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I. INTRODUCTION

The Multispectral Resource Sampler "Proof-of-Concept"” Study
is intended to be a comprehensive analysis of the corrections that
must be applied to MRS data tc allow for atmospheric correction

factors and the variability of bidirectional reflectance from the
scene.
In order to assess the present state-of-the-art in these areas

a literature review and analysis was initiated at the outset of the

study. The reviews and analyses which are included have been

compiled bv:
DR. James A. Smith ...c¢ec0ceeveesse BIDIRECTIONAL REFLECTANCE
MR. Kenneth J. RanNsSON .s.c¢ceeecese. BIDIRECTIONAL REFLECTANCE

DR. Philip N, Slater .....ccee¢e.e-+ ATMOSPHERIC CORRECTIONS
DR. Robert A. Schowengerdt .,....... ATMOSPHERIC CORRECTIONS

Their efforts include short descriptions of the more pertinent

papers and bibliographies of the materials which have been reviewed.

The two Literature Surveys, Bidirectional Reflectance and
Atmospheric Corrections, have been published under separate covers

for ease of reference.



11

BIDIRECTIONAL REFLECTARCE STUDIES

LITERATURE REVIEW

October,

PREPARED BY:

1979

Dr. J. A. Smith and

Mr. K. J. Ranson,
Consultants

ORI, Inc.

Silver Spring, MD 20910



il

-
s

2.0 INTRODUCTION

The present bibliography was compiled in order to present a fairly
comprehensive review of previous work in scene bidirectional reflectance,
particularly those studies relevant to the Multispectral Resource
Sampler (MRS) (Schnetzler and Thompson, 1979), The literature review
has been prepared in two parts, Part I, reported here, is a bibliography
of the pertinent references. It was found convenient to organize the
selected references into four broad categories: 2.1 Theory and Models,
2.2 Measurements - further broken down into laboratory, field and
placform, 2.3 Applications and Techniques, and 2.4 Definitioms,

First, an overview of the references coqtained in each section is given,
Then an alphabetical 1list of the references by section and, finally,
the individual citations with abstrazcts are included.

Part 1I, is a synthesis of the literature results in narrative
form.

The Multispectral Resource Sampler (MRS) is a proposed semnsor system,
operating in the 0.36 to 1.0 micrometer region, to be flown by the
National Aeronautics and Space Administration in the mid 1980's. The
MRS is to be a pointable sensor with across track pointing up to + 40°
and along track pointing up to 55°. The proposed data acquisition needs
and satellite trajectories will also result in the imaging of scenes
under a range of sun angles., 1t i3 thus important to determine the
angular reflectance characteristics of natural targets as summarized in
the bidirectional reflectance distribution function, BRDF, 1If the BRDF
exhibits significant anisotropy, then correction procedures must be
investigated in order to utilize multitemporal data sets imaged under

differeat view or illumination angles., Similarly, it is of interest to

2.1
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determine if new channels of information are provided by a knowledge of
the angular distribuction of reflected energy.

In order to fully document the relevant surface anisotropy effects
on a sensor such as the MRS, one must also consider the intervening
atmospheric effects. However, a separate literature review study
focusing on these effects is being prepared by other investigators,
Consequently, articles dealing primarily with the atmospheric processes
have been omitted from this report, Further, the bibliography includes
only those references dealing with directional scattering properties
of natural targets.

The references reported here were obtained from a computerized
retrieval search through NTIS and other sources, as well as from the
authors' own literature collection., We believe the list is fairly
comprehensive, but not necessarily exhaustive. Remote sensing is a
rapidly evolving field. As in all literature reviews, a cutoff date
had to be imposed., Thus, very recent svmposia, for example the Thirteenth
International Symposium on Remote Sensing of Environment and the 1979
Symposium of Machine Processing of Remotely Sensed Data are not
included. In general, articles beyond May 1979 were not reviawed.

There appear to be an abundance of measurements of directional
reflectance properties of natural materials, Sectien III, However,
there is congiderable confusion and variability in the interpratation
of the measurements and experimental procedures. The references in
Section IV help explain the preponderance of terms and conceptions in
the literature, The experimental situation is also often obscured by
che lack of backup documentation of the materials studied. Several

theories of canopy reflec:tance have been developed, Section I, The
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theoretical foundation for infinite plane-terrain models appears strong.
Further extension of these techniques to heterogenecus canopies is
required., The possible utilization of the directional scattering prop-
erties of natural materials for increased information extraction has
only recently been addressed, Section III, Primarily, this appears to
be a result of the experimental difficulties in registering aircraft
multispectral data and accounting for atmospheric variability during
flight acquisition times., The reflectance models predict increased
biomass discrimination given off-angle measurements. The advent of
sensor systems such as the MRS which provide a stable platform and

rapid acquisiticn times warrants further research in this area.

