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tom with field measurements to exaniine local and
regional-seale envirenanental processes that covary
with the abundance and distribution of vegetation
in @ semiarid ecosystem. Imuges of the fractional
abundances of vegetation and soils were con-
structed by spectral mivture analysis of Landsat
Thematic Mapper (T'M) satellite images, covering a
150-km segment of Owens Valley, California, These
tmages, along with o TM fmazge of the radiant
temperature,  a  digital riruel
H?'{Juﬂfz—.'r}ﬁb'fflil Ji'i‘{:'l:’.l'.ﬁ'l']'rf:f'i'nl"’i'?f.\' I'.EIIr lr.?i"ﬂ{:i‘j'.'r.ff.l'fi-l'?.r! f”’!l'lll
eugpotranspivation, were evamined o isolale the
effects on vegelation of the covarying factors, net
radiation,  temgperature, elecation, soil type,  aned
precipitation. On a regional seale the abunedance of
desert serul on the bajodas of Cwens Valley ap-
pears to be influenced most by the mean annual
precipitation. Also vegionally, vegetation cover is
sensitive to the differences between the gravelly
fanglomerates of the bajadas and the alluvium of
the valley floor. Other edaphic and ground-water
effects are important but localized, and are most
pronounced on the valley floor. They produce pat-
terns in vegefation almndance that are J'rir.ff.’p{fnrfﬂn.i'
of and superposed on the regional precipilation-

elevation  iniage
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controlled pattern. Temperature covaries with veg-
etation less well than precipitation, and appears
nof to be the major influence on either the anommt
{Jf vesetation or the houndaries between major
vegetation communitis. The image-derived mea-
sure of vegetation cover correletes closely with
grr}un{f-h(.l.m;f PReasuremels cJ_jr epapolranspivalion.
The .f.'funry demonstrates that local  observations
canamat e {f.l'.'.]"{ili':llf.lll:fl.f{.’f.lr sf{ﬁff_r,r tor the r'{?girmﬁf seale,
fI.l’l(lil ﬂ}l{.ﬂf- il ('r?l!rf)f?tﬂﬁﬁ?l {.[J{ fﬁr:ulrﬁrﬁirf niEasraEnis
aned the regional measwrements provided by remote
sensing is required to determine the environmental

[factors that control vegetation distrilution.

INTRODUCTION

This paper is Part 11 of a two-part study of desert
vegetation, focused on Owens Valley, California
[Fig. la)]. In Part T (Smith et al, this issue) we
.‘:ii'_l[}l"n‘r'ﬁ_‘!d ]:'I.(_}'A.V TE'ITI.(_}I:EI}" SE"I'IS{‘!L] reastrements o H]]d
be used to estimate vegetation abundance in semi-
arid and arid deserts. In Part 1T we analvze how
the environmental factors of net radiation [H”],
temperature (T, ), elevalion, precipitation, and soil
lype alfect vegelation abundance in a semiarid
landseape. Previously, the relationships hetween
vegetalion abundance and these covarving lactors
have been ohscured by inadequate spatial and
lemporal sampling. Data have been collected at
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paints, bul interpreted o have regional signifi-
cance, The dala deseribing conditions at local
scales may not apply regionally because 1) the
enviranment may be dillerent outside of the area
of measurement, 2) the coupling of environmental
factors may vary with scale, and 3) eommunity-
hased classifications of vegetation may he inappro-
priate for chavacterizing the regional ccosvstem,
As an example of the scaling problem, Jarvis
and MeNaughton (1986) pointed out that predict-
mg regional evapotimspiration requires more than
extending local models to landscapes. They showed
that, al the scale of the leaf or the [}]unL eV
transpiration (ET) is effectively regulated by stom-
atal concductanee, but al the regional scale net
racialion and wverage lemperature are the control-

ling factors, Stomatal regulation al the level of

individual leaves leads to compensating microcli-
matic fecdbacks at the community level, Measure-
ments of stomatal conductance are not sullicient to
estimate ET at the community level.

Satellite multispectral images are now  be-
ginning to he applied to ceological studies (e,
Waring et al, 15986), Becanse digital images con-
sist of massively repetitive discrete spatial mea-
surcments, they polentially provide one way to
eatend information from local o regional scales.
Data from several Earth-ohserving satellites are
[j!'(lﬁ{?[ill}' '::I.‘n-"'::l.”.:"l]'?].{:._ 1'1[1{! new .‘;}'.‘Qtff‘fllh e l[[l[](.‘-"l'
development.

Satellite measurements have potential or de-
picting parameters such as B, and T, as well as

other parameters relating to the interaction of

electromapgnetic radiation and the Earth's surtace.
However, this potential can be realized only if the
EJ":I':.’?:ijL.‘Il] Hi?.;':lliﬁl::'l'll(,"ﬁ_" (]f 1']'IE_" remote medsurenients
is established L*.n;:n]n}_{it:u”y. Thus, for L*xurnpl[:, it
{THYY b .x[gniﬁc::nﬂ to determine the percent cover
of green vegetalion for an area on the ground, but
it is not of direet value Lo the eeologist Lo koow the
!'Eldi':'i]'lf.‘[‘.‘ al \"Hl'ililll.‘; ‘\\"E‘l"p"l"[iﬂlglh.‘i i‘[ﬂ' !}l{:! SlTTLE el
The statistical classilicalions and correlations that
commonly are used on mullispectral images are
poerformed on the radiance or reflectance  data,
and, lacking a physical basis by themselves, are
not suflicient to conneet the satellite measure-
ments to materials and conditions on the wound.

In the present study Landsat Thematic Map-
per (TM} satellite data and field measurements
from Owens Vallev, a region encompassing the
transition between the Mojave and Great Basin
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deserts [Fig, 1h)], are used to examine environ-
mental [rittrerns at several .L;T_];Lt]'aﬂ scales. The satel-
lite mesasures seene radianee in six different spec-
tral  bands 0 the  wvisible and  near-infrared
witvelenglh regions, and pne band o the thermal-
infrared region. Radianee values in the visible and
near-infrared regions respond 1o variations in the
chemistry and structure of materials al the Earth's
surface, but they may nol respond directly o the
same parameters that an ceologist would measure
in the field, such as vegetation cover, soil mois-
ture, or community composition. In the field and
laboratory most plant species and communitics are
identified by morphological rather than chemical
criteria, and the resolution of 4 single (30 m =30
m) TM picture element (pixel) is far too coarse tor
direct morphological identification {Part 1) Agere-
vales of species may be identified frome satellite
images i they possess anigue reflectunes spectra,
bt this is ool often the case. More bypically,
species are inferred from spatial and Sor lemporal
patterns and from comlest

[ Part 1 we described a method Tor analveing
Landsat images that isolated the spectral radiance
contributions of veretation, soil, and shade in the
pixel data. Radiance measurements from the six
visible and near-infraved  image channels were
!EI.‘lt‘]'lE_ﬂ'rl.',lﬁL‘:;iI]}-‘ transformed into the relative frac-
tions of o few endmember spectra which, when
mixed together, accounted for the observed ST
triel variation in the scene. Using this spectral-mix-
Lure: ﬁ'ﬂrn{:x;-'m'k, we hen mapped  the relative
abundances of two vegetation and two soil tvpes in
Chwens Vallev, The goal of Pact 11, the present
paper, is to examine the relationship of the scaled
vegetation fraction (VE)) measured by Smith et al,
(1990) to five environmental factors: net radiation
(R, ) vadiant temperature (1), elevation; mean
anmutl precipitation (MAPY and soil tvpe. All of
these environmental factors can be determined
and expressed in image form along with the vege-
tation abundance, using & TM image, reference
spectrn,  ground-hased  meteorological  data, and
digital elevation images. We examine and compare
these spatial data sets, and test whether Iocal
corrclations among environmental parameters that
have been documented in the field extend to re-
rional scales, We then use the spatial patterns of
the ohserved regional gradients to assess to what
extent each of the factors affects the distribution
and abundance of vegetation.
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A specitfic objective in Part 11 is to determine
whether temperature, water (soil moisture), or soil
compaosition has a dominant effect on the abun-
dance and distribution of vegetation in Chwens
Vallev. Soil nutrients, moisture, and temperature
have all been implicated as limiting vegetation
FESOILTCES 11 HE_"‘,-'I'I'I'iEl'I'iL] ]:;1]'1(]5 {;ert{mg Uthﬁ]'s, S
Merriam, 1898; Billings, 1949; Shelford, 1963;
Beatlev, 1974; 1975; Schreve, 1912; 1934, West,
19832, b, e MacMahon and Wieholt, 1975
MacMahon and Wagner, 1955). Some authors
stress the significance of mintmum Smaximom air
termperatures in winter and summer in controlling
the distribution of semiarid vegetalion. or ulilize
dav-degrees (integrating temperature over lime)
as factors to separate vegetation zones {Hastings
and Turner, 1965), Serub cover has been shown to
he proportional to precipitation in some semiarid
regions { Beatley, 1974; 1975; Goldberg and Turner,
1986), and a review by Shimeda (19585) concludes
that Leat-Area Index (LAI)} and productivity are
generally proportional to precipitation.

A high correlation among precipitation, vege-
tation cover, and elevation commonly has been
ohserved in semiarid landscapes. Becanse precipi-
Lation varies with both air temperature and eleva-
tiom, it has been diffcult to isolate the effects of
each on plant distribution. Previous studies have
relied on extensive temporal sampling and have
involved only limited spatial sampling, For exam-
ple, Beatlev (1974) concluded that minimum daily
air teruperatures control the transition between
the vegetation commumities of the Maojave and
Creat Basin deserts, hased on relatively limited
spatial Alemporal data sequired at loeal seales. We
argue that causal relationships among these inter-
related parameters may hest be revealed on a
regiomal scale, by correlation of spatial patterns of
variahility in registered maps and images of VI,
and the candidate driving parameters. Using the
TM images, we can study vegetation distribution
and abundance using a 100%-sampled spatial data
base.

Soil moisture cannot be measured directly by
TM: however, we hypothesize that if the abun-
dance of green vegetation (which we derived from
the six-band radiance data) is an indication of
availability ol soil moisture, then the vegetalion
fraction (VF,) and related spectral parameters are
indirect measures of evapotranspiration (ET), inte-
grated over a perind of time characteristic of the

vogetation  community,  These  hyvpotheses  are
tested in terms ol ground  micrometeorological
measurements and the patterns in the image data.

