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INTRODUCTION

This report summarizes research activities conducted from February
1, 1985 to July 31, 1985 and preliminary conclusions regarding research
objectives. The overall objective is to determine the feasibility of
using Landsat data t« estimate effectivs hydraulic properties of soils.
The general approach is to apply Eagleson's “climatic-climax” hypothesis
(Eagleson, 1982) to natural water-limited vegetation systems using canopy
cover estimated from Landsat data.

Natural water—limitec systems typically consist of inhomogeneour
vegetation canopies interspersed with bare soils. The ground resolution
associated with one pixel from Landsat MSS (or TM) data is generally
greater than the scale of the plant caunopy or canopy clusters. Thus a
method for resolving percent canopy cover at a subpixel level must first
be established before the Eagleson hypothesis is tested.

Specific project objectives are thus,

1. Evaluate the existing capability of defining vegetation canopy
density from Landsat data with a resolution and accuracy sufficient for
use in testing the climatic-climax hypothesis of climate-soil-vegetation
equilibrium.

2. Design. the research needed to create the necessary capability if
it 1s found (under Objective 1) to be deficient.

3. Design the series of experiments necessary to test the
climatic-climax hypothesis.

One major conclusion of the work to date i{s that current methods
for resolving mixed pixels, which have been developed primarily for

agricultural lands, have not been adequately tested on natural landscapes.
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Methods which require the identification of training samples can not be
easily applied to naturally vegetated systems due to the inhomogeneity of
the cover.

Two formulations are proposcd which extend existing methods of
analyzing mixed pixels to naturally vegetated landscapes. The first method
involves use of the normalized vegetation index. The second approach is a
physical model based on radiative transfer principles. Both methods will
be analyzed for their feasibility on selected sites during the second half
of this research project.

RESEARCH ACTIVITIES
The reporting period covers the initiation of work on this topic.
Accordingly, research activities have included a visit to the Goddard Space
Flight Center, Greenbelt, Maryland, comprehensive literature review, the
preliminary formulation of algorithms to deteraine percent canopy cover at
a subpixel scale of resolution, and the search for several representative
watersheds in which to conduct the research. Details of each of these

activities are described below.

Visit to Goddard Space Fliggt Center, Beltsville, Maryland

Research commenced with a visit by the principal investigator,
Professor Peter S. Eagleson, and his assistant, Michael F. Jasinski, to the
Earth Resources and Hydrological Sciences Branches, Goddard Space Flight
Center (GSFC) on January 31, 1985, The purpose of the visit was to
familiarize the MIT researchers with ongoing activities at GSFC and to
discuss research goals with key GSFC personnel, Meetings were held with

Dr. Vincent V. Salomonson, Dr. Robert Gurney, and Dr. Thomas J, Schmugge,

among others. Image analysis of MSS data was demonstrated by James




Ormsby. During the afternoon, Professor Eagleson presented a seminar on
water-limited equilibrium of savanna vegetation systems, work supported

under s prior NASA research grant.

Literature Review

Ongoing literature review has concentrated on assessing the current
capability of estimating percent canopy cover using Landsat data., Curreat
techniques for classifying agricultural lands including those over mixed-
crop types have been reviewed., The reflectance properties of vegatation
canopies and soils in the visible and near infrared range have been
investigated. This has required a review of the theoretical principles of
radiative transfer through leaves, the atmosphere, and other media.

Vegetation Canopy and Soil Reflectance.

The reflectance of the visible and near infra-red range 1is well
documented. Canopy reflectances are typically much less than those
measured for individual leaves (Dickinson, 1983) due to the scattering
properties of plant architecture and soil background., Colwell (1975)
discussed the important parameters which influence canopy reflectance,
including leaf hemispherical transmitiance, leaf area and orientation,
plant structure components, soil reflectance, solar zenith angle, look
angle, and azimuth sngle. Tucker et al. (1977) found that the effect of
underlying soil decreases as vegetation biomass increases. The results of
numerous studies of plant and canopy reflectance are summarized in
Rosenberg et al. (1983), Smith (1983) and Myers (1983).