Schnetzler, C.C. and L.T, Thompson. 1979, Multispectral Resource
Sampler: An Experimental Sensor for the Mid-1980's. Proc.
SPIE Tech. Symp., Huntsville, AL May 22-24, Vol., 183, 8 p.



2.1 THEORY AND MODELS

We have identified 45 references which are concerned with radiative
transfer calculations in the optical regime and oriented towards a
remote sensing perspective., We have not included any of the numerous
references dealing with light interception as applied to photosynthesis
studies. The references may be grouped naturally into three general
areas: (1) Canopy Reflectance Modeling, (2) General Radiative Transfer
Theory, and (3) Application of Radiative Transfer Theory to measurement
interpretation.

Approximately 30 of the references deal with canopy modeling.
However, upon closer examination we find that only a few investigators
have actually concerned themselves with this problem. There is the
classic work of Allen and Richardson (1968), Allen, Gayle, and Richardson
(1970), and Duntley (1942, 1969). Allen and Richardson were among the
first investigators to apply physically based radiative transfer theory
to vegetation canopies. Allen, Gayle and Richardson demonstrated that
the Duntley equations could be interpreted to include effects of sun
angle on plant canopy. Thus, they are able to explain diurnal reflec-
tance versus sun angle. Recently, other investigators also with the
U.S. Department of Agriculture, primarily Idso and deWit (1970) and
Jackson et al. (1979) have initiated new model development, The
reference by Jackson et al. is given in the section on Applications
and Techniques, Section III.

Canopy model studies are currently dominated by two strong schools
of thought., The first of these is ex-mplified by the Suits (1972) model.
Nine of the references explain the development of this model and the

application of the model by various scientists. Also included are




analyses of the model by Chance and LeMaster (1977) at Pan American
University. The Suits model represented an advancement over the earlier
work of Allen and Richardson, in that it allowed the stratification of

a canopy into layers., It is a deterministic model which utilizes the
radiative transfer equations directly. The second major thrust in canopy
modeling was initiated by Smith and co-workers (1972) at Colorado State
University. Five of the references are spinoffs from this work. The
SRVC (Solar Radiation Vegetation Canopy) model is a Monte Carlo model
which simulates light interaction with the various layers of a vegetation
canopy. Both the Suits and SRVC models are infinite plane terrain models
which predict bidirectional reflectance properties of the canopy as a
function of intrinsic canopy characteristics.

A major effort in canopy modeling studies also appears to have been
undertaken by the Dutch, principally Bunnik (1978) at NIWARS, Other
investigators include Goudriaan (1977) and Verhoef and Bunnik (1975,1976).
The paper by Bunnik is ps.ticularly significant,

Finally, in the model studies area there are a number of other
investigators which contribute four of the references. Norman (1979),
currently at the University of Nebraska, has undertaken recent work on the
application of radiatve transfer theory to non-homogeaeous canopies, The
reference by Ross (1976) is an entree to the Russian literature which is
quite extensive. In this category it should also be mentioned that an
important effort was undertaken by Egbert (1977) and Ulaby at the University
of Kansas. The reference by Egbert is given in the section on Applications
and Techniques., However, no further model development or application appears

to have been continued by the Kansas group.



The second category of references in this section deal with general
radiative transfer theory, although not necessarily applied to natural
scenes, The classic texis of Chandrasekhar (1960) and Preisendorfer (1965)
are fundamental to the field, The review article by Ishimaru (1977) is
comphrehensive. The article by Leader (1971) is significant.

Finally, five of the references deal with the application of radiative
theory as required to understand or interpret measurements, Two of the
investigators deserve to be highlighted, Kriebel, et al. (1976) demonstrate
that the determination of the bidirectional reflectance distribution function
requires a knowledge of the sky radiation and path radiance terms, He
outlines an iterative procedure for solving the combined atmospheric/scene
radiative transfer system, Other references by Kriebel are given in the
section on Measurements, Section 2.2. The work by Egan dealing with
polarization properties of surfaces should be noted. Again, other references
by Egan are given in Sectiom 2.2.