METHODS

The research strategy was to analvze satellite im-
age data in the wvisible, near-infrared, and
1'|'I[;"'|'lil:;l].-i‘T'IF[’:;i!'f_‘!L] 5[}":"(_'!1'1'}” Tt‘gil]'l'l._\] in fermes lf'I'F S]Jt‘!{:—
tral mixtures of vegetation and soil. These mea-
surements were l::f_:lTT'I}I'I-[II:jL] Wi 1']1 COTIVE T'I“(]'I Iil]
[_3;11'5111|etersu]est_‘1'ihi11g net radiation and  radiant
temperature. Vegetation fractions were compared
with feld measurements of vegetation cover (Part
Ih, Other data were acquired  from  reported
ground-based  observations  and
compiled into image or map formal: these dala
include the disteibution of vegetation communi-
ties, digital elevation images, soil lemperalures,
and mean annual precipitation.

Remately measured radiant  temperature s
mixed [rom substrate and vegetlation temperalures.
Substrate temperatures are proportional, among
other things, to the net solar radiation absorbed by
the surface, whereas the vegetation temperatures
are more dependent upon air temperature and
evaporative cooling. Images of the net radiation
and radiant temperature data were compared in an
effort to understand whether the substrate or vep-
ctation is the significant factor controlling radiant
temperature.

Correlations of soil tvpe and vegetation cover
were investigated by visual inspection of images
x}mwin;{_ the proportions of desert serub oand of
voung, poorly developed soil. Correlations of vege-
tation cover and the other parameters were exam-
ined in three ways: 1) linear regressions of each
parimeter  to elevation were {:UIII[}:;!!’E:{I; 21 the
grass correlations of vegetation cover, tempera-
ture, and precipitation to elevation were removed
from the images and the residual images were
compared; and 3) the gross correlations of vegeta-
tion cover to temperature and to precipitation
were removed from the images, and the residual
E"Iq'lgf;"ﬁ Were !"L]'I'I'I.]_:I:'J.'I'Hl:]. 'I'I.S'[fig UL]]U!’—CU{]L‘;L] contonr
AN BN

Correlations of vegetation cover, temperature,
anl precipitation with elevation were established
by regression of the image data and spatially regis-
tered digital elevation data sets along selected

MEASHrEmen LH,



transects (discussed below). New images o esti-
mated vegetation cover, temperature, and precipi-
tation caleulated TERETESSTON
coeflicients and the elevation images. The gross
corvelations were then removed from the reduced
data by subtracting these estimated fmages from
the vegetation cover, temperature, and precipiti-
tion images, respectively, The subtracted data o
residual images that highlight local departures [rom
the regional correlation with elevation, A similar
protocal was followed in caleulating residual im-
HES of vegelabion cover 1'::gre:55{*.d to temperature
and Lo precipitation. Finally, the satellite estimates
ol vegetalion cover were regressed to local evapo-

WO |I!'li]]]] l}l{'!

transpiralion values estimated from field measure-
ments,

Satellite Tmage Data

The TM data used in this analvsis were acquired
on 16 Mav 1985 at approximately 0930 PST
(Landsat 5: Path 41, Rows 34 and 33). Net radia-
tion (R ,) was calenlated from TM Bands 1-5 and
7. Aogether spanning the visible and near-infrared
spectral  regions (048-2.3  wm), using  the
welghted-average method of Jackson (19584) and
Jackson et al. (1985). T™M Bands 1-5 and 7 are
acopuired in 300 m X 30 m pixels.

T™M Band 6, which s the thermal-infrared
spectral region (104-125 pwm), was used to deter-
mine the distribution of radiant surface lenpera-
tures (T} for the entive Owens Valley, T, was

calculated using an assumed emittance value of

0.95 (Sellers, 1965; Price, 1951). The thermal rvadi-
ance data were calibrated using coefficients sup-
plied by NASA; the resolution is ~05°C, TM™
Band 6 15 acquired in 120 mx 120 m pixels,

The TM data were also used to determine
spectral endmembers and fraction images as de-
seribed by Smith et al, (19%0). The endmembers
included two tvpes of soil, vegetation and shade,
Endmember fractions were rescaled to normalize
for shade. Soil bvpe was inferred from the rescaled
soil-fraction images, and vegetation cover was esti-
mated from VE, the rescaled vegetation fraction
{Part 1)

Elevation Data

Elevation data were taken from a USGS digital
terrain map based upon 1:230,000-scale  topo-
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graphic maps with 200-1t { ~61 m) conlour inter-
vals ane reported swith quantum intervals of 111
L~03 m) and approximate accuracy of +20 1
{ ~6 m). The pixel size is ~64 m*x 64 m, roughly
comparable to the TM data. These data are in
image format and were geometrically registered to
the TM images to facilitate comparison,

Soil and Air Temperature Distributions

Mean annual and mean summer soil lemperalores
(MAST and MSST) have been measured [or field
stations in Nevada by Schmidlin et al. (1953).
These measurements were regressed against ele-
vation and summarized as lincar equations relating
elevation and soil temperatures, These equations,
which contain a term prr;purtin;]ml.] b latituee, are
generallv applicable to much of the Great Basin,
hlll. ]]]EiiiHl]]'{‘.[] ".":-i.]'l]!_"H 'F['UIII .S-'I-t'(_"k_; in western NL"\"HE{E]
are reported o bhe ~1°0C lower than predicted.
The: latitude term predicts o linesr decrease of
(L5°C from Lone Pine to Bishop [Fig. 1a)]. for a
given clevation.

MAST and MSST have been measured lor a
S-vear period for sites within Owens Valley by the
Soil Conservation Service (E. Tallvn. personal
communication, 19587, These data show the same
trends with elevation as those reported for Nevada,
but thev are =2°C lower than predicted by the
equations. Maps of measured MAST and MSST
are nob available for Chwens Valley.

Air lemperatures for Owens Valley have been
measured at @ number ol stations, some for as imlg
as S0 vears (Hollett et al., 1988). Mean monthly
and annual temperatures have been caleulated for
these stations, but a regional map of these data for
Owens Valley has not vet been compiled.

Precipitation Distribution

Mean annual precipitation (MAP) values have been
l:.‘ll‘[f:ll‘[iltl_’.{] 'FI'II_][H 'I'I;lil]ﬂ']” U[}]]{‘Ut{_‘,‘d {IL[I']-I:'I::__E; *I'l[:_" :.-"E_‘!E,'l_l's
19301986 at 21 rain gauges irregularly  dis-
Lributed over the hajadas and Hoor of Chwvens Val-
lew (Holletl et al, 1988). These duta have been
generalized as an isohyetal contour map, which
lacks the high spatial resolution of the TM images.
Comparable maps depicting seasonal and annual
variability are not currently available, We caleu-
lated & MAP image by lingar interpolation be-
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tween the contours of the il{t]h}-‘t*tai] N i orcler
Lo mateh the TN seale.

False-Color Image of T, YF_, and MAFP

The spatial correlations among T, VF . and MAP
were analvzed by construeting a eolor-coded VI,
image (el Part 1 Fig, 6) upon which was super-
posed  a single  differently  color-coded  and
smoothed T isotherm. These colored data were
displaved over a black /white  “complemented”
shade fraction image [Part [, Fig, 4al], which dis-
plays the topography for reference. Separately su-
perposed over the VE and shade images was a
single colorcoded MAP sohvet. Inspection of the
Jratberrns of variation AT e the correlated [SHYSHTITES
ters is possible nsing this image, and is o sensitive
method of wssessing the consistency of covirianes
citleulated by local regression at points or isolated
transects. We anticipate thal causal relatiomships
among he many covarving paramelers will he
revedtlod ]:'_f the consistent ﬁ;‘.-nli:t[ Jratterns of varii-
tion o the imeges. [oo particular, we hope o
determine from the concordance or discordince of
the contour lines whether veselation cover s eon-
Lrlled T lemperature, by precipilution, or by
hath.

Temperature, Yegetation, and
Precipitation Transects

Precipitation, soil temperature, and  vegetation
community and cover are all corvelated with eleva-
tion, and thus it is likely that T, VF, MAP, and
clevation are also all highly correlated across the
Sierran bajada. Elevation appears to be the chiel
independent variable among those under stucy,
We therefore separately regressed cach variable
acainst elevation. to reduee the hish depree of
correlation among the parameters of interest,

The regressions were done for data from 12
transects on the bajada [Fig. La)]. These transects
were along east—west slopes on the Sierran allu-
vial tans for which soil tvpe and development were
constant, and for which the range of elevations
was =500 mo A linear relutionship was hypothe-
P=pn—bE, where P is the
dependent parameter, E is the elevation in me-
ters, and ¢ und b are empirical coefficients. For
each transect, values of the P (T, VF,, and MAFP)
were regressed to the values of £ to determine o
and b, Using the above equation with these coef-

Sl-lﬁ{_"!{!._ nf H'I(_‘: FUI:"I'I'I

feients, TrERLEES of estimated P OP) were calew-
Lated, pizel v pixel, from the elevation image,

Residual Images

In order to compare actual distributions of P owith
thase [’]I'(!{'IiL'l{':.! irom elevation alone, residual im-
ages of P — P were caleolated for T
MAPR, The resicdual image for precipitation swas
much maore gcuum]ixcd than the others. All three
residual images are insensitive to covariznce with

VE, and

elesation, and highfi;;_f__ht areas where less convari-
ance is observed. The MAP— MAP residual e
was dlisplaved  as w0 color-coded  contour map
“draped” over the complemented shade [raction
TIRTLES

W also caleulated vesidual images depicting
vesetation cover regressed to 1 and o MAF,
These images present w dilferent view of the oo-
varving parameters in which the relationships be-
Lwveen vegelation and temperature or precipitation
are dircetly expressed. Thev were displaved  as
color-coded contour maps “draped” over the com-
plemented shade fraction image.

Cround Station ET Measurements

A dailv estimate of ET on the date ol image
acopisilion was oblaimed Trom four locations on the
valley Hoor [Figo 1a)]. For three of the [our loca-
tions (Stations #2, 5. and 10} hourly measure-
ments of net radiation (R ), air temperature, soil
temperature, relative humidity, wind speed, and
other  standard  micrometerological  parameters
were made by the USGS, We obtained the mea-
surements for the entive month of May 1953
These data were used to caleulate daily ET using
standard methods for eddy corvelation {unpub-
lished data from L. TDhell, USGS, San Diesol.
Station # 2 is located near the town of Indepen-
dence inoan alkali sacaton, s:L]fgrzlxs, and  baltic
mish meadow. Station #3515 located northwest of
Tinemaha Beservoir in o greasewood, shadscale,
N{_"‘.":;] L] a4 K4 lI,t'l 'I"I.]fi.l'l1 q'_l,'l'ld Sel ?_’;!_"}]I"I I.‘l] 1 'I'I'I'I-I!:'!(.I-d esert
serily. Stution # 10 is located  southeast of the
town of Bishop in o greasewood, shadseale, and
NL""-"EIL]EI-HEEI”]I]H}I 3("1'[[]:].