Radiative transfer formulas for homogeneous canopies have been
developed in terms of the physical and optiral properties of the plant and

background soil reflectance (Suits, 1972; for summary of other formulas see




Smith, 1983). 1Typically, homogeneous canopies have besen modeled as a
diftultng medium with absorbing and scattering properties. Dickinson
(1983) applied the two-stream approximation for radiation transfer in the
atmosphere (Meador et al., 1980) to plant canopies employing the Leaf Area
Index (LAL) as a measure of the optizal depth.

The reflectivity of plant canopies is highly wavelength dependent,

It 1s typicsally low in the visible spectrum (<30%2) and high in the near
infrared range (>50%). Kondratyev (1969) and Iqbal (1983) provide
summaries »f reflectances of various natural vegetation covers.

The spectral characteristics of bare soils have also been extensively
investigated, as summarized by Meyers (1983). Soil reflectance is a func-
tion of color, mineral content, organic matter, particle size, texture,
mojsture content, ard wavelength, Soil reflectance is generally less than
30% and increases linearly with wavelength over the range 0.4 - 1.0 ym,

Wet soils exhibit lower reflectance than dry soils but generslly maintain =
similar linear behavior in reflectance over that range (Tucker et al.,
(1977).

Rgflectauce from Natural Landscapes

The reflectance from natural landscapes results from the complex
interaction of light with the vegetation canopy and soil types. The canopy
alone uoften consists of a mixture of various plant species of different
sizes and architectures. Soil types can also vary over a short distance.
The radiance observed by a Landsat satellite is a composite of those canopy
and soil components which are subsequently scattered and attenuated by the
atmosphere.

The identification of landscapes which cunsist of several cover

types is a common problem encountered by image analysts. Both empirical




classificution schemes as wall as more physically~based models have been
developed, although smpirical methods are the most widely used and by far
the most successful (Estes et al., 1983), Classification methods have
been used in conjunction with temporal analysis to take full advantage of
seasonal vegetation changes (Robinove, 1981, Amis et al., 1981; for summary
see Estes et al., 1983),

Classification of cropland has relied on various statistical
clustering algorithas, such as those used in the Large Area Crop Inventory
(El’.‘ gfﬁi‘;nez‘fenni_ngton et al., 1984, Anis ¢t al., 1981). These methods
generally require the identification of training samples or pure pixels,
i,e., the association of Landsat observations with known targets. Each
training sample consists of a soil and canopy combinaiion with a spectral
response reprasentative of a larger area. This advantage is usually not
present when classifying natural landscapes, since most targets possess
unique spectral characteristics,

The following sections describe several techniques which have evolved
for analyzing non-uniformly vegetated landscapes.

Vegetation Indices. Semi-empirical methods for reducing the amount

of MSS data have led to the development of the vegetation index (VI), The
use of the VI for identifying vegetation parameters has received much
attention in the last few }ears. Perry et al. (1984) summarize the
numerous VI's which have been proposed. A typical VI is a normalized ratio

of the form,

IR Hi1s

VI = -
R T Wis

where an and ayrs represent the surface albedo in the IR and visible
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ranges, respectively. Low VI indicates l¢w vegetation amount, whereas high 1
V1 indicates either high vegetation amount or high productivity (Curran, j
1980). Sellers (1985) discussed the functional relationship between
normalized VI and several vegetation parameters, including the Leaf Area
Index (LAI), greenness, and photosynthetic rate. Tucker et al. (1983)
correlated a normalized VI (corputed from NOAA's AVHRR data) to actual
biomass obtained from field sampling in a semi-srid region of Senegal, West
Africa. However, much scatter of the data exists. Recently, the effect of
soil background on VI's computed from hand-held or airborne radiometer data
has becn’ovaluatod (Elvidge et al., 1985, Huete et al., 1985).

