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1. INTRODUCTION

Among the mos~importantshort-term dynamic biological processes are diurnal changes in canopy water
relations. Plant regulationof water transport through stomatal openings affects other gaseous transport processes,
oftendramaticallydecreasingphotosyntheticfixationofcarbondioxide during periods of water stress. Water stress
reducesstomatalconductanceof water vapor through the leaf surface and alters the diurnaltiming of stomatal
opening, Under non-water stressed conditions, stomates typically open soon after dawn and transpire water vapor
throughoutthedaylight period, During stress periods, stomates may close for part of the day, generally near mid-
day. Under prolonged stress conditions, stomatal closure shifts to earlier times during the day; stomates may close
by mid-morning and remain closed until the following morning — or remain closed entirely,

Under these conditions the relationship between canopy greenness (e.g., meastucd with a vegetation index or
by spectral mixture analysis) and photosynthetic fixation of carbon is lost and the remotely sensed vegetation metric
is a poor predictor of gas exchange. Prediction of stomatat regulation and exchange of water and trace gases is
critical for ecosystem and climate models to correctty estimate budgets of these gases and understand or predict other
processeslikegrossand net ecosystem primary production (Kittel et al., 1995).

Plant gas exchangehas been extensivelystudiedby physiologistsat the leaf and whole plant level and by
biometeorologists at somewhat larger scales (Gates, 1980), (NoM. 1983). While these energy driven processes
follow a predictable if somewhat asymmetric diurnal cycle dependent on soil water availability and the constraints
imposedby the solar energy budge~ they are nonetheless difficult to measure at the tree and stand levels using
conventional methods.

Ecologists have long been interested in the potential of remote sensing for monitoring physiological
changes using mulli-temporal images. Much of this research has focused on day-to-day changes in water use,
especiallyfor agricultural applications(Moranet al,, 1997), Ustin et al. (1998)showedseasonalchanges in canopy
water content in chaparral shrub could be estimated using optical methods. Vanderbilt et al. (1991) followed
asymmetric diurnalchanges in the refktance of a walnutorchard,but could not attribute specific reflectance changes
to spczific changes in canopy architecture or physiology.

Forests and shrub lands in California experience prolonged periods of drought, sometimes extending six
months without precipitation. The conifer and evergreen chaparrat communities common to the foothill region
around the central valley of California retain their foliage throughout the summer and have low transpiration rates
despite high net radiation and temperature conditions. In contrast, grasslands and drought resistant deciduous species
in the same habitat are seasonally dormant in summer, Because of differences in the mechanisms of drought
tolerance, rooting depth and physiology between different plant communities in the region, it is likely that they
display differences in diurnal waler relations. The presence of diverse plant communities provides an opportunely to
investigate possible diurnal landscape paucms in water relations that could be observed by an airborne hyperspmral
scanner. This investigation of AVIRIS data collecxcd over forest and shrub land represents the continuation of a prior
investigation (Ustin et al., 1992) involving spectral mixture analysis of diurnal effects in the same AVIRIS data set.

2. METHODS

Eleven AVIRIS hypcr spectral data sccncs, Table 1, were collccwd over a common test site during a 3 hr 20
mn interval bracketing solar noon on 22 September 1989from the NASA-AmesER-2 aircraft (Flight 89-167) flying
at an average altimdc of 19.7 km (65,000 fca) above ground ICVCI(AGL).

.
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Table 1. AVIRIS data collection times (Pacific daylight time) and solar directions (degrees).

Sccnc
number 1058 1061 1064 1067 1070 1073 1076 1079 1082 1085 1090

Collection
lime 11:50 12:10 12:30 12:51 13:09 13:30 13:49 14:10 14:30 14:50 15:10

solar
elcvalion 45.53 47.20 48,18 48.48 48.48 48,19 47.22 45.52 44.05 41.52 39.29

Solar
am 151,2 161.4 168.6 176.5 183,5 191.2 193,3 2~7 212.2 218.5 223s

I 2.1. Site description

The test site, located at (4 1021’OtY’N, 121057’30’’W),approximately 10 km southeast of volcanic Mt. Shasta
in the Cascade Range of north-central California, is volcanic in origin with a cinder cone, Black Fox Mountain,
bordering its eastern edge. The site averages 1,200 m above sea level and slopes 1.5% to the southeast, displaying
minimal topographic relief. The sandy, highly reflectivesoils appeareither light gray or light red, contain lit~leclay
and little organic matter and appear to have tittte water holding capacity. The area is dominated by extensive stands
of mature Ponderosa pine (Pinus Ponderosa) and extensive mixed stands of ‘shrub’containing primarily marwmita
(Aretostaphylos manzanita) and eeanothus (Ceanothus thyrsiflorus) and smaller amounts of Christmasbeny
(Heteromelwarbutifolia). Other speciesobservedat locationsnortheastof and immediatelyoutsideof the test site
— ~d which may also grow in smatl stands of minor impo~nw within the test site — include white fu (Abies
concolor), California black oak (Quercus kelloggii) and tanbark oak (Lithoearpusdensiflora),