Inspection of all the daily BT for the month of
May 1985 sites show that the vidues were consis-
tent with each other within £1 mm at the three

sites, The DBowen  ratio, n;:dd}' correlation,  and



Fenman—Monteith methods were used to calealate
daily KT for four days (2-5 June, 19861, and the
results agreed within = 1.5 mm (Wilson et al,
1989). This level of agreement is acceptable for
estimates of daily E'T for sparse vegelation in a
heterogencous arid habitat, and we think that il
provides a good estimate of the precision of the
techniques.

Daily ET for the fourth site, the Bishop Sta-
tion of CIMIS, the California Drrisation Manage-
ment Information Svstem [Fig: La)], was estimated
using hourly data mensured above o standard wrass
surface and summed for every 24-h period, CIMIS
uses a modilied Penman equation to caleulate en-
crev budget parameters (George ot oal, 1953,
Snvder and Proilt, 19850, For the Bishop Station,
estimates of daily E'T for the 2-week period aronnd
T image acquisition variced within the range 7-9
mim, Estimates of average dailv ET lor May, made
using four different techniques, agreed within 2.4
mm over the period 1985-1987 (Smith, 1957)
These duta afford a reasonahle approximation to
the precision of the daily ET estimates,

Annual BT estimates were available from the
Los Angeles Department of Water and Fower for
112 Lind units within the USGS Independence,
CA T5-mm guadringle map. Rawson and col-
leagnes (R Rawson, personsl communication,
1959 and Croeneveld et al. {L956; personal com-
munication, 1989} used the map units with tran-
spieation and climale models developed for Onens
Vallev, in order to caleulate annual ET estimates
for each parcel. Vegetation was classified accord-
ing to community from air photos and ficld survevs
and line intercept transects were used to caleulate
percentage canopy cover in each parcel (P, Novak,
nnpublished  data on file with the Los Angeles
Department of Water and Power). We used this
information to merge nnits having similar BT val-
ues and the same vegetalion communilty into 32
grouped land units for comparison with remotely
sensed vegetation cover eslimates,

Vegetation cover [or the ET stations was caleu-
lated from the image data lor comparison o the
ET estimates. A 4 x4 pixel (120 mx 120 m) win-
dow covering cach of stations # 2, 5 and 10 was
extracted from the VE, image. The grass field at
the CIMIS station was itself only 8 mx12 m,
smaller than a TM pixel. However, it was sur-
ronmnded by an irrigated pasture roughly 40 m x40
m in size, and the VE, of the pixel encompassing
the station is elose to correet, Thus averaging a
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44 pixel window was imappropriate. and the
maximum value of VE, from the 424 pixel win-
dow was nsed mstend. Even so, VI for the CIMIS
station may be o minimune valoe, VE, values asso-
cinted with the annual BT were averaged over
polvgonal regions in the mage corresponding to
the Land units nsed to estimate BT, The arex of
these polveons was Lepicallv ~3000 pixels.

Variation diagrams were constrneled relating
the estimates of daily and annoal ET to the cali-
brated VI, estimates of cover. The correlation was
ipuantified by regressing BT to the vegetation cover
estimates,

BESULTS
Net Radiation

The image of I s shown in Figure 2, which
closelv resembles a “negative” of the visible and
near-infrared T images, or the “shade” Fraction
image ol Parl I B 15 a measure of the radiant Hux
absorbed in the scene: thus it is responsive pre-
dominantly to topographic shadowing, and to pho-
tometric shading, 1t also is responsive to shade
e to subpizel objects such as boolders and trees,
and albeda differences due to veretation and to
variations in soils and exposed rocks. All these
effeets mav be seen in Figure 2, Because of shade
aned the somtheastern solar azirmuath, northern and
wieslern h](][j(?ﬁ 1 liﬂl’it ':i.]'ll:] 2\'(]1|H|l"f'|| :'l'l'lﬂ]. {,“.il.ﬁh.‘ll']'l
slopes are dark. This imparts @ sense of topogra-
phy o the image that s its dominant feature,
Subpixel shadows, plus the low albedo of vegeta-
tion, lighten the Sierran bajacda, exeepl where
there are sparsely vegetated range-live scars, which
arve dark in Figure 2, Densely vegetated riparian
zones along streams and in the valley Hoor are
light. Low-albedo basalt Hows are light, and re-
Hective snow fields in the Sierra Nevada and salt
'Hil‘i.‘i (0] H'I{* 'x’:;ll]!_"‘_y' H[](]T.‘i anre (]E]'I']C.

Badiant Temperature

The image of T, acquired simultancously with
£, is shown in Figure 3. Weather conditions on
the date of image acquisition were stable with
clear skies, and were similar to those of the pre-
ceding davs, Thus the radiant temperatures shown
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in Figure 3 have not been influenced significantly
by soil moisture. Major tonal patterns are associ-
ated primarily with elevation, with the exception
of lakes and other bodies of water. Tones in the
monntains are dark (cooll, especially where there
is snoww al higher clevations in the Sierra Nevada,
The hajadas and valley Hoor are light (warm). in
part because the denser air retards radiative heat
I[‘:IH'H.

Temperature contrast is minimal on the bajada
surface,  which consists  of  bouldery
aranitic zravels under a 10-30% cover of desert
sceub (Part 1), The greatest contrast on the alluvial
fans oceurs not among surfaces with  different
lithalogies, but among areas of diflerent vegetation

typically

Fiure 20 Net radiation U, bimage calealated from TH dita
Major geographic festures i Figures 2- 11 are labelled in
Fart I, Figure 4.

-
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cover. Most noticeable is the contrast between the
lighter, sparsely vegelated distal ends ( ~27°C)
and the darker, more vesetated upper regions
{ ~22°C) of the fans west of Independence [Fig.
lal. To a lesser degree, the darker fans and the
lighter, less vegetated fire scars on the same sur-
fuce also contrast (e, ~197 v, =24°C)

Basalt Hows from two volcanoes, Crater Moun-
tain and Red Mountain, are somewhal lighter than
the rest of the hajada, if similar slopes are com-
parcd, The thermal contrast hetween the low-
albedo lavas and the high-albedo granitic alluvinom
is gencrally < 57°C, however. The contact between
Lasalt aned granitic allovium in one recent fire sear
is difficult to detect ( ~1°C). Obviously, the vege-

Figure 3 Radiant termperature (7,0 image caleulated from
T™ data,

L Lone Pinc



lation exerts a dominant influence on radiant tem-
perature at the scale of TM data.

The areas of greatest thermal contrast within
the lavas are the sun-facing { ~357C) and shad-
owed (~18°C) cinder slopes on the valeanoes,
This contrast is best explained by differential heat-
ing lrom the morning sun, Figure 3 shows that
where cinder fields and s flows have similar
topographic aspects, they also have similar radiant
temperatures,

Only small temperature differences (<4°C) are
evident between the low-albedo basalt Hows near
the valley floor and the high-albedo salt flats at the
same elevation, The similarity is probably coinci-
dental: The low-albedo bhasalt absorbs sunlight
well, but because of its high thermal inertia (e.g
Cillespie and Kahle, 1977) most of the heat is
conducted into the basalt, and its surface warms
slowly. In contrast, the reflective salt Hats absorh
little energy, but because they have low thermal
inerlia, nearly all of it remains close to the surlace,
which warms rapidly. The similar surface tempera-
tures of these different substances would probably
not oceur at maost other times of L]ai}-'.

Strc&‘l‘l‘l‘lﬁ, J'II'H"I:'.\['H ':1]](] 'IIIE‘.'El(].UW'*C i;l.'l)]_j{j:;tt' {L':'I,'I'I{ ]-.r'l
Figure 3. At ~1°C, the hodies of water are the
coldest objects in this view of Owens Valley (snow
in the mountaing is at roughly —7°C) Their low
temperatures resulf leom evaporative cosling and
ilso from the high heat capacity of water. Mead-
~9°C, 19°C cooler than the adjacent
serublands. This great temperature contrast indi-
cates the imporlance of phreatophytic vegetation
in t'cclucing air temperature in desert reEions; the
EI])SCHC(: (]i- .ﬂil-l-.ljlill' Illl':l{(ﬁ ] lI1+rElS1’.‘:} e Sﬂrl]i}la]][l&i
shows the lesser influence of evapotranspiration
there,

In general, the bajadas of northern Owens
‘l.""d”f:“;' are cooler than those at similar elevations to
the south. This subtle southeastern temperature
gradient oceurs across the generalized boundary
hetween the Great Basin and Mojave vegetation
communities [Fig. 1b)]. However, the contrast is
sufficiently small ( <2°C) that it is diffienlt 1o
detect in Figure 5.

There is also a T, gradient across Owens Val-
lev: the bajadas east of Owens River are cooler
than those west of it. However, solar irradiation on
the western, cast-Tacing  fans i greater at the
midmorming time of TM image acquisition than on

LS dre
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the castern fans, This disparity ranges from ~10%
for the gently sloping distal ends to 35% [or the
steeper fan heads. Additionallv, the western hajada
received sunlight earlier than the castern fans,
which were shadowed longer by the [nyve Moun-
tains. Thus, the cross-valley gradient in T, may not
be apparent at other times of day, although the
long-valley gradient should he.

Soils and Vegetation

Figures 4 and 5 show the endmember fractions for
poorly developed soil and for vegetation, respec-
tively, as calenlated by the spectral mixture analy-
sis of Part [ As caleulated there, VF, is a fraction
related to the vegetation canopy projected onto
the image plane according to the empirical equa-
Liom

VIV, = —0.04+1.50 cover, {1}
where “cover” is the fraction estimated in the field
using iim-:-ini{*.]'{::f.pt transects and where the scal-
ing coellicient is particular to desert serub on the
hajada at the time and date of image aciuisition
(Part 1, Table 4}, The spatial patterns of the frae-
tions of soil (Fig, 4) and vegetation (Fig. 5: of. Part
I, Fig. 6) on the bajadas are independent of one
anather and, as discussed in Parcl 1 illostrate that
edaphic variation is not the major factor control-
ling the distribution of vegetation there.

