‘(.‘Il'all contributions from the other
For this reason, VREI and PV may
vield incorrect abundance estimales when used on
multispectral images that have more than a single
soil or vegetation endmember, as has been demon-
strated by Elvidge and Lyon (1985), Huele (1956),
and Huete et al. (1955}, Even the six TM bands
are not fully adequate to separate all of the Owens
alley soils and vepetation, as is evidenced by the
negitive fractions in Table 3. New high spectral
restlution scanners such as the 224-band AVIRIS
may eventually be capable of differentiating more
endmembers than TM in the Owens Valley; how-
ever, preliminary application of spectral mixture

= l(]. rrlll[[thl.‘]'.‘;.

Abundance of Desert Vegetation 203

L9580 resulted
mumber of endmembers,

analysis to AVIRIS (Smith et al,
in the
suspect may be intrinsic to the scenc

Fram Table 5 it is possible to predict the
onteome ol supervised and unsupervised classili-
cation schemes such as maximum likelihood, dis-
criminant  analvsis, K-mean  clusters,  principal
components analvsis, ete., applied to the radiance
dati. Each of these analvtical frameworks relies on
the statistical distributions of the ditferent bands

Ll \.\"}I E{fh W

of radianee data to delineate different surface tyvpes
in the image and to permit the inference of surface
composition. Any classification scheme that canmot
separale the influence of shading and shadow from
soil and vegelation inoan image will imeorporate
some unknown weighling o mistures rom these
components  which  depends upon the  imaged
scene, Because shading and shadow often exert
the greatest influence on spectral variation in the
acquired image, statistical schemes of classification
necessarily incorporate these variable components
as part of the classification. The statistical classifi-
cation gives inconsistent results from images ac-
quired Tor the same area ab different  seasons
because the shading and shadew change, corre-
sponding to the conditions of the respective solar
clevation and azimuth angles.

SUMMARY AND CONCLUSIONS

Using spectral mixture analvsis on TM images of
Crwens Valley, we separated the vegetation brom
the ather surface components and from the ellects
of differential illumination, atmosphere, and in-
struments response. Scasonal changes in vegeta-
tion on the bajada and \;111{:\.* Hoor are L“{pmsatd
spectrally in the TM images as changes in the
endmember fractions. The vegetation “endmember
spectra themselves did not change fraom winter to
spring, although the fraction of vesetation did
incresse. The HE_}Iltf:l] [rttterns of the two :jf;i].s,
En{]:-?]_::;*ru]{mi of the vegetation and shade ,‘::]_J{*.I:_:h’:;!l
{'.'Ulll'[]ﬁ]‘!]l:‘.”'lll.?i._ e {’.[]l]j"r"!l]i_‘!l]! ﬁ]r H'!(‘. ]’j(‘.ﬂ(‘.!]]hf"l'
and Mav images, despile a large dillerence in sun
clevation and dillerences in the [raction of vegeta-
tion, The endmembers found in the Owens Yalley
appear to be representative of the hroad tvpes of
vegetation and rock /soil found elsewhere in the
Great Basin and Mojave Deserts, suggesting that
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the results of this Htlltl}' Ty Le extended to other
similar regions,

The results of this study emphasize that the
vegetation abundance must be measured in con-
text with all of the other factors that influence the
spectral variation in multispectral mages. Many
remote sensing studies are locused narrowly on
single factors such as vegetation, on the assump-
tion that other factors such as the soils and the
lighting conditions can be ignored. Our experience
x111—.§g_\:-wtw that this limited focus can IL&II[t ]]'| mmn—
ter [Jﬂ‘thUH {;f the ape&tm'l content of i]]]:iLLH

We have found that standard field techniques
as applied to desert serub do not vield a sufhi-
:rifﬂlt]}' accurite measure of the vegetation as pro-
jected onto the image plane, vet it is this measure
hat is required to link feld and remote observa-
tions. A simple and effective field technique s
required o measure Lhe Lﬂ'r:J'e_*.{:ted arent of leaves
and woody material, possibly utilizing the new
generition of compact and portable :m[hisp:ﬂ:h'u]
COD eameras.

[}[1{'(3 t] (5 5'[“.‘:".:".1‘;‘[! lI*.T'IE].TIlIl‘.I!I:I]:][*.'I'H iree (].{"['{‘:I'—
mined for an area, they form the basis for calibrat-
ing subsequent images, according Lo B (2) The
spectral mixture analvsis then can be nsed o
monitor changes in the ractions ol endmembers,
such as vegetation, with season and with changes
in land use. If the endmembers themselves change
this will he apparent in the fit of the model to
data, We conclude, therefore, that the approach is
advantageous for ecological, land-use, and ather
studies of changes in vegetation where it is impor-
tant oot to }mu* confusion with variations in lght-
g, Mrnmph(m arad instrimental effects.
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