We observed that within the test site, Ponderosa pine appears to grow preferentially on light red soils while
the light gray soils tend to support (a) shrubs or (b) very sparsely distributed grasses making these areas appear
essentially as ‘bare soil.’ Clear cut areas display light red soils. The shrub and bare soil areas display no evidence of
having previously been clear cut — all of which suggests a link between cover type and soil parent material. During
AVIRIS data collection, all soils appeared dry; meteorological data suggested that no rain had fallen during the three
days prior to AVIRIS data collection,

I 2.2. AVIRIS data analysis.

All scenes were co-registered to the fwst scene (1058) using a stxond order polynomial and more than 20
randomly selected control points. The root mem square (RMS) image rectification error of each scene was less than
1.0 pixel in both the X and Y dimensions. The data were not corrected for atmospheric effects. The solar elevation
and solar azimuth corresponding to each scene were determined from the data collection time and geographic location
of the scene center poin~ The dimensions (470 x 399 pixels) of the almost flat, almost horizontal test site were
selected in order to exclude from the anatysis process adjacent sloping terrain and its corresponding radiance data
valueswhich vary asymmevically as a function of solar azimuth direction relative to solar noon (Vanderbiltet al.,
1991).

Sixteen sptwral classes were derived from an unsupervised cluster classification analysis involving five
AVIRIS wavelength bands — band numbers 13 (512.9 rim), 18 (562,1 rim),30 (680.3 rim),50 (838.8 rim),and 139
(1653nm) — of the first scene (1058). These wavelengthbands, for these datacollected in 1989,representthe
approximatecenter wavelengthpositionsof the Landsat Thematic Mapper bands 1,2, 3,4 and 5. A sixth band, also
included in the cluster analysis, provided information of the spatial texture of the scene as represented by a 3x3
variance filter of AVIRIS band 30. The result obtained from the cluster analysis of each pixet of the first scene
(1058)was assumed to apply to thecorrespondingpixel in eachof the 10otheroverlaid and registeredAVJRIS
images.

Analysis of color infrared photography, colleacd with rhc AVIRIS data, helped csrablish the comcspondcncc
betwccn the 16 spectral classes and eight information classes: bare soil, shrub, and six Pondcrosa pine classes —
each class distinguished by its apparent crown closure: 100-9CW0,89-80%, 79-70Y0,69-5070,49-3070 and low
density pine. The number of pixels within each of the eight information classm is shown in Table 2.

The mean spwrrum of each information class wm dclcrmincd as the average within cxtchwavelength bond of
all AVIRIS spectra in that class, Thus, for example, the mean spectrum of bare soil was obtained by averaging



27329 individual bare soil spectra, Table 2, The mean spectra do not inciudc effects duc to per pixel slope and
aspccc these effects were assumed LO(X inconqucntial for the comparm.ivcly flat test site.

Table 2. Number of pixels in each information chtss.

Informationclass PQD@XM@Wcrown _ shrub bam soil

------”-”------------”---- -t --”---”---;----------------
. . . . . <30

10198 8215 39623 19723 11668 60982 9792 273B

2.3. Ancillary data,

Sun photometer data were collected continuously in eight wavelength bands between 400 nm and 1100 nm
on September 22, 1989 between approximately 6 hr 30 mn and 17 hr Pacific daylight time using an instrumen;
constructed at the University of tilzona. The data were analyzed by Dr. Carol Bruegge of JPL who estimated the
atmospheric optical depth and aerosol optical depth for each wavelengthband as a functionof time during the day.

The water jxXentialof nedes on branchesharvested from several Ponderosapine trees was estimated with
the aid of pressure bomb measurements collected continuously between approximately 6 hr and 17 hr on September
22, 1989. Each of the sampled WS was mature, located apart from a nearby extended stand of Ponderosa pine and
was either an isolated tree or a member of a small group of trees. Both sunlit and shaded branches were measured
between 6 hr and approximately 10 hr; after 10 hr only shaded needles were measured.