In summary, a solid, but recent, body of knowledge exists for the
calculation of the bidirectional veflectance distribucion function for
some plant .nopies, Principally, these include crops, rangeland, and
grasses which have a uniform cover and large areal extent, The Suits and
Smith models have also been applied to forest canopies, The models are
not as well developed to handle heterogeneous situations such as crops
with significant row structure. Heowever, these areas are now being
investigated. Considerable ground control information concerning canopy

structure is required to drive the models.
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2.2 MEASUREMENTS

We have bproken down the refercnces in the measurements section
according to whether they were primarily made in the laboratory, in the
field, or from a platform such as aircraft or satellite, The separation
of the references into these three categories is not always unique, Many
investigators will gather both field and aircraft measurements, for example.
Further, many experimenters will incorporate a significant amount of
theory to interpret their measurements. Nevertheless, the breakdown

appears to be a workable modus operandi.

A. LABORATORY

Most of the Laboratory references we have selected are from the 1970's
with the exception of the early work by Coulson (1965, 1966) and Gates,
et al. (1965). One would thinik that there would be hundr- ds of references

dealing with laboratory measurements of scattering properties from natural

target materials. As a matter of fact, this does not apvear to be the case.
Perhaps, the remote sensing field is so indoctrinated with the concept

that things appear differently in the field under natural illumination

than in the laboratory under artificial conditions, that many investigators
question the value of laboratory measurements., As pointed out by come

of the references in the section on field measurements, there is still

a need to gather further laboratory measurements under controlled and

known illumination,

Under labo .. ory measurements, the classic work of Coulson must clearly
be highlighted., Coulson performed several measurements of directional
reflectance or hemispherical conical reflectance of natural surfaces.

These surfaces included soils, clays, qua-iz, ind some vegetation. Visible

and near-IR measurements, as well as polar zat.on analyses, were performed.

2.7
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Coulson also made measurements in the field as i{ndicated {n the next
section, Other early references include Gates, ot al. (1965) and Hapke
and Van Horn (1363).

The paper by Breece and Houlmes (1971) {s very significant in that
it 1s the only paper the authors could uncover that performed detailed
bidirectional scattering measurements of componeat foliage elements, The
work was carefully executed and gives the directional distributions for
both transmission and reflectance. As the canopy reflectance models,
referred to in Section I, become more sophisticated, these types of
measurements will become essential, Further work needs to be done in
this area; however, no one seems to have continued along this avenue.

The references by Egan (1968, 1970) include bidirectional phoiometry
and polarization studies of crops and soils, As with othe:r investigators,
Egan points out Lae highly dependent nature of reflectance with view angle,

Finally, the coniinuirg research of Grahem Hunt and coworkers (1976)
at the U. S, Geologi-:al Survey dealing with laboratory measurements of

geologic materials should be noted.

B. FIELD

Probably, the most significant source for field measurements is the
work emanating from the Large Area Crop Inveniory Experiment (1978),
This material is archived at LARS (Bauer, et al., 1977, 1978). There is
heavy emphasis on wheat, although other crops are also included. Most
of the measurements were taxenu under a nadir looking view angle. However,
variable sun angle and phenology are included, Further, there {s good
supporting ancillary data.

Again, the work by Coulson and Reynolds (1971) contains reflectance
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information versus solar elevation for soils, asphalt, alfalfa, rice,
sugar beets, bluegrass, and sorghum, Other sources of albedo values
include the Target Signatures Library of the Willow Run Laboratories, now
ERIM, (Earing and Smith, 1964)., The Russian work by Kondratiev, et al,
(1964; Steiner and Cuterman, 1966) contain good albedo references for a
wide variety of waterials,

Other agricultural reflectance data are available in Verhoef and
Bunnik (1976), de Boer, et al. (1974), Kanemasu (1974), and the recent
paper by Rao, Brach, and Mack (1979). This latter paper contains
information on the angular effects versus leaf area index and percent
ground cover, The data were corrected for view angle, solar zenith
and azimuth angles, and atmospheric effects. Information is given for
barley, oats, and corm.

The references by Duggin (1977), Egbert and Ulaby (1972), and Smith,
Berry, and Heimes (1975) contain further information on directional
variability in crop signatures., The references by Tucker (1979) contain
information on various ratio variables versus agricultural parameters,

Field measurements for the directional reflectance of various types
of snow using artificial light were obtained by Middleton and Knowlesg (1952).
Snow appears to exhibit large increases in reflectance for large angles
of incidence and reflection. The reference by Dirmhimm and Eaton (1975)
is a more recent reference summarizng diurnal variations of albedo for
snow and ice. Freshly fallen snow is found to be highly isotropic, with
specular components increasing with age.