Soil variation on the bajada is controlled by
rock tvpe in the canyons associated with each
alluvial fan. by age of the wvarious depositional
units of each fan, and h}-‘ grain-size distributions
that are increasingly dominated down-fan by fines,
This wvariation can be seen in Figure 4, which
shows that dilferences, represented by grav-level
contrast in the voung soil fraction image, are most
prominent in a north—south direction, parallel to
the axis of the valley., Secondary patterns in the
soil fraction image radiate from canyons of the
Sierra Nevada and White and Invoe Mountains.
The distal ends of the fans are light and appear
vounger than the rest of the bajada, because of the
acenmmlation of unweathered grus and sand down-
.[::.{l'l.

Soil variation on the valley Hoor is less orga-
nized than on the funs. In general, variahility
appears to be related to drainage patterns and
ground-water distribution (Lee, 1912), Neverthe-



Smith et o,

Fizare 4. Color-contooared soil
fraction image calenlated fram TM
data and showing the praportion of
cach pizel, corrected lor slouding
ancl shadow, which spectrallv re-
sermilales the vonng soils an granitie
sediments (Part 1) Gy = <32%;
vellow = 32-858%; red = =58%.
The image is o subsel of the
sontthern part of the study area,
enlarzed o show detadl. Lene Pine
is at the Dollom of te subset, and
[rclependence is e the top.
Morth is 1 cow Trom “up”; image
is ~50 km across,

Figrare 5 Color-contoured
rescaled vegetation [raclion (V)
image calenlated from TM data
anel showing the proportion of each
pisel, corrected for shading and
shadowe, covered by vegetation
(Part 1L WEF is propertional to
vepetation cover as measored in
the: field, Gray = 0-10%; bhlue =
0-20%; red = 20-30%: vellow =
M= groen = A0-50%; white

R0 The image is the same
subset shown in Figure -,



less, regional patterns suggesl an inerease in the
proportion of the poorly developed “voung” spil
from north to south, parallel to the axis of the
valley,

Vegetation cover (VE) on the bajada (Fig. 5)
is organized differently than the seils. The cover
typically  increases towards the Sierra Nevada
range {ront, independent of the radial [an unils bt
proportional to elevation. Regional gradients in
vegetation cover are oriented east—west, perpen-
dicular to the direction of masimom soil variation.

Exceptions to the easl—west organization of

the VI, data ave provided by unusual local edaphic
conditions. For example, there are more grasses on
the basalt Hows of the Sierran bajada than on the

Fipgure 6,
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granitic alluvinm, resulting in high values of VF |
at least in the spring. On the valley floor and at
the base ol a few alluvial fns, surface accumula-
tions of evaporites support only sparse halophvtic
communities. In these nearly barren arcas, VF,_ is
lerw, Alsa, near the i hewds old alluvial deposits
are preserved that have dense impermeable soils
which support only sparse desert seruby, and here
VE, s Jow also, A fourth l-.‘JL:l]Hp]{‘. is the Sparse
connmunity dominated by Pinues longaevea (Bristle-
come Pined on dolomite formations in the higher
clevations of the White Mountains, In all these
vases, edaphic conditions influence both vegeta-
tion cover and species composition, bul these cases
are: exceptions to the tvpical pattern,

Frnage showing mesn amoal precipitation (MAT)

isalivetal Hnes (Hollet et al, 1958) superposed oo oan “in-
verled” shade fraction image (Part 11 Nombers on fsobyets
are ene MAP dats were not available Tor the entire study aren
[Fig. Ladl Thes mininan MAT is displaced castward From the
center of Owens Vallew, becanse of the rain shadow of he
Sterra NMevada, Lsolvetal lines are elevation- transsressive,
with rumdfadl ot constant elevation generlly inereasing north-

wiirels
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The densest vegetation on the fans of the
Sierra Nevada oceurs along streams. Here, willow,
Uilk J.lfl{]. ".'UH(:I'II‘-‘-"UU[], LE]H!"HI!"[’ ‘-‘n-'"l-l.'.l'l il (]E?'IIH!‘! l[l][][?'l'-
.‘>'|.[T|'!.-' l:]!. [ARAT=N ]ll[)i]]('?, l'.].l‘.‘s'{'!!'l. {IE?E[1I(?[}[II.‘§1 El'l'll:]. g(]ﬂ].‘{fﬂ-
ht—:rr}', 'I'['!‘]'.']'dl:.‘{‘.‘ H'Il" (]Ef‘.‘ri‘_"["i ‘;L:"I'l[]:]. T]'Il:"‘ ]'[[Jilr'i'd]'l FARIN
of phreatophvtic vegetalion is quite narrow: Tt s
limited o roughly 10 moom either side of the
streams. On the more arid fans of the east side of
Owens Vallev, the concentration of vegelalion
along streams is less noticeable, Here, in the rain
shadow of the Sierra Nevada, the streams are
gencrally ephemeral, Where permancnt streams
arc lound, the YF_ is higher, but the plants are
typically sazchrush or other species of the Great
Basin comumunity that contrast with the surround-
ing serub ol the Mojave community,

Vegetation patterns on the valley Hoor are
different than on the bajadas. Vegetation cover is
densest in agricultural areas, and in the riparian
areas near the Owens River and near springs and
seeps, As for soils, the riparian areas reflect
drainage patterns and ground-water distribution
(Lee, 1912 Hollet et al., 1958)

MAP Data

Figure 6 shows the isohvetal map of Hollett et al,
(1988) superposed on the complemented shade
fraction image of the TM data [Part 1, IFig. dal].
Although the isohvets were drawn from a sparse
network of irregularly spaced measurement sta-
tions, the data in the vicinities of those stations are
accurate and the major features of Figure 6 arc
considered reliable (W, R, Danskin, personal com-
munication, 1954}

MAP ranges from ~100 cm at the Sierra crest
down to ~10 em en the Hoor of Owens Valley
near Lone Pine, Upvallev, MAP increases to =15
om near Bishop, although the inerease in elevation
from Lone Pine is only ~120 m. The isohvets are
shifted ecastward with respect to the valley Hoor,
an expression of the rin shadow of the Sierra
Nevada, Al an elevation of 1300 m at the latitude
of Red Mountain, the west side of Owens Valley
reCCives 3 T PET VELT ore precipitation than the
cast side, an increase of 30%.

The castward “bulge” of isohyets near Crater
Mountain occurs where foothills interrupt  the

Sicrran bajada, This area is just across the erest of
the Sierra from the canvon of the Middle Fork of

the Kings River, one of the deepest canvons in

Naorth America. This major depression lunnelled
Pacific storms across the Sierra during the ice ages
of the Pleistocene, resulting in a zone of lowered
sy levels and  enhanced  gluciers (Borbank,
19890). Ts the similar bulge in Figure 6 attributable
to some effect such as the funnelling of modern
storms, or is it 1T1[_=1':-:]}-' a reflection of elevated
terriin? In.k,ig]ﬂ into these questions is one motiva-
tiom for caleulating the residual MAP image, which
removes the strong Arst-order effects of elevation
lrom the measured data.

Comparison of T, VF_, and MAP

If & cansal relationship exists between two among
a number of covarying parameters, it mav be pos-
sible 1o determine which pair is causally related
by repeatedly regressing the variables pairwise
over a large wrea. The causally related pair is likely
lo be the one with the least variability in the
regression coefficients, It follows that the spatial
patterns in images of causally related parameters
"l"t"j.” h(l e .‘;irll[l?[r H'lil'l'l i:F ['}'Ifﬂ pE]'I'.':'I,'I,'I,'I,{_':t{_':I'._‘i W
only indirectly correlated. Figure 7 is one way of
displaving the spatial consistency  of patterns
among vegetation, temperalure, and mean anmuoal
precipitation. The black /white substrate of Figure
7 is the complemented shade fraction of the TM
image, which basically contains topographic and
location information, Superposed on the base are
color-coded and contoured VF, and 7T, data [Fig.
Ta)] and VF, and MAP data [Fig, 7b)], The brown
and green zomes in both Figures 7a) and 7h) are
vegelation cover in the ranges of 12-20 and > 20%,
respectivelv. In Figure Ta), the light band cutting
across the vegetation wones  highlights 1, of
23-25°C. In Figure 7b), the light zone highlights
MADP of 17-15 em.

In Figure 7al, the green /brown contact in the
vegetation data and the light band of the T, data
are concordant over most of the Sierran bajada
from Bishop to Independence, but are discardant
from Independence south to Lone Pine. On the
bajada near Lone Pine, 12% vegetation cover is
lound immediately  downslope from  the high-
lighted isotherm, at lemperatures near 25°C, Near
Independence and north to Bishop, the 12% vege-
tation contour is far downslope from the high-
lighted isotherm, which has visen to the 20% iso-
pleth near the fan heads. This discordant pattern is
not observed on the eastern bajada. There. the



12% vegetation contour coincides with the 23—
25°C isotherm nearly the entive distance from
Lone Pine to Bishop. Thus the correlation be-
tween T, and VI, mav be evervwhere equally
good, but the regression coefficients vary with
latitude,

The 25-25°C isotherm is near the 1200-m
elevation contour over most of the eastern hajaca.
On the western bajada the isotherm is at that same
eleviation near Lone Pine, bul rises o the 1630-m
contour north Independence. Because the western
bajada receives more insolation than the eastern
bajada at the hour of TM image acquisilion, it is to
bie expected that the same isotherm occurs at a
lvwer elevation on the west-facing fans. What is
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difficult to explain is the ocenrrence of the isotherm
at the same elevation on both east-facing  aned
west-facing slopes near Lone Pine.

In Figure 7h), the colored bands of VF, data
are concordant with the light band of the MAP
data everywhere on the bajadas except near Big
Pine, where the 17-15% em isohyet is displaced to
the east. The displacement is pronounced over the
weshern hajnn]n, where the 17-15 em isohvel over-
lics the 12% vegetation isopleth. Elsewhere the
same isohvel 15 near the 20% isopleth, on both
sides of Owens Valley and regardless of latitude.