While the functional relationship between the VI and several
vegetation parameters has been qualitatively identified, the quartificstion
of these parameters (based on VI's computed using Landsat datg) has
attained only limited success. Additional research is warranted in at at
least two areas. First, the functional relationship between the VI and
percent canopy cover needs to be clearly established. Secondly, the
usefulness of the VI in analyzing natural landscapes n;eds to be examined.

Theoretical Models. The prohblem of resolving a mixed-pixel has been

approached by assuming that its total spectral response is a linear
combination of the individual spectral responses of its compouneats (McCloy,
1980; Dozier, 1981; Ungar et al., 1981; Chhikara, 1984). McCloy (1980)
proposed that under conditions of negligible canopy transmission or
multiple reflection, the response progortions of the various land covers
will closely approximate the physical proportions of each type of cover.

McCloy (1980) suggested that up to four sub-pixel categories be used




including three levels of vegetation greenness cover and one soil
background cover.

Ungar et al. (1981) reported successful delineation of forest canopy
types in Maine using a similar approach which they termed the "Fanning
algorithm”. Ungar et al (1981) assumed that the total radiance received

from a mixed pixel, L, , can be expresses

L =nA + (-n)B (2)
vhere A, and B, are the energies received in the A th band {rom
sub-pixel surface elements A and B, respectively. The coefficientn is the
fractional area occupied by cover typa A. The value n was determined by
Ungar et al (1981) by miniuizing the error between observed ai:2 theoretical
radiances.

Dozier (1981) also proposed a similar method using two infrared
bands for differentiating radiant temperature fields of sub-pixel spatial
resolution. Corrections for atmospheric effects were included.

The theoretical nadir radiance observed by a sateliite has been
derived by several authors (Dave 1980, Otterman et al. 1979, 1980, and
Otterman 1978, 1931) for a pure pixel in a background of different
reflectivity, The nadir radiance is expressed in terms of three

components. Thekdirect beam from the object pixel which has been

attenuated due to atmospheric effects, Lnp , ie

Ly = ©6, o9 (=t)A (3

where r = reflectivity of object pixel
G¢ = global surface irradiance on object pixel

T = total vertical optical thickness.
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The total optlc;l thickness is a sum of optical thicknesses due to Rayleigh
scattering by gas molecules, TR, and Mie scattering by aerosols, ty.

Assuming a Lambertian surface, the portion of diffuse radiance from
the surrounding vicinity which is scattered to the satellite by the

atmospheric column above the object pixel is

Lo~ (8 G./t) f’:,/z[ 1-axp (=t /cos ¢)]com[r P () * T\ By@)] Zeing o “

where
a = average ri.lectivity of the surrounding vicinity
PRyPy = phase functions associated with Rayleigh and aerosol
(Mie) scattering, respectively

¢ = zenith reflection angle.

Finally, the radiance scattered from the direct solar beam back to the

satellite i3 written

(o] 10O,
L m W l-exp{-T (14sec 6 )}][r P (180°= 6 ) + 1 P (180°=0 )] (5)
ndA
ity )
where o = cos B

0o = solar zenith angle

The total nadir radiance is the sum of equations (3), (4) and (5). The
amount of area to be considered in determining the average surrounding
reflectivity is discussed by Otterman et al. (1979). Otterman et al. (1980)
reduced the above equations tn a simpler form in the case of an optically
thia atmosphere. Otterman (1981) also developed an expression for
reflection from sparsely vegetated soils in terms of a surface cover

parameter. While accounting for the shadowiag effects of vegetation



clumps, the formulation assumes that reflection from the top of the clumpe

is negligible. 7%hus, this method is not directly aigplicable to the
determination of percent canopy cover.

Summary of Literature Review.

The literature review has led to the following conclusions regarding
techniques available to estimate canopy cover at a subpixel level of
resolution:

1) Techniques for evaluating mixed-pixels have focused primarily on
distinguishing cropped lands. Most techniques require the identification
of training samples, which prevent their application to inhomogeneous
canopies. ‘The application of these methods to natural landscapes has
received very limited attentiiii and nceds to be developed further.