The reference by Fuller and Rouse (1979) is interesting for the lack
of understanding exhibited in terms of the meaning of a reflectance
parameter, They noted changes in reflectance for overcast versus clear
skies with the directional component of reflected flux being small under

overcast skies, They indicate that an overcast sky decreased the albedo

2.9
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at large zenith angles for forest canopies. The authors clearly do not

understand the coupling between the irradiance field and the bidirectional

reflectance factor as explained in the refereuces in Section 2.4. Definitions.

The reference by Kimes, Smith, and Ranson (1979) is a good overall summary
of this coupling and the interpretation of vegetation reflectance

measurements as a 1 nction of solar zenith angle.

C. PLATFORM (AIRCRAFT AND SATELLITE)

While aircraft and satellite multispectral scanners have been flown
for several years, really few studies have been devoced to the use of
these systems for estimating surface reflectance properties. Rather,
éattern recognition and other classification approaches are performed
directly on the radiance measurements themselves to extract the information
desired., Under this category, however, we again find the ever present
Coulson (1966). This reference contains measurements of reflecting and
polarizing properties of various soils, sands, and vegetation in the
visible and near-IR spectral regions. Coulson found that dark surfaces
polarize reflecting radiation most strongly while highly reflecting
surfaces have relatively weak polarizing properties.

Probably, some of the most significant aircraft measurements that
have been obtained and analyzed are those by Kriebel (1974, 1976, 1978).
Kriebel made a complete analysis involving both atmospheric and sensor
considerations to derive a true bidirectional reflectance distribution
function for four broad vegetation categories. These include bog, pasture,
forest, and crops. The information available is very relevant to
bidirectional reflectance studies and the MRS, owever, it is apparent

that some numerical inversion errors accumulated in the analysis. The

tabular data do not always satisfy the reciprocity relationship., The data

2,10



are averaged over solid angles of 30 degrees azimuth and 10 degrees
zenith angle. For all surfaces, anisotropy increases with increasing
zenith angle of incidence, apparently due to the shadowing effects in
the vertical canopy structure,

The data given by Salomonson (1966) and Salomonson and Marlatt (1968,
1971) indicate anisotropy over various surface materials., For example,

" backscattering predominates over grassland surfaces at large solar

zenith angle, The ratio of average observed reflectance to the minimum
observed reflectance varied from 1.09 to 1,40. Measurements over
vegetation, soils, snow, and white gypsum sand are given,

The references by Duggin (1974), Hoffer (1974), and Smith, Lin, and
Ranson (1979) contain useful information for the documentation of the

anisotropy to be expected for satellite measuremerts,

IR o o sk



2.3 APPLICATIONS AND TECHNIQUES

Under this section we include references dealing with correction
procedures for removing variations induced by bidirectional reflectance
effects, principally scan angle and sun angle, and papers which examine
possible applications of the BRDF differences in scene elements.

In reviewing the literature for correction techniques related to
BROF effects, it is apparent that the most commonly employed method
is to avoid the problem. That is, most analyses of multispectral
aircraft data usually include only restricted flight times, near solar
noon, and restricted scan angles., The Environmental Research Institute
of Michigan, which has had considerable experience in the acquisition
and analysis of aircraft MSS data, is a good source for correction
procedures. The report by Malepka and Erickson (1974) presents a summary
of a five~year research program dealing with the application of MSS
systems to earth resource surveys. Egbert (i9f3) presents a novel
approach to correct bidirectional reflectance values. The analysis
of BRDF effects on satellite imagery, principally Landsat, is given by
Ranson, et al. (1978), Lambeck (1977), Holben and Justice (1979),
and Struve, et al. (1977). Horn and Bachman (1978) applied surface
response models to Landsat imagery in order to develop registration
techniques,

Indirect BRDF effects are manifested in satellite data through
multitemporal analyses., Kauth and Thomas (1976) present a unique summary
of this problem by employed a "tasselled cap" transformation,

The influence of the BRIF surface effects on atmospheric corrections
is summarized by Coulson and Jacobowitz (1972) and Koepke and Kriebel

(1978).

e < e -—-—



In summary, correction of aircraft multispectral bidirectional
reflectance effects is confounded by atmospheric effects as well as
the surface anisotropy. Satellite bidirectional reflectance effects
are confounded by the variability resulting from the large geographic
extent imaged.