3. RESULTS

Fig, 1 shows both the first scene (1058)of AVIRISdata as well as the results from its classification
representedwith the aid of a gray scale for which the darkest gray level corresponds to the Ponderosa pine 100-90%
crown closure class and the lightest gray level, the bruv soil class. The bottom-to-top direction in each image
represents a northeast compass direction, The homogencxms area approximately 80 columns x 150 rows represented
by an intermediate gray level and located in the extreme upper right comer of the image is a Ponderosa pine
plantation. Recent clear cut areas appear as sharply defined bright areas usuatly amid dark areas such as near the
bottom right of Fig, lb.

A comparison, Fig. 2a-b, of the mean spectra, when normalized by the mean soil spectra (a ‘flat field’
correction), derived from scenes 1058 and 1079 collected before and after solar noon at similar 45.5° solar elevations
shows that the reflectance of shrub decreased at all wavelengths while that of Ponderosa pine 100-9O%crown closure
increased at all wavelengths, Two mean spectra for bare soil measured at similar solar elevations near noon, Fig. 2c,
appear almost coincident, providing an indication that the temporal stability of the AVIRIS sensor is excellent. Use
of the bare soil spectra to normalize the shrub and Ponderosa pine spectrawasassumedto reduce the magnitude of
the small variations in the data attributable to noise in the AVIRIS sensor. In addition use of such a flat field
correction allows comparisons against a surface, the dry bare soil, that may reasonably be assumed to exhibit
spectrally unchanging, Larnbcrtian reflectance propcrdcs over the relatively short 3 hr 20 mn time period and limited
range of solar elevations, 39° to 48°.

Fig. 3 shows the mean of each information class measured at two wavelengths at each of 11 data collection
times, In the red wavelengthregion, the largestresponseat each data collectiontime is duem baresoil; the
smallest,90-8 1% cc Ponderosa pine. In the near infrared wavelength region, the largest response at each data
collection time is due to shrub; the smallest, 100-9 19?0cc Ponderosa pine. With few exceptions the maximum value
of each curve occurs near solar noon, approximately 13 hr (1 PM) local time.

Figure 4 shows that during a 3 hr 20 mn time period bracketing solar noon, the normatizcd light reflected
by Pondcrosa pine having 90-100% crown closure incrtascxl approximately five pcrccnt while that of shrub dccrcascd
monotonically by approximately 25Y0. Fig. 4, similar to Fig, 2 but rcprcscnting multiple data collection times,
shows that for 100-9 1% cc Pondcrosa pine at atl measured times the response, normalized using the bare soil ‘flat
field,’ is greater than the normalized response at 11 hr 50 mn; that of shrub monotonically dccrcascs with increasing
time from 11 hr 50 mn. Thus, starting from collection of the fist scene, the normi,dizcd spectra of pine incrcasc
while those of shrub dmrusc. Fig, AC shows hat tic response Ofbare soil, the data used to perform the ‘flat field’

normalization on the shrub and pine spccwa, is gmatcst near solar noon, decreasing ttpproximtttcly in a symmetric
fmhion with time mcwrrcd from noon. For each chart in Fig. 4, the response does not change with wavclcnglh Iikc
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that of a green Icafi each curve is comparatively smooth, revealing, for example, no abrupt changes near the location
of the rcd edge at 700 nm.

A LangIcy plot analysis of t,hcsun photomclcr data, Fig. Sa, shows that morning and aftcmoon data for
each wavelength band appear to Iic on the same line, suggesting atmospheric properties changed little during the
period of AVIRISdata collection. This is supportedby the results, Fig, 5b, showing the atmospheric optical depth
at each wavelength changed little dting the day. Dividing the optical depth into its Rayleigh and aerosol component
parts,Fig.5c, shows that the aerosol optical depth, particularly in the red and near infrared wavelength region, Fig.
5d, was ext.rcmcly low, less than 0.02 throughout the period of AVIRISdata collection, These results show that the
atmospherewas exceptionallyclear— almost transparent throughout the day at these wavelengths. Its light
transmitting properties in the red and near infrarcxl wavelength region changed at most by 1% during the period of
AVIRIS data collection, The data rcvcat no evidence of clouds.