The 50% merease in MAP northward from
Independence to Bishop is not reflected in the
vegetation cover of the valley Hoor; instead, the

Figure 7. Uolor contour maps showing the diseordanes of vegetalion cover and radiant tengerature patterns, and the relative
congordance ol vegetation cover ard mean anmial precipitation palterns. The bleck Awhite image base is the vornplemented shade
imniege (Part 1) &) VI, and T The gray, Trown and green zones corvespond o <129, 12-20%, and = 20% vezelation cover,

respectively

A Jowopass

s unel the conspicuons light band corresponds b radiant temperatures of 23-25%0 The T, image was smoothed nsing

7T nedian Alter. b VE and MAP, The light band corresponds to MAP o 17=15 em.
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12% isopleth ocours everywhere near the base of
comtrast,  the  20%  sopleth s
elevation-trnsgressive, and is found at lower cle-
vitlions al higher latitudes. Evidently at the hase of
the Bans, vegetation cover s less well corvelated
with MAP than at higher elevations on the ba-
jadas, The Mojave—Great Basin transition comumu-
nily gives way to Great Basin community [Fig,
1b)] roughly at the 15-cm isohvet (Fig, 6), at least
on the bajacdas. This transition also is discordant
with the T contours [Fif_r.. Tall Si.L{niFiL*uu!|:~: te
Mojave commmunity is shifted eastaard from the

the  fans.  In

axis of Owens Vallev, as is the MAP minimum
locus but unlike the T, data. The northern limit of
creasate bush coincides closely with the 10-0m
isohvet,

At every location, there is a general correlation
between vegetation cover and T, and between
cover and MAP, As noted carlier, this correlated
behavior is to be expected, because ol the domi-
mant influence of elevation on all three parameters.
Frrthermore, mspection of the T and VE, dlata on
fire sears showed that, at 4 local seale, T was
conlrolled in part by vegetation. Figure 7 reveals
the regional patterns of correlation between VFE,
and T, and between VE, and MAP, but these
patterns do not reveal a slriking difference in the
degres or consistency ol correlation. Instead, cover
on the upper fans appears to be consistently corre-
lated with MAP, excepl on the western bajada
near Big Pine: and cover appears to be consis-
tently correlated with 7, excepl on the western
bajada near Lone Pine, Furthermore, the correla-
tiom hetween VE, and MAP appears to break down
on the lower bajada, and the correlation between
VE, and T, is inconsistent across Owens Vallev.,

Clearly, comparison of the VI, MAP, and T,
data themselves is not sufficient to determine
which relationships are causal. In order to investi-
gate this question more fully, it is necessary to
remove the strong influence of elevation from the
dati, so that areas of anomalous relationships may
bie better identified,

Temperature—Elevation Patterns

For the Sierran bajada from Big Pine to Lone Pine
we ohserved high correlations among radiant tem-
perature, elevation, and VF. Linear regression of
temperature to elevation data was performed sepa-
rately for each of 12 transects [Figo 1a)], and
variahility amomg the coeflicients was evaluated,

The regression cocllicients for the 12 transects are
sirnilar, and therefore the coeflicients were recal-
culated for all the grouped 3329 measurements.
Temperature can be estimated from clevation ac-
cording to

T, =41—-0.012 F, (2]

where the regression cocllicient » = 057, For the
bajuclas, the estimated temperatures range [rom
~20°C to ~26°C from head to toe, The transccts
are: il on the Sierran bajada, with an eastern slope
of ~2-4% Therefore, the regression of Eq. (2) is
strictly appropriate only for similar cast-facing
slopes under a similar cover of desert serub.

T and elevation are linearly related only over
i narrow range of elevations on the hajadas. 1 the
transects of Fignre L) are extended into the Sierra
Nevada, the measured values of T, are lower than
predicted by Eq. (2), and higher-order terms are
required to deseribe the conves pattern. In this, T,
diflers from MAST and MSST. which are lin-
ear with clevation lor all elevations in Newvada
(Schimidlin et al,, 19583),

Caleulations of MSST for the bajada at 36.5°
latitude, adjusted downwards 2°C, are ~27°C at
12000 m elevation to ~22°C at 1800 m elevation.
AL this location, MSST and T, for the time
and date of image acquisition are similar, How-
ever, the MSST  gradient with elevation s
—0.0077°C m ", significantly different from the
gradient in Fq. (2), and T, and MSST are not so
clase in the mountains above the bajadas, T, and
MEST agree boest near the distal ends of the fans,

To delermine the extent to which local tem-
perature gradients on the bajada ean be extrapo-
lated to the seographic region, the wvariation in
ternperature associated with elevation (7)) was
removed from the temperalure image. Figure 8
shows this residual temperature image. In Figure
8, dark arcas are those cooler than predicted by
elevation using Eq. (2). Lakes and reservoirs ap-
pear black. In neutral grav areas, observed values
of T, are in substantial agreement with predicted
values. Much of Owens Valley is nentral gray; this
is especially bue on the bajadas. Light areas in
Figure 8 are warmer than predicted Trom eleva-
tion; these areas are seen in the monntains as well
as in Owens Vallev, On the bajadas and valley
Hoor, light areas generally are sparsely vegetated,
whether becanse of range lires, unstable sandy
substrate, or salt accumulation.



The overall low contrast and neutral gray tones
in Figure § illustrate that the bajada temperature

aradient of Eq. (2) is widely characteristic of

Owens Valley, and that estimation of T, using Ei.
(2) is appropriate over the region. There is no
appreciable asvmmetry o grav tones about the
axis of the valley (Owens River). Local departures
from neutral gray in Owens Valley are cansed by
variations in surface orientation, surface albedo,
soil moisture, and Jor vegetation cover, West-fae-
ing or shadowed slopes, such as those of the Sierra
CETIVON S ancl of the west sides of the valeanoes, are
darker than predicted, compared to sun-lacing
slopes at the same elevation. However, the west-
sloping bajada cast of Owens River is not appre-

Lo caleu-
lated From T andd digital elevation dala using regression
coelhcicnts defined for 12 transects on the Sieran bajadas
[Fig. Lal].

Figure 8 Besidual temwperatore ouage, T, — 7T
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ciably darker than the Sierran bajada, despite the
differential insolation noted above; thus, the sensi-
tivity of the residual temperature image to small
slope differences ( <10% is minor compared to the
sensitivity to other effects.

The image patterns in Figure 5 enhance the
topography of the Sierra Nevada, White, and Inyo
ranges. The lower slopes of these mounlains are
lighter (Sierra Nevada) or darker (Whites, Tnvos)
than predicted from elevation, becanse of the ef-
fects of the sun-facing and shadowed slopes, re-
spectively, At higher elevations, a sharp tonal
bouncary separates the lighter upper montane re-
gion from the darker lower slopes. In the Sierra
Nevada but not in the ranwes to the east, this

e T
Figure & Hesidual vegetation cover nnage, VE —=VIP L VE,
was calenlaged from TM and digital elevation deta using
regression cocflicients defined for 12 transects on the Siecan
e [ Wi 1],
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upper montane zone is tumeated by cold snow
liclds,

Thus from Figure 8 we delineate three major
temperature regimes in the Owens Valley arca,
corresponding to 1) the light zone within the
montane regions of the Sierra. Inyo. and White
Tanges, 23 the foothills, alluvial [ans, and parts of
the valley Hoor, and 3) the riparian, irvigated, and
high-groundwater environments within regimes |
and 2,

The first regime is elevation-transgressive, and
is discordant with the snowline which rises south-
ward, Within this zone are significantly lower val-
nes af ".-"E'l than on the upper bajadas. Vegelation
is typically mixed conifers, with minimal under-
story. Inspection of aerial photographs and held
observations suggests thal the zone may be largely
associated with the prevalence of sparsely vege-
tated talus H]OT‘J{'S and bedroek cliffs.

The second temperature regime is on the
fuothills, the bajadas and the dricr parts of the
valley Hoor, where there is a strong corrclation
among  elevation, VF,, and temperature. This
regime includes the Pinon—Juniper zone above the
desert serub, and extends into the mixed conifer
forest in the mountains,

The third temperature regime corresponds to
the phreatophytic environment. 1t has much lower
temperatures than those predicted from the hajada
transects, and thus appears dark in Figure 8.

There is a gencral correspondence between
patterns in the VF, image (Fig. 5} and in the
residual temperature  image, for the hajmla and
Hoor aof Owens Valley, Areas of exceptionally dense
vegetation, such as in the riparian zones, are asso-
ciated with unusually low temperatures. In the
residual temperature image (Fig. 8), the Bishop
ares, Owens River, and much of the valley floor
west of the river are signilicantly darker than the
bajadas (cooler than estimated). All of these dark
areas in Figure 8 are wel or heavily vegetated
(light in Fig. 5). Cultivated fields especially are
darker than the surrounding surlaces in Figure 5.
The agrarian areas are as much as 20°C cooler
than num-'t_—*.g[-:.tutﬂd areas on Lhe valley loor.

Temperature differences on the bajadas (Fig.
3) correlate mainly with differences in elevation;
variations associated with albedo (Fig. 2} are small.
The thermal contrasts between the riparian and
interfluvial slopes on the bajadas are less than
those of the valley floor.

In contrast to the obvious general corvespon-
dence between patterns in the VI and T, =T,
images at lower elevations, in the mountains spa-
tHal correlations between patterns in Figures 5 aned
§ are poorly developed, except for riparian areas in
canyon floors.

The negative correspondence between VE, and
T —T, does not extend to the lava flows, which
appear to be slightly more vegetated than the
neighboring fans, but which are warmer than pre-
dicted from elevation wlone. Tn Part T, we noted
that the vepgetation on the lava Hows was domi-
nated by annual grasses, which were still green by
mid-May in 19585 (M. DeDecker. personal com-
munication, 1986). Grasses on the valley floor pro-
duced a higher VF, than equivalent cover of desert
sernb (Part 1, Table 43 The desert scerub cover on
the lavas is ~40% less than the total cover indi-
cated in Figures 5 and 7. Although grasses should
have more evaporalive eooling than desert scruh,
evidently il is inadeguate to overcome the heating
due to the high B and the sparse cover.

chctutiuu—E]evuﬁun Patterns

Hegression of VE, to elevation data for the same
3329 pixels on the 12 image transects showed that
vegetation cover could be estimated from eleva-
tion according to

VE = —0.20+0.00027E, (3)

for which » = 0.81. Variahilitv among the regres-
sion coefheients calculated separately was greater
than for the regression of temperature against
elevation, and the values in Eq. (3) were averaged
from the separate analvses rather than from a
single grouped analvsis, The positive slope in Eq.
(3) shows that vegetation becomes more abundant
upslope on the fans, from VF, = 0.11 at the toes to
~(1.2% near the heads. .