The riumber of investigators who have studied the potential application
of surface BRDF variations for information extraction is limited. The
report by Malila, Hieber, and Sarno (1974) describes an aircraft experiment
in which the multispectral scanner was flown over the same flight line
twice; first at O degree look angle, and then tilted at a 45 degree look
angle. The images wevre manually registered. Some improvement was noted;
however, the results were confounded by possible atmospheric variability
and registration problems, The paper by Smith and Oliver (1974) presents
a theoretical investigation of the BRDF effects on feature selection.
Improvement at some combinations of sun/sensor angles is predicted for
biomass mapping. This result is also indicated in vhe work by Bunnik
(1978) given in Section 2,1, Finally, the paper by .iackson, et al. (1979)
discusses an analytical approach for using the canopy bidireciional

reflectance distribution functior. to estima“e crop structure parameters,

T Y
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2.4 BIDIRECTIONAL REFLECTANCE: DEFINITIONS

Even a casual review of the references given in the present bibliography
demonstrates an almost overwhelming diversity of measurements approaches
and interpretations for the "reflectance" of a scene. Three of the
references included in this section highlight the reasons behind the apparent
confusion in the literature. First is the classic reference by Judd (1967)
who, in ract, defines nine kinds of reflectance, six kinds of reflectance
factors, and three kinds of radiance factors. In particular, Judd uses
the terms hemispherical, conical, and directional to specify both angles
of incidence for the irradiance and angles of collection for the exitance.
Judd does an excellent job of emphasizing the angular considerations
and inter-relationships involved in reflectance nomenclature. However,
the papers by Nicodemus (1970, 1965) present a summary of the important
concept of the bidirectional reflectance distribution function, the BRDF.
Nicodemus restricts the term reflectance to the dimensionless ratio of
a reflected radiometric quantity, e.g. radiant power, to the corresponding
incident radiometric quantity. This ratio is always less than or equal
to one., The BRDF, a differential quantity, has units of sr-l. The
ternm reflectance factor is Jefincd as the ratio of the radiant power,
exitance, reflected by the scene to that which would be reflected by a
perfect Lambertian surface. The incident and collection beam geometry
are taken to be the same, The third fundamental reference, the Self-Study

Manual on Optical Radiation (1978), edited by Nicodemus, is an excellent

tutorial on radiance concepts and presents a measurement equation for
radiometry. Finally, the paper by Kasten and Raschke (1974) is similar
to the earlier papers by Nicodemus but is helpful as a reterence for Kriebel's

papers presente.. warlier,



S SR W0 =N B BN N B ON BP SN N o N N G I W ey

2.5 REFERENCE LIST: BIDIRECTIONAL REFLECTANCE

2.5.1 DIRECTIONAL REFLECTANCE: THEORY AND MODELS

Allen, W.A, and A.J. Richardson, 1968, Interaction of Light with a
Plant Canopy. J. Opt. Soc. Am. 58(6):1023-1028.

Allen, W.A,, T.V. Gayle, and A.J. Richardson., 1970, Plant=Canopy
Irradiance Specified by the Duntley Equations, J. Opt. Soc, Am.
60(3):372-376,

Berrv, J.K. and J.A. Smith. 1977. An Overview of Vegetation Canopy
Modeling for Signature Correction and Analyses. 4th Annual Svmp,
on Machine Processing of Remotely Sensed Data. p. 194.

Boffi, V.C, and G, Spiga. 1977. Integral Theory of Radiative Heat
Transfer with Anisotropic Scattering and General Boundary Conditioms.
J. Math. Phys. 18(12):2448-2455,

Buckius, R.0. and D.C, Hwang. 1978, Conservative Anisotropic Scatterinz
in a Planar Medium with Collimated Radiation. ASME Pap. No.
78-HT-17, 8 p.

Bunnik, N.J.J. 1978, The Multispectral Reflectance of Shortwave
Radiatior by Agricultural Crops in Relation with their Morpholo-
gical and Optical Properties. Wageningen. Mededelingen
Landbouwhogeschool, Nederland 78-1. 175 p.

Chance, J.E. and E.W. LeMaster. 1977. Suits Reflectance Models for
Wheat and Cotton: Theoretical and Experimental Tests. Appl. Optics
16(2):407.

Chance, J.E. and E.W. LeMaster., 1978. Plant Canopy Light Absorption
Model with Application to Wheat. Appl. Optics 17(16):2629-2535,

Chandrasekhar, S. 1960. Radiative Transfer. New York: Dover
Publications, Inc. 393 p.