The water potential of sunlit and shaded Ponderosa pine nudes, Fig. 6, varied with time during the day,
showing a large dtxrease from approximately -10 bars to -17 bars near 9 hr. The water potentiat of the shaded
needles appears to trend upward from approximately -16 bars to -14 bars during the time period when AVIRIS data
were collected,

4. DISCUSSION

These results, Fig, 4, reverd that during a 3 hr 20 mn time period bracketing solar noon the light reflecting
propertiesof thetwomostimportantcovertypeswithinthistestshechangedsubstantiallyanddifferently:the
normalized spectra of Ponderosa pine increased while those of shrub decreased monotonically with time. By
normalizing these spectra using AVIRIS bare soil spectra from each of the 11 scenes, we have minimized efftxxs in
the results due both to sensor variationwith time and to changing solarelevation. Because of this normalization
procedure, we believe these results are real and not due to ardfacts in the data,

If the canopy were unchanging and azimuthally symmetric, theory (Vanderbilt et al., 1991) shows that
morning and afternoon canopy reflecting propertiesshould exhibit mirror symmetry about solar noon. Assuming
that canopy architecture is azimttthally symmetric (a reasonable assumption) and given that the atmospheric changes,
Fig. 5, were insignificantly, data collected at identical morning and afternoon solar elevations should be identical —,
provided the canopy did not change. Yet comparing morning and afternoon results, Fig. 2, corresponding to a 45°
solar elevation shows that during this 2 hr 20 mn time period the normalized spectra of Ponderosa pine increased by
approximately 4% and shrub decreastxl by approximately 20%.

Thus, the AVIRIS images, when properly normalized and properly analyzed, show that the reflectance
propertiesof the two canopies changed substantially and differently — and therefore that the two canopies changed,
The canopy changes appear not to be due to asymmetric changes in the soil reflecting properties, as Figs. 3 and 4C
show that these properties changed approximately symmetrically about solar noon. For a given set of illumination
and ObstXvatiOntl.ktions, two canopy properties — architecture and the spectral scattering and absorbing properties
of canopy components (leaves, stems, soil, etc.) — determine the canopy reflectance,

Pigments determine in part the spectral scattering and absorbing propertiesof canopy components,
However, if the canopy reflectance changes were attributable entirely to changes in canopy pigments — pigment
configuration changes with increasing water stress, for example, then the results, Fig. 4, should exhibit increasing
evidence of pigment absorption as the canopy reflectance changed. The canopy reflectance properties, Fig, 4a-b,
show only limited evidence of pigment absorption, dareasing, Fig. 4b, to 0,75 as a set of almost parallel lines,
However, the evidence, albeit small, of differential pigment absorption can not be ignored. For example, near the red
edge at a wavelength of 687 nm, the curve representing data collected at 3:10 PM trends downward approximately 5%
over a wavelength interval of approximately 75 nm, a wavelength dependent change suggesting pigment
involvement; yet this 5% change should be interpreted in light of the overall 2570 decrease from data collected m
11:50 AM, which suggests that most of the 25% decrease is not wavelength dependent and therefore not pigment
dcpcndcnt. Thus, the results suggest that the changes in the refhw.ing propmies of these two canopies are
attributable ICSSto pigment changes and more to changes in architecture at onc or more of three scales — canopy,
leaf arid CCii,

These rCStIILS, Figs. 1-6, do not provide indication of the specific architectural chitngcs which mitnifcsl the
changes in the canopy rcflcctancc. The mcawrcmcnts of pine nccdlcs, Fig. 6, suggest thii[ shaded ncc.dlc wa[cr

—
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polcntial dccrcmcd during the day, allhough not during the AVIRIS &ta collection time period, Changes in
architecture at the canopy, leaf and CCII SCdCS attribumble totheeffwu Ofd~masing leaf waterpotential are WCI1
dmumcntcd for agricultural plant canopi~, other factors which could Pomntially affect the canopy asymmetrically
about solar nwn include the effects of wind. Wind sped which increases during the day presumably could
potentially modify the architaure at the canopy and leaf scales, resulting in canopy asymmetricreflectance changes,
Wind velocities at the test site dufing collection OfAVRIS &@ were not recorded. But memory indicates winds al
ground level were light and variable in the high pressure weather system at the test site: we do not believe winds
were a factor ch~ging the mchiwtum of tie canopy or leaves in a diurnally consistent manner. Thus, in the
absence of other identifid sourws of canopy change, we believe the asymmetric changes in the reflecting properties
of the two canopies, changes evident in the results, Figs. 2-4, manifest the species specific response of these two
canopies to their diurnally changing water status.

5. CONCLUSIONS

The results of this research show that during more than a two hour time period canopy reflectance properties
changed substantially and asymmetrically about solar noon, The results show that the reflectancepropertieschangd
because the architecture of the plants changed at one or more scales— cell, leafand canopy. There is no substantial
evidence indicating the canopy changes may be attributed to changes in plant pigment properties. In the absence of
other causes, we attribute the asymmetric changes in canopy reflectance properties to changes in canopy water
relations,
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