The residual image of VF, —VF_, which con-
trasts the observed vegetation cover and the cover
estimated from elevation using Eq. (3). is shown in
Figure 9, As with the residual temperature image,
neutral Jow-contrst gray tones dominate much of
Chwens Valley in Figure 9, demonstrating  that
vegetation cover is well predicted from elevation
there. In particular, the valley Hoor east of Owens
River and much of the bajada have vegetation
fractions close to those estimated from the se-



lected bagada transects, There is no obvious dif-
ference between the bajadas east and west of the
Owens Kiver,

The following areas have more vegetation than
predicted by elevation, as indicated by light areas
in the image: much of the west valley floor. the

Owens Biver and other riparian areas, the city of

Bishop, the basalt flows, and Crater and Red
Mountains. The riparian environments on the ba-
jadas are more distinet in the residual vegetation
image Lhan in the residual temperature image
(Fig. 8), Cultivated areas ave ecasily distinguished
by their lightness and geometric borders. The lava
flows and cinder cones were heavily vegetated at
the time of TM data acquisition; however, they
typically are covered with dry grasses by mid-May
(Part 1),

Recovering fire scars on the fans appear darker
than nuburned surrounding slopes, indicating less
vegetation than predicted. Salt pans also have less
vegeliation than th‘.diCECEL as does the valley Hoor
east of Lone Pine.

Frecipitation—Elevation Patterns

Begression of MAP Lo elesation data for the 12
image transects was performed, although the reso-
lution of the interpolated MAP imaze was lower
than that of the reduced TM data. The separately
caleulated regression cocllicients were similar, and
the data were grouped for a single analvsis which
related MAP to elevation according to:

MAP (cm) = —6.2+0.0147E, (4)

far which + = 0.88. The fit in Eq. {4) is improved
somewhat with the addition of an E® term, but we
use the linear regression for simplicity. The posi-
tive slope in Eq. (4) shows that precipitation in-
creases upslope on the fans, from MAP = 12 em at
the toes to ~22 cm at the heads.

A residual image of MAP—MAP was culen-
lated by subtracting an image estimated from the
digital elevation data and Eq. (4) [rom an image
interpolated from the generalized contoured MAP
data (Fig. 10). The most striking feature of the
residual MAP image is the green zone of excess
MAP over the Sierra Nevada. This zone would be
reduced if a nonlinear regression had been used in
Eq. (4). It is bordered on the east by a narrow
deficient (grav) zone near the foothills and fan
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heads. The excess MAP of the Sierra Nevada is
not seen over the Inyo range at comparable cleva-
Hons; this is a consequence of the Sierra Nevada
“rain shadow.” in which there is reduced precipi-
tation in the lee of the high mountains,

Most of Owens Valley north of Independence
is in the vellow zone, indicating slightly enhanced
MAP of 0-5 cm compared Lo the control transects.
Sounth of Independence, this vellow rzone is re-
stricted to the upper western bajada. This pattern
shows that there is a general increase in “excess”
MAP with latitude, which can be confirmed by
inspection of Figure 6 for the vallev floor, where
there s little change in elevation. Finally, the
prominent pink wome near Big Pine is a region of
enhanced MAP (5-9 ¢} that is imposed on the
generalized latitude gradient. This zone is cen-
tered over the vallev floor well away from the
highlands of the Sierva foothills.,

Thus actual values of MAP are well predicted
from elevation for the Sierran bajada where the
transects were taken, but they are underestimated
to the north. This effect is maximum in the pink
zome (Fig. 10) near Big Pine, where the isohvetal
lines in Figure 6 bulge eastward. MAP data near
this ]Ju]gf: arc well constrained, hecause there are
several measurement  stalions  newrby  {(Hollett
et al., 1958). Evidently, precipitation in the bulge
15 enhanced disproportionately to elevation, per-
haps by storm funnelling, and the bulge is not
simply a topographic effect. “Excess”™ MAP near
the center of the bulge, ~15 km south of Big Pine,
was =5 oo,

MAP data are underestimated from elevation
in the northern Owens Valley, compared to the
southemn valley, Excess MAP near Bishop was
~2.35 em, less than near Big Fine but more than
near Lone Pine (~—1 em). We attribute this
regional pattern to a gencral increase of precipita-
tion with latitude on the Pacific coast of North
America. The altitude gradient in MAP for Owens
Valley appears to ~4 cm /7,

MAP data are overestimated from elevation
east of Owens River, MAP decreases from ~13
em to ~8 em [rom west to east over a distance of
16 km just south of Lone Pine. The gradient of
0.23 em/km is greater than the latitude gradient
by roughly a factor of four, This result is consistent
with a deepening rain shadow east of the Sierra
Nevada and is probably real, but the number of
measurement stations is small (Hollett et al., 19588),
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If vegetation o wer is proportional to precipitation.
then the VF, —;'nf"l‘:$ image shonld show this same
asymmetry, but if vegetation cover is controlled by
temperature, then it should nol. Likewise. the
VF, —VF, image should reflect the precipitation
excess near Big Pine if vegetation is proportional
to MAPR Detailed comparison of the residual im-
ages is necessary o determine these relationships.

Comparison of the Residual Tmages

In general, the spatial patterns of the residual
images ol temperature, vegetation and precipita-
tion (Fig. 8—10) are dissimilar. Large T, residuals
were associated with mounlains, m[_'..ngrﬂphic shiad-
ing, anidd riparian vegetation: VF, anomalies were
chiefly associated with ground-water and edaphic
patterns on the valley Hoor; and MAP anomalies
were  associated  with latitude, the Sierra rain
shadow, and the “bulge” near Big Pine. Il there
exists a cansal relationship between VE, and MAP,
or between VI, and temperature, then these
anomalics should coimcide. Especially important
are the anomalies associated with latitude, with
the Sierra rain shadow, and with the excess pre-
cipitation near Big Pine. In order o investizate
the hypothesized coincidences, we  constructed
color-coded. smoothed, and contoured residual im-
ages of VI, regressed to T, and VE, regressed Lo
MAP [Figs. 11a) and b)] The color-coded resicual
data were draped over the complemented shade
image. Gray zones are areas where cover is well
predicted from T, or MAP, as measured in the
transects of Figure la). Yellow and green wones
are areas of “excess” vegetation,

Figure |la) depicts the vegetation vs. temper-
ature residual. The prominent features are moder-
ate amounts of “excess” vegetation (yvellow) over
much ol the western bajada, compared to the
castern bajada. Although this asvmmetry across
the valley may be attributed to rain-shadow effects
(decreasing cover to the east), some or all of the
effect may also be caused by low temperatures due
to reduced insolation on west-facing fans in the
TN,

The gray zone also encompasses the western
bajada newr Lone Pine; evidently T, is recduced
there, but cover is not. From Figure Ta) it appears
that this effect is not related in a simple way to
latitude, although there is an increase of vellow

Lnvirpmnental Influences on Desert Vesotation 45

areas northward, The green zones concentrated on
lava Hows and on the valley Hloor are areas of much
higher cover than predicted from 1T,

Figure 115} is similar to Figure 11a), except
that it depicts VI, unomalies compared to MAP.
The data are ronghly organized in zones along the
1.’11”(:}' Hoor and the top af the western hn_juda.
These zones, green in Figure Llh) are areas in
which vegetation cover exceeds the amount pre-
dicted from MAP. Both zones are ones in which
soil moisture is enhanced by proximity o ground
water. In general, neither latitude nor rain-shadow
effects are evident, and the excess precipitation in
Big Pine “bulge” is matched by increased vegela-
Licir.

From the spatial covariance of vegetation cover
and MAP over most of Owens Valley we infer that
there is indeed a causal relationship between VI,
and MAP, and that vegetation abundinee is con-
trolled at least in part by precipitation and soil
maisture, We have already established from in-
spection of local vegetation anomalies such as fire
scars that a causal relationship appears to exist
between T, and VF,, but we suspect that vegeta-
tion s influencing temperature, not the other way
around. The diseordance of temperiture and vege-
tation isopleths near Lone Pine is evidence that
VE, s at most only secondarily influenced by T,
hecause even the correlation there is poor. Finally,
the discrepancy between vegelation cover and
temperature in the rain shadow is difficult to eval-
uate with our data, because of ditferential insola-
tion an the east-facing and west-facing bajadas.

Vegetation and Ground Measurements
of Evapotranspiration

We compared remotely sensed vegetation cover
data und ground measurements of ET in order to
test the applicability of vegetation cover to esti-
mating this important  ecological parameter,
Weather conditions during 16 May 1985 were
stable with clear skies, and were similar to the
preceding and following duyvs. These conditions
are favorable hoth for the determination of ET and
for the remote estimation of vegetation cover, The
ground determinations of ET for 16 May 1983 for
the four Owens Valley stations ranged from <2 to
=8 mm; annual ET ranged from 10 to 100 cm.
The calculated daily ET values appear reasonahle
because maximum daily summer ET estimates for
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Figure 120 Varialion dingroms relating VI, estimates of
gyound cover and ET, The VI, axis is calibrated in terms of
gronmd estimates of vegetation cover. a) VF, vs. ET on the
date: of image sequisition, based on howly Beld measurements
at four stations [Fig. 1a)]. Far veference, maximuom daily
summer ET for fully ierigated standard tall wrass and alfalta
are: shown on the Rgure (LO0% cover). These estimates Tepre-
sent mazimurn BT vates found in southern Californis (Proitt
et al, 19571 The dotted line indicates the empirical limit of
ET over the lull mnge in cover. Frror bavs are ~ 1 [ standard
deviation: open boxes are reference dats. b VE v, annual ET
from coregistered sites on the valley door Gunpubilished data
from the Los Angeles Dept, of Water and Fower, Rawson,
personal communication, 19589, Vegetation canopy cover
spans O-100% for a range of community types, including
Mojave-saltbush secub, mised-desert seral snd Grest Baszin
sugebrush, and alkali meadow tvpes. For reference, maximum
annual ET for irrigated standard tall grass or alfalfs fields in
soudlern California is 365 om 4 105 (R L. Sovder, personal
commnundeation, 1889) BT = 0,136 4 0,023 VF,.

tully irrigated grass in southern California are
10-11 mm and for alfalfa are 12—13 mm (Pruitt
et al., 1987).

In Figure 12a) we plot ground measurements
of ET lor 16 May against VF, caleulated from the
TM data for the four corresponding arcas on the

valley [loor, VI, values range from ~0.1 to ~(.5.
The calibrated cover estimates and daily ET data
for the three sites covered by natural vesetation
[#2, 5, and 10) appear o he linearly velated,
within the precision of the data. However, the data
for the CIMIS station [all below w line drawn
through the other data. Regression of a line to the
data for all four stations shows that station #10 is
the anomalous one, with the line passing within
the error bars of the other data, Thus, in general,
ET increases with VI . but there are too lew data
to- establish il the relutionship is linear.

Relerence ET data for grass and alfalla are
also shown in Figure 12a). These are maximum
values for fully irmgated grass and alfalfa, and they
me-'i(lc:‘. an empirical upper lmit for ]Jc}ssih]c ET
ates. The data for site 10 lie above this limit: thos,
it appears that site 10 has ET rates higher than
expected for the ealeulated VF,. Pixel-bv-pixel ex-
armination of the VE, values in the general vicinity
of site 10 do not indicate signilicantly greater
variance than for the 4X4 pixel neighborhood,
and we therefore suspect that the ET value was
overestimated.