Colwell, J,E. 1974, Vegetation Canopy Reflectance. Remote Sens.
Environ, 3:175-183,

Crosbie, A.L. 1973. Reflection Function for an Isotropically
Scattering Finite Medium. AIAA J, 11(10):1448-1450,

Duntley, S.Q. 1942. The Optical Properties of Diffusing Materials.
J. Opt. Soc., Am. 32(2):61-70,

Duntley, S.Q. 1969, Directional Reflectance of Atmospheric Paths of
Sight. Report No. 69-1; USGRDR No. AD-688 265. La Jolla, Calif.

Egan, W.G., J. Grusauskas, and H.B. Hallock. 1968. Optical Depolarization
Properties of Surfaces Illuminated by Coherent Light. Reprinted from
Appl, Ontics 7:1529.




@GP e N TN 0l SN NN OGN SN SNy Sl Sad Bl Guy Sy Py Gum Paey

Fowler, W.B., E.I., Reed, and J.E, Blamont, 1971. Bidirectional Reflec-
tance of the Moonlit Earth. Appl. Optics 10(12):2657-2660.,

Fraser, R.S. and W.H., Walker. 1968. Effect of Specular Reflection at
the Ground on Light Scattered from a Rayleigh Atmosphere. J. Opt.
SOCQ Am. 58(5):636-6(“.0

Goudriaan, J. 1977. Crop Micrometeorology: A Simulation Study.
Wageningen, the Netherlands: Centre for Agricultural Publishing
and Documentation. 249 p.

Hering, R.G. and T.F, Smizh. 1970, Surface Roughness Effects on
Radiant Energy Interchange. ASME Pap. 70-HT/SpT=2., 9 p.

Horn, B.K.,P., Understanding Image Intensity. Artif, Intell. 8
(April 1977), 201=-231.

Idso, S.B. and C.T. deWit. 1970. Light Relations in Plant Canopies.
Appl. Optics 9(1):177-184.

Ishimaru, A, 1977. Theory and Application of Wave Propagation and
Scattering in Random Media. Proc. of the IEEE 65(7):1030-1061.

Kimes, D.S., J.A. Smith and K.J. Ranson. 1979. Terrain Feature Canopy
Modeling. Final Report. U.S. Army Research Office, Grant Number
DAAG 29-78-G~0045. 111 p.

Kriebel, K.T., H. Quenzel and W. Scholze. 1976. On the Determination
of the Atmospheric Air Light as a Normally Underestimated
Perturbation Signal. Atmospheric Environment 10:645-653.

Leader, J.C., 1971, Bidirectional Scattering of Electromagnetic Waves
from Rough Surfaces. J. Appl. Phys., 42(12):4808.

Malila, W.A., R.C, Cicone, and J.M. Gleason. 1976, Wheat Signature
Modeling and Analysis for Improved Training Statisties: Supplement.
Simulated LANDSAT Wheat Radiances and Radiance Components. Final
Report, ERIM 109600—66-Fs. Environmental Research Institute of
Michigan, the University of Michigan, Ann Arbor, Michigan. 187 p.

Maxwell, J.R, and S.F, Weiner. 1974, Polarized Emittance. Volume 1l:

Polarized Bidirectional Reflectance with Lambertian or Non=Lambertian

Diffuse Components. Final keport. ERIM-192500-1-T(1), Contract
DAADQ5-72-C-0246. Ann Arbor, Mich.

Maxwell, J.R. and S. Weiner, 1974, Polarized Radiance. Volume III:
Wavelength Dependence of Polarized Bidirectional Reflectance.
Final Report. ERIM-19500-1-T(3). Contract DAADOS5-72-C-0246.
Ann Arbor, Mich,

Norman, J.M., S.G. Perry, A.B. Fraser and W. Mach. 1979. Remote
Sensing of Canopy Siructure. Fourteenth Conf. on Agriculture &
Forest Meteorology and Fourth Conf. on Biometeorology 184-185.




Oliver, R.E. and J.,A., Smith. 1973, Vegetation Canopy Reflectance
Models., Final Report, Contract No., DA=-ARO-D-31-124=71-G165. 91 p.

Oliver, R.E. and J,A., Smith. 1974, A Stochastic Canopy Model of
Diurnal Reflectance. Final Report. U.S. Army Research Office
Durham. DAHCO4 74 GOOOl, 82 p.