2) While the correlation of the V| with several vugetation
paramcters, such as biomas¢ or greenness, has demonstrated dcf!nitc
success, no quantitative information has been found relating the VI to
percent canopy cover. Further, the use of VI over natural landscapes has
received little, 1if any, attention.

3) The theoretical framework for modeling the observed vegeZation
cover from satellites exists, but has been tested only to a limited
degree. No studies reviewed applied the modeling approach to semi-arid
systems. Current available models need to be extended to model a mixed
targat pixel. The substantial amount of information on plant canopy and

soil reflectances will facilitate testing of a theoretical model.

Formulation of Percent Canopy Cover Algorithms

Two approaches for determining the percent canopy cover at a

sub-pixel scale of resolution have been formulated based on the empirical

Iy
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and theoretical relationships reviewed above. A first approach involvas
developing an smpirical or semi-empirical relationship between the
normalized vegeatation index and the percent canopy cover. A theorstical
approach involves adapting the developments of Ctterman (1978, 1981),
Otterman et al. (1979, 1980), Dava (1980), Ungar et al, (1981), Dozier
(1981), and McCloy (1980) to a mixed target pixel, Both procedures can be
verified using ground truth obtained from existing photographs.
Empirical Approach

Since the canopy cover is functionally related to other plant and
soil parameters (Rosenberg et al., 1983), it is reasonable to expect good
correlation between the normslized vegetation index and percent canopy
cover. The first approach being considered is simply to test this
hypothesis using MSS data and ground truth obtained from existing aerial
photographs.

Several variations to the simple correlation scheme are envisioned.
For instance, it is possible that the praesence of only a few pure or nearly
pure pixels (either completely bare soi{l or completely green vegetation)
may be sufficient for providing bounds on the range of the numerical value
of the VI which occurs within the segment. These bounds would appear at
the extreme ends of & histogram indicating the number of occurrences versus
VI as shown in Figure 1. Once these end poiats are defined, the relative
percentage of each cover type can be estimated by methods reviewed earlier.

The validity of this approach relies on the assumption that there

exists a clear distinction between soil and canopy reflectances, and that
the inhomogeneities within the two separate classes are smaller than those

between the soil and canopy. The assumption is more apt to be valid if the
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segnent analyzed is not "large”, such that the variability in different

804l and plant types is small,
Theoretical Approach

This procedure treats the direct beam from the target pixel as :
linear combination of two or three individual sub-pixel elements. Equation

(3) can thus be reformulated for the simple two cover model as

Lnpa =nly + (l=n) L, (6)
where n = the effective portion of a pixel cnvered with vegetation

Iyy = Radiance emitt# from vegetation canopy in band A

Ing = Radiance emitted from the soil in band A.

The total nadir radjance will be the sum of equations (4), (5), and (6).

The analysis will be limited to an optically thin atmosphere (clear
sky) to reduce the influence of the scattering terms (Equations (4) and
(5)). Equatious (4), (5), and (6) will be evaluated by assuming
reflectances for the different cover types in each band, as well as the
clear sky scattering and absorption parameters tgr, Pr, Ty, Py as
previously defined. These parameters can be effectively estimated based on
meteorologic conditions (Iqbal, 1983). An iterative scheme will be
developed to minimize the difference between the computed and observed
radiauce;, based on successive estimates of n.

Finally, since there are four MSS bands, lt‘ie theoretically possible
to extend the above procedure to the case of a pixel containing several
cover types. For exemple, the preasence of .rown herbage can slgnificantiy
affect the overall canopy reflectance (Tucker, 1980). To account for this

third cover type, the expression for the direct beam from a pixel can be
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modified as

Lip = Mgy * Yhy+ (1""7“\- (7)

where, in addition to the previously defined terms,

.1 = the effective portion of a pixel covered with brown
vegetation

Inp = Radiance emitted from the brown vegetation in band ).