The ET value for the CIMIS station is well
below the empirical limil for alfalfa, as is the value
tir the standard irrigated griss phﬂ. Hevwrever, the
CIMIS ET is within expected ranges if ET for the
standard grass plot is accepted as the ernpirical
maximum, rather than ET for the alfalfa, Unlike
the other sites, the CIMIS stalion itself was unre-
salvable in the TM image, and its VF, could not be
measured directly. The CIMIS station was located
within a larger irigated pasture with VF, = (.80
VF, lor the carefully maintained station itsell” was
probably greater than this value, Examination of
irrigated pastures and alfalfa fields in the T™
image indicate that 92% cover was the maximum
in Owens Valley on the date of image acquisition,
and this value must be an upper limit to cover for
the CIMIS station loo. Fven using the lower limit
of 0.80 for CIMIS cover in Figure 12a) does not
alter the conclusions that CIMIS data fell under
the empirical limit, and were similar to the data
for the standard grass.

The vegetation at site 2, the CIMIS station,
and the “control” grass and alfalfa are all single-
layer canopies; sites 5 and 10 are single-laver
canopy shrub communities. At this time we do not
know what effect canopy architecture may have on
the relationships of ET and VF.. We expect that
data from communities having complex multilayer



canopy structure may deviate from the linear rela-
tiomships suggested in Figure [20),

[n Fignre 12h) we plot area-avernged  esti-
mates of annual ET against VF,. VI, values range
[rom ~0.0 to ~1.40. These data ton are linearly
related, with r= 0078 [the regression equation is
aiven in Figure 12h)]. Seatter aboul the regression
line ol Figure 12 mav be due lo misregistration of
the image pixels with the Held stations, crears in
developing the pround ET maodel, inclusion in
ground ET calenlations of annuals not present at
the time of the satellite OVET]HISE, anel to errors in
the calenlation of VI, Given the range of vegeta-
tion bypes in the 32 Lod units represented in
Figure 12h), it is also possible that  different
ET—cover relalionships are appropriate for the
varions comumunitics,

DISCUSSION
Instantancous Measures and Virctual Paramelers

We have compared data of several dillerent kinds
in an effort to understand the environmental in-
Huences on vegetation in Owens Valley. R, and T
hoth were calculated from TM images: thus, they
are instantaneous looks at net radiation and radiant
temperature, respectively. Soil fraction and VF,
inmages were derived from the TM images using
spectral mixture analysis. Elevation and MAP -
ages hoth were ereated by interpolating conlour
maps. The elevation image represents instanta-
neous measurements of topography, but the MAP
data are averages of measurements made over
SE?V{‘.!'E[] Vil

The above images differ fundamentally in the
Lemporal stability of the measured parameters. At
ane end of the stability spectrum, T,
parameter that varies hourly, dailv, and seasonally.
T is not an intrinsic property of the seene, al-
though it depends in part upon such intrinsic
properties as albedo and thermal inertia. B, s
likewise variable, although it too is dependent
upon albedo. VE_ is an instantaneous measure of
vegetation cover, which is a relatively stable in-
trinsic component of the seene, We found  that
vegetation endmembers were the same [or the
May and December TM images; however, the VIT,
estimates for desert serub cover decreased by 11%
from Spring to Winter (Part 1), Even lor decidu-
ous perennials and ephemerals, VF, estimates

rep resents i
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change little Trom week to week, This stability is
due in part to the normalization by the shade
ﬁ'{l("“[ﬂ'l, “."l'll-(:ll TEIOVEs fi"ll:_" ﬁrsl‘-nrdt)r {]L"]_‘.IE_"'II-
dency of the radiance data upon lighting geome-
trv. The R, image, comparably normalized for
‘{}IE[L].E"‘ l::-i.T'Il:]. {:Ur'l'['!'l:_,‘lf'![] ﬁ]'l' t(]]’_)i Fg[’:-l[}]'l'i(_' HE]I[{II‘]'I::_];:'
[ll[}.{]ll be converted inlo o stable fmage of albedo.

At the other end ol the spectrom, the MAP
data are inherently stable because they are a sta-
Hstical summary of years of measurements, MAP
will change only on a time scale longer than the
period of measurement, The elevation image is the
least  changeable  of all, because  topography
{_-]mngﬂﬁ little even on the time scale of centuries.

We regard the TM-derived images, at a basic
l{f'ﬁ"('}]: ik j'll.‘;l."ri.!]i:'l'll{_HH]:\' TS LIS (]r :I"El'[!'l‘t”!." JlTl{l
slowwly varving phenomena expressed direetly by
the interaction of clectromagnetic radiation and
the earth's surface, This may not be a useful
viewpoint for the field geologist or ecologist, but
many of the parameters of concern to them are
only indirectly expressed in radiance images and
My be difficult to measure d]'re-;:ﬂy. [f Wf.mr;tr;?]y
5{".[!.‘{{'!(] l:].':li:'l HZF SOTIE I{'I-'I l{] CUTY ‘\.V!“li] ﬁl(ﬁ TRATELTILE -
ter of interest, then they have been regarded as
proxy data, Measuring one allows the other ta be
inferred.

[n special instances, the instantancous mea-
surements may serve not only as proxy data, but
also as estimates of “virtual” parameters, We de-
fine virtual data as having a spatial distribution
similar to the parameter of interest al the momentl
of interest, even though the moment of intercst
and data acquisition are dilferent. A virtual mea-
sure is an instantancous measurement that if re-
peated sufficiently would at some time he a proxy
for the desired measurement. The concept of the
virtual measure is important to the discussion be-
].ﬂ".'.".

The T, Image

Hadianl temperature is an estimate of the kinetic
termperature only ol the immediale surfaces of the
clements that comprise a seenc. Thus it is only an
eftective or model temperature if there is a strong
femmperaturs }__{1'e|.{11'f_=.n# at the .'_Hllt’ﬂl.(_‘.&", or if the seene
is not homogeneous at the pixel scale. Most scenes
at the midmoming time of TM overflight are
warming rapidly, and have strong  temperature
gradients. Furthermore, most scenes are heleroge-
neons ab the pixel scale. This is especially true of
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Owens Valley (Part 1, Fig. 2). The mdiant temper-
ature measured by TM is mixed from the tempera-
tures of sunlit and shadowed soil, rock, and litter,
from the trunks and hranches of standing vegeta-
tion, anel from the green leaves. Thus, T, cannol
be regarded exactly as a kinetic temperature.

The surface temperature of cach clement of
the scene is dependent on the surface albedo and
incident solar radiation. Surface temperature is
H!rml}.{]}-‘ affected ]Jy the transpont of heat |r:.' the
wind and the evaporation of moisture from soils
and vegetation. Thus, we might expect T, to he
approximaled by the gronnd radinnee, mixed with
1.!‘!'.\ I'E:I.f].j'::l.]'lf.‘lf i‘]'{}]]] l:Ul?]E"".] ]l‘.ll\r’[‘.‘h'. TF{HV{*.\"(_‘![’.' FI-'I'_.‘]L]
studies have shown thal the temperature of desert
scruly is the same {_+_1°(:} as the air temperature
(kahle et al, 1984), Even il the sparse desert
seruby vegetation is actively transpiring, the effect
on air temperature s minor: The volume ol cooled
air is small and spon mixed by the wind with the
larger volume of uneooled air, Thus, T over the
Onwens Valley bajada is a composite measurement
of instantaneous surface and air temperatures,

Figures 2 und 3 show that £, which is pro-
portional to albedo and which therefore should

e

covary with the substrate temperature component
l”i'.l“ Tﬁ, llf\' (.‘l”i"ll."ijd{"f':l]}]_‘y' THore: ‘\.'I;!!"I‘El]}]{‘. OVET tl'll:_" ]_'Ii:'l.—
jadas than is T K, s responsive to mapped
lithological units having different albedos, but T
s not, Strietly, T, is proportional to the logarithm
ol H . but even an image of B, stretched logarith-
mically has morve varianee than the image of T
Thus, it appears that T must be controlled by the
veretation temperature disproportionately, or that
T, is a proxy for air temperature, at least over the
bajadas, This could occur if the air temperatures
on the morning of acquisition rose more rapidly
and were higher than the ground temperatures.

Fven if T, were a proxy for instantancous air
temperature, how can it be related to the tempera-
ture controls on vegetation envisioned by the ecol-
ogist? Vegetation is generally taken to be sensitive
o maximum or minimum  temperatures. These
values are not directly related to the instantancous
T, and can only be established by repeated mea-
surement over a ](]'I'I__L’; ]'_'.IE_"T'iU{] U'F !'i!'.l'.l{_,".

We propose that even if T, 15 only an instanta-
neous  measurement,  its H‘putin] distribution  in
Owens Vallev is nevertheless of ecological inter-
est, and furthermore that T isa virtual measure of
the annual maximum ternperatures that interest
the ecologist. Not all images of T, would satisfy

N

these requirements, The TM image used in this
study was acquired at 9:30 a.m. Images taken at
other times of day or at different seasons would
have different patterns of shading and  shadow,
which would change the local values of T, For
example, T, for the December TM image dis-
cussed in Part [ showed very little variation over
the entire Owens Vallev, Patterns in this image
bear little resemblance to patterns in the May T,
image: thus, the significance of the two images
must be different,

Vegetation and Edaphic Factors

The VF, measurement is well suited to show the
relationship between vegetation cover and  soil
type, as it is relatively insensitive to species com-
position. At regional scales in the Owens Vallev
the cover of vegetation as measuwred by VF, is
largely independent of soil compaosition, except on
l]]l:'.‘-' \r':'l”ﬂ‘}" HU{H': "n-’n-"]'l(_‘!'[’ﬁ_" ]'I'EE.:_‘;]'I j_’:'l'{}l,]'lld water i:'l.'l,'tf_l
evaporites both exert stromg local controls on com-
ity and total cover. On a regional scale, cover
0 lhﬁ "."':l;]l:':"__n.' H(]“]' 'I"‘_a {Iim:‘riﬂit 'FI'U'I'I'I COVEDr On tll'l.'l'_‘
ba_]'a-ltlus', which can be seen from the coincidence
of the 12%-cover isopleth and the valley Hoor-
bajaca contact cver much ol the eastern side of
Onweens Vallev, Unlike isopleths  birther op the
fans. which parallel MAP isohvets, the 12% iso-
pleth is discordant with MAP data. Thus it appears
that at the regional scale, the cover at the distal
ends of the fans {and on the valley Hoor) is not
controlled by precipitation, but by stronger edaphic
and gronndwater influences,

At local scales there are other exceptions to
the above generalization where species or commu-
nities have adapted to specific edaphic niches.
Fven in these edaphic niches, the vegetation cover
remains close to that of the regional surroundings.
These results suEEes] thit the overall vegetation
cover on the bajadas is limited mainly by environ-
menlal factors that operate on a regional scale. OF
the regional factors implicated in controlling vege-
tation, the most important in Owens Valley appear
Lo I}(.‘I .‘:'E]i.] rioisture 'rL[i{j 1'{'_,"T'I'I]'}!_‘!T:;i.l"l,ll'{_‘!.