Preigsendorfer, R.W, 1965, Radiative Transfer on Discrete Spaces.
Pergamon Press. 462 p.

Reichman, J. 1973, Determination of Absorption and Scattering Coeffi-
cients for Nonhomogencous Media. I. Theory. Appl. Optics
12(8):1811-1815.

Ross, J. 1976, Radiative Transfer in Plant Communities, In: Vegeta-
tion and the Atmosphere. Vol. I. Principles. (Ed: J.L. Monteith),
Academic Press, London. pp. 13-55,

Smith, J.A. and R.E. Oliver, 1972, Plant Canopy Models for Simulating
Composite Scene Spectroradiance in the 0.4 to 1.05 Micrometer
Region., Eighth Symposium on Remote Sensing of the Environment,
University of Michigan, Ann Arbor, 2:1333-1353.

Smith, "'.F., and R.G. Hering. 1972, Bidirectional Reflectance of a
Randomly Rough Surface. Prog., Astronaut. Aeronaut., Fundam. of
Spacecr, Therm, Des, 29:69-85.

Smith, T.F. and R.G, Hering., 1973, Comparison of the Beckman Model
with B:idirectional Reflectance Measurements. ASME paper no.
73-1‘“-].1. 13 po

Suits, G,H, 1972, The Calculation of the Directional Reflectance of
a Vegetative Canopy. Remote Sens. Environ., 2:117-125,

Suits, G.H. 1972, The Cause of Azimuthal Variations in Directional
Reflectance of Vegetative Canopies. Remote Sens, Environ. 22:
175-182,

Suits, G.H. and G. Safir. 1972, Prediction of Directional Reflectance
of a Corn Field Under Stress. Fourth Ann, Earth Resources Program
Review. V. 2, 11 p.

Suits, G.H. and G.R. Safir. 1972, Verification of a Reflectance
Model for Mature Corn with Applications to Corn Blight Detection.
Remote Sens. Environ. 2:183.

Suits, G.H., R.K. Vincent, H.M. Horwitz, and J.D. Erickson. 1973.
Optical Modeling of Agricultural Fields and Rough-textured Rock
and Mineral Surfaces. Informal Technical Report, ERIM 31650-78-T
Environmental Research Institute of Michigan, The University of
Michigan. 37 p.

Verhoef, W. and N.J.J. Bunnik. 1975. A Model Study on the Relations

Between Crop Characteristics and Canopy Spectral Reflectance,
NIWARS, Delft, Publ. No. 33.

2.17



ST MR ua) fam G e ey

& ]
" 3

Verhoef, W. and N.J.J. Bunnik. 1976, The Spectral Directional Reflectance
of Row Crops. Part 1: Consequences of Non-=Lambertian Behaviour for
Automatic Classification., Part 2: Measurements on Wheat and Simula-
tions by Means of a Reflectance Model for Row Crops. Report No.
NIWARS~-PUBL-35, Netherlands Interdepartmental Working Group on the
Application of Remote Sensing, Delft. 144 p.

Weinman, J.A. and P.J. Guetter. 1972, Penetration of Solar Irradiances
Through the Atmosphere and Plant Canopies. J. Appl. Meteorology
11:136-140,

Welles, J.M. and J.M, Norman. 1979. General Radiative Transfer Model
for Random and Non-random Canopies. Fourteenth Conf, on aAgriculture
& Forest Meteorology and Fourth Conf. on Biometeorology. 205-206.




s

2.5.2 MEASUREMENTS
A. LABORATORY

Blanchard, M.B., R. Greeley, and R, Goettelman. 1974, Use of Visible,
Near~-infrared, and Thermal Infrared Remote Sensing to Study Soil

Moisture. Proc., of the 9th Int. Symp, on Remote Sensing of Environ.
v. 1:693-700,

Breece, H.T,(III) and R.A. Holmes., 1971, Bidirectional Scattering
Characteristics of Healthy Green Soybean and Corn Leaves in Vivo.
Appl. Optics 10(1):119-127,

Christie, F.A. and A.B, DeVriendt. 1972, Bidirectional Reflectance
from Surfaces Formed by the Ruling of Orthogonal Parallel V=Grooves.
Report o»n Thermal Control and Radiation. Presented at the AIAA
Aerospace Sclences Meeting {10th). Paper No. 72=55.

Christie, F.A, and A,B, DeVriendt. 1973, Diffraction Effects Encountered
in the Measurement of Bidirectional Reflectance from Square Pyramid.
Proc. of the AIAA Aerospace Sciences Meeting (1llth). Paper No. 73-150.