The use of two bands will be required in this situation. The practical
application of this approach depends on the ability to define unique
spectral characteristics for each of the three cover types. This condition
is important not only for resolving the data but also to maintain linear

independence between the two direct beam equations.

Selection of Test Sites.

Significant progress has been achieved toward the oeleckion of
appropriate test sites for objectivei 2 and 3 of the research (see page 1).
For the testing of the mixed-pixel algorithms, Objective 2, the two major
criteria are that 1) the region not be fully vegetated at & sub-pixel level
of resolution and 2) the area must contain Landsat reconnaissance aad a
corresponding aerial photographic survey at approximately the same time.
The aerial survey must be of sufficient detail that percent vegetation
cover can be delineated.

The criteria for selecting a test site for testing Eagleson's
hypothesis, Objective 3, are more stringent. Test site; mist be
water-limited, naturally vegetated, and at a near climate-climax state.
Additionally, long term hydrologic and climatologic records must be
available. It is also desirable that climatologic data during the time of

the surveys be available,
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The above constraints have directed the site—selection process toward
the semi-arid regions of southuest United States. Numerous agencies
located in those regions have been contacted including the National Park
Service, the Forest Service, the Soil Conservation Service, the Bureau of
Land Management, the U.S, Geological Survey, Arizona State Parks, the
Agricultural Research Service (ARS), and the University of Arizona. The
information provided by the various regional and state offices is currently
being examined. However, it appears that the criteria for Objective 2 can
be easily met. For Objective 3, it is likely that the eventual site be
located in the ARS experimental watersheds and/or the National Parks. The
sites currently under counsideration are the Walnut Gulch Experimental
Agricultural Watershed, near Tombstone, Arizona, the Big Bend and Guadalupe
Mountains National Parks, Texas, and the Carlsbad Caverns and Bandelier
National Parks, New Mexico. These locations are near or in the Sonoram oi
Chihuahuan Deserts.

The feasibility of obtaining concurren: aerial photographic and
Landsat data has already been shown to be very encouraging. The gelection
process is being facilitated through the aerial photographic and Landsat
search services conducted by the EROS Data Center, Sioux Falls,

South Dakota. Additional sources of aerial photographic surveys which have
been contacted include the U.S. Department of Agriculture, Agricultural
Stabilization and Conservation Service, Salt Lake City, and the U.S. Geo-
logical Survey, Flagstaff. As of this date, one search request has been
made through EROS for the Walnut Gulch Hydrologic Experimental Watershed,
Arizona. Matching of the results for the aerial photographic and Landsat

searches resulted in one period in October, 1978 in which both data were




taken within two weeks. Since this period is one in which canopy cover is
not like¢ly to change, both surveys can be used to test the selected canopy
.covor algoritha., Sample photographs have been ordered from ASCS and EROS
for the Walnut Gulch site.

Additional searches for other areas are currently underway. The most
effective procedure 1s first to select the geographic location, then to
request the aerial photographic search. If an aerial survey of appropriate
scale can be found for a period later than about 1972, it 1y very likely
that correspondfug satellite data will be available in light of the
frequent coverage of the entire United States by Landsat and NOAA

satellites.



FUTURE RESEARCH

Future research will concentrate on refining the two canopy cover
formulations outlined above and then applying them to several selected
arear, in the southwestern United States. Once the final sites have been
selected, the entire aerial photographic coverage will be purchased and
analyzed for percent canopy cover., The corresponding Landsat data will
then be analyzed in accordance with the above proposed techniques at the
GSFC. Auny refinements to the above procedures will then be made.

Once a suitable canopy cover procedure is established, it will be
applied to the appropriate test watershed. Soil hydraulic properties will
be estimated using Eagleson's hypothesis. Results will be verified using
actual streanflow data.

The feasibility of using Landsat data to compute soil hydraulic
properties will thus be established. A program will then be designed o

extend this procedure to other natural systems,
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