Vegetation, Soil Moisture, and Temperature

At the regional scale the Sierra Nevada rain shadow
limits the amount of direct precipitation in most
parts of Owens Valley to <20 om per yvear (Fig
i), Soil water comes [rom a combination of precip-



itation and groundwater rumoff from the monntains
(Hollett et al., 19588). but omly elose to streams and
on the valley floor is runoff the dominant compo-
nent, There, the abundance of soil moisture is
reflected i the dense communities of phreato-
phytic species. Elsewhere the cover of desert serub
deercases down-fan, parallel to the Sierra Nevada
range front. This pattern does not reflect the racial
organization of substrate and soil units of the
alluvial fans, but is similar to the distributions of
the three interrclated parameters: elevation, pre-
cipitation, and temperature. Another pertinent ol
servation is that the vegetation cover on the distal
ends of the fans is much more variable than else-
where on the bajada, ranging from ~353% to 15%.
This variability cannot be altribnted to regional
patterns of temperature or precipitation distribu-
tion; it must be due to differences in soil perme-
ability and soil moisture.

W separated the intertwined variables of V-
etation cover, temperature, soil tvpe, and precipi-
tation by comparing the coarse spatial distribu-
tions of each parameter, assuming that direct cansal
relationships would be revealed by close corre-
spondences of these patterns, and that indirect
relationships would be revealed by discordant pat-
terns or trends. This information would not be
evident [rom regressions of the variables measured
at single sites or transects, because of the high
degree of correlation of ull the variables. Compuari-
son of the spatial distributions of the variables is a
more sensitive measure because it is responsive Lo
variability in the degree of correlation, or in the
regression coefficients. Using this approach, it was
immediately apparent that vegetation cover on the
bajadas is largely independent of edaphic control,
for example.

Three lines of evidence indicate that tenpera-
ture does not control the amount of vegetation on
the bajadas: 1) the bases of the fans are nearly
unifinm in temperature, whereas the veselalion
cover is highly variable in these areas: 2) in the
north end of Owens Valley on the east side there
are steep alluvial fans and thi:‘}'S where there is
little increase in vegetation with altitude, although
terperatures decrease over these same areas; and
3) on the Sierran bajada from Lone Pine to Inde-
pendence, T, contours are discordant with VF,
contours, whereas contours of VF, and mean an-
nual precipitation are more concordant. This con-
cordance appears to be true, regardless of the
coarse nature of the MAP data erid.
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On balance, we found that MAP, not T, ap-
peared to be comsistently correlated with vegeta-
tion cover on the bajudas. Thus, our analysis sup-
ports the findings of Shimeda (1985) and Beatley
(1954) that precipitation controls vieretation cover.
[Mowever, our findings do not rule out temperature
as an important factor, especiallv since the actual
midmorning temperatures represented in the 1
image are not representative of the seasonal ex-
tremes (althongh we suspect that the T, patterns
are representative of the spatial distribution of
temperature The general
denee of vegetation and temperature anomalies is
not sufficient to establish firmly that vegetation
and temperature are causally related in the bajada
and nonphreatic communities on the valley floar:
nevertheless, it appears that precipitation, and
henee soil moisture, is the most important influ-
ence limiting vegetation abundance on the ba-
jadas. On the valley floor, soil type and proximity
to ground water exert the strongest inlluence on
vegetation tvpe and cover,

Beatley (1984) has suggested that annual ex-
tremes of air temperatures limit the northward
spread of species of the Mojave community [Fig,
b)), and, in particular, that minimuom tempera-
tures are the limiting factor for creosote bush. We
find that the Mojave community is shifted east-
ward [rom the axis of Owens River, similar to the
castward shifl of the precipitation minimum due to
the Sierra rainshadow, but unlike the more svm-
metric patterns of T, The northern limit of cre-
osote bush is near Independence [Fig. 1a)] and
corresponds roughly to the northern extent of the
10-cm isohyet of MAP, The December T, image
shows little variability over the valley Hoor and
bajadas, unlike the May T, image. If the Decem-
ber T, image is representative of the spatial distri-
bution of minimum temperatures, it is clear thal
there is little correlation between the distribution
of minimum temperatures and the Mojave com-
munity, The above observations are evidence that
the main factor limiting the Mojave community
may be precipitation instead of temperature, al-
though our findings are not conclusive.

{THESRN lil}. COITES[HI-

Vegetation, Temperature,

and Evapotranspiration

[n the absenee of satellite images taken at multiple
times of day we have assumed that the spatial
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pattern of T, in our TM image represent the
relalive  spatial  distribution  of  temperatures
thronghout the day, except for regions of high
relief subject to shadowing. There is precedent for
the assumption that single instantuneous thermal
measurements can be used to estimate dinrnal
temperature curves. Instuntaneous  temperatures
have been nsed to estimate dailyv-to-monthly total
ET tor irrigated agricallure, based on the differ
ence between radiant surface temperatures and air
termperature (Hatlield et al, 1983 Jackson et al.,
19583 Klaassen and Van den Bers, 19585 Seouin
and Ttier, 1983, Socr, 1980 Chondhory et oal,
1986: Taconet et al, 1956), Such methods conld
not he applied in our study because of the signifi-
cant terrain relief, becavse of the low vegetation
cover with underlving soils of varving albedos and
hecanse of the difficulty of measuring air tempere-
ture remotelv,

The strong positive correlation between VI
and ET (Fig. 12) indicates to us that VF, a
measure of vegelation cover that changes little
over the vear, can be used as a proxy lor estimates
of daily and annual ET. Evapotranspiration in
desert scrub communities is a variable phe-
nomenon, peaking dailv in the early morning and
seasonally when there is the most moisture avail-
able (Caldwell and Ehleringer, 1955; Ehleringer,
1983), If VF, is to be used as a proxy tor ET, then
it is necessary to note that the ET referred to is
not an instantaneous value, but rather an estimate
of the lomg-term or integrited amounl of evapo-
transpiration. We call VF, a measure of virtual
ET, to keep this distinetion in mind. A maore
detailed tréatment of the relationship between VI,
and ET is the subject of a [orthcoming article
(Ustin et al., in preparation).

SUMMARY AND CONCLUSIONS

We have evaluated five environmental factors in
Owens Valley as they affect the abundance and
distribution of vegetation: net radiation, tempera-
ture, elevation, precipitation, and soil tvpe. We
conclnde that, on the regional scale of a 130-km-
Iung segment of the x-';l]]e}n the: vegetation cover is
controlled primarily by the mean annual precipita-
tion. Generalized differences in soil type and prox-
imity to ground water on the valley foor cause a
regional difference in vegetation cover between

the bajadas and vallev Hoor, At local scales, ground
water and edaphic factors exert significant influ-
ence on vegetnton cover. Temperatore does nol
appear to be the major infuence on vegetation at
either regional or local seales within the valley,
although this generalization probably does nol hold
t}l'l'l':l'l'lglll']'l]l.' I}H‘! ronbine arens, Til(:‘l'(" !Ih'._ ]Il:]\'t"{"'r'l‘f',
clear evidence that vegelation influences the tem-
peralure in a major way in riparian arcas, and to a
minor extent on the bajadas, through evapotran-
spiration,

The houndary hetween Mojave and  Great
Basin vegetation communities is roughly concor-
dant with the precipitation ischvets in hath the
southern and the northem parts of Owens Valley,
and it does not :;m'rn;*:;pn;md to isotherms or to
isopleths of the other envirommental variables thal
we considered. Perhaps the Mojave—CGreal Basin
ceological transilion is governed by the mean an-
mul precipitation rather than by divecl or indirect
ellects ol lemperature,

Onur results highlizsht the importance ol spatial
scale in stucving the distribution of vegetation,
Vegetation abundance and mean annual precipita-
tion are seen to be generally coincident only on
the regional scale. At local scales the amount of
vegetation may be highly variable, depending on
local availability of surface water and soil tvpe.
Viewing the vegetation abundance from one or a
f[_*.‘.‘.-' lﬂL‘;l' ArCas Cul ]E_‘!EJ,L] Fox erroneons (_"Ufl:(:]ll.‘ii”'l'lﬁ
as to th{_‘ {}"r"{_‘!ri;]” L‘:;IHS:;I.HVE L"T'IVEI'UHIIIL‘."IIl'rLI 'F‘El(.‘i“]'.‘;.
In Owens Vallev it s not appropriale o assume
that poinl measurements or observations can be
extrapolated to regional scales. Instead the local
conditions commonly  are the exceptions  that
demonstrate the regional “role”

We suggest that in Owens Valley the regional
distribution of vegetation as measured by VF, with
suitable calibrations, can be viewed as a map of
mean annual precipitation and as a map of " vir-
tual” evapotranspivation, Thus, the regional VF,
pattern appears to be a good indicator of the
present-day climate, Local departures from the
overall distribution of VF, are apparent, and do
not ohscure the broader pattern. It may be possi-
hle to use “v'Fj to measure climatic patterns n
other arid and semiarid areas.

The results presented in this paper depend on
4 acenrabte measurement l:l'[ H}_)u'l'r',‘j[ﬁ' ‘p"i‘,‘gel.':lliﬂn
cover under conditions of varable soil back-
grounds, In Part I we gave a detailed account of a



new method for assessing sparse visgetation using
a spectral mixing model, In this paper we have
shown that the TN thermal band. used in conjune-
tion with VF_ derived from the visible wnd near-
infrared bands, provides eritical data for evaluating
the environmental influences on vegetation abun-
danee. The Landsat TM system is unique in that
the six visible and near-infrared bands are gener-
allv adequate lor measuring VF, and the thermal
band is coregistered and acquired at the same
time. Our results suggest thal TM data are espe-
ciallv usetul for investizating vegetation in arid
lanels in terms of the speetral, spatial coverage,
anel that the approach used in Owens Vallev may
be broadly applicable to other desert areas.
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