Coulson, K.L. 1966. Effects of Reflection Properties of Natural
Surfaces in Aerial Reconnaissance, Appl. Optics 5(6):905-917,

Coulson, K.L., G.M. Bouricius, and E.L. Gray. 1965. Optical Reflection
Properties of Natural Surfaces. J. Geophysical Res. 70(18):
4601-4611,

Egan, W.G. 1970, Optical Stokes Parameters for Farm Crop Identification.
Remote Sens, Environ. 1:165-180,

Egan, W.G., J. Grusauskas, and H.B. Hallock. 1968. Optical Depolariza-
tion Properties of Surfaces Illuminated by Coherent Light. Appl.
Optics 7(8):1529-1534,

Gates, J.M., H.J. Keegan, J.C. Schleter, and V.R, Weidner. 1965,
Spectral Properties of Plants. Appl. Optics 4(1).

Hapke, B, and H. Van Horn., 1963. Photometric Studies of Complex
Surfaces, with Applications to the Moon, J. Geophys. Res. 68(15):
4545-4570,

Hunt, G.R. and J.W, Salisburv., 1976. Visible and Near Infrared Spectra
of Minerals and Rocks, XI., Sedimentary Rocks, Mod. Geol. 5(4):211-217.

Hunt, G.R. and J.W, Salisbury, 1976, Visible and Near lnfrared Spectra
of Minerals and Rocks, XII. Metamorphir Rocks. Mod, Geol., 5(4):219-228,

King, L.X. 1976, Measurement of Directional Reflectance of Pavement
Surfaces and Development of Computer Tecliniques for Calculating
Luminance. J. Illum., Eng. Soc. 5(2):118-126,

2.19



P R Y Y [ Seund  Sovust - [T Srand) Guig Gelllf puti; Sl MaEg SN Sany Samy

>

Loehrlein, J.E., E«R.F. Winter, and R, Viskanta, 1971, Measurement
of Bidirectional Reflectance Using a Photographic Technique., IN:
American Inst. Aeronautics and Astronautics. J.W. Lucas (Ed).
M.I.T, PUblo. cwridSQ. Mass. pp. 231-248,

Loveridge, R.C, und S.R. Scheele. 1973, UGT Post Test Light Scattering
Measurements, Final Report, Contract F04701-72~C-0299, 66 p.

Smith, T.F. and R.G., Hering. 1972, Surface Roughness Effects on Bidirec-
tional Reflectance. Rept. No. UILU=ENG=72-4001; ME=-TR-661-2.
Contract NAS7=-100, JPL=951661. 126 p.

Watson, R.D. 1972, Spectral Reflectance and Photometric Properties of
Selected Rocks., Rem. Sens. Environ. 2:95-100,



N AN D U o oEm I DEN SER ME) BN S e By o e aam

. g e

MEASUREMENTS (cont.)
B, FIELD

Bauer, M,E.,, L.F, Silva, R.M. Hoffer and M.F. Baumgardner. 1977,
Agricultural Scene Understanding., Final Report, Principal
Investigator D.A. Landgrebe, LARS Contract Report 112677, The
Laboratory for Applications of Remote Sensing, Purdue University,
West Lafavette, Indiana. 173 p.

Bﬁu.r, H.EQ’ M. M. Hixson' L.L. Bi.hl. C.S.T. Dlushtty, B.F. RObin‘on.
and E.R. Stoner. November 1978, Vol. I Agricultural Scen=a
Understanding. Final Report. Principal Investigator D.A. Landgrebe.
LARS Contract Report 112578, Laboratory for Applications of Remote
Sensing, Purdue University, West Lafayette, Indiana. 106 p.

Colwell, J.E. 1974, Grass Canopy Bidirectional Spectral Reflectance.

Precc. of the 9th Int, Symr, on Remote Sensing of Eanviron.
ve 2:1061-1085,

coulson, K.L. and D.,W. Reynclds. 1971. The Spectral Reflectance of
Natural Surfaces. J. Appl. Meteorology 10:1285-1295,

de Boer, T.A., N.J.,J, Bunnik, H.W.J. van Kasteren, G.P, de Loor, D. Uenk,
and W, Verhoef. 1974. Investigation into the Spectral Signature of
Agricultural Crops During their State of Growth. Proc. of the 9th

Int, Symp. on Remote Sensing of Environ., v. 2:1441-1455,

Dirmhirn, I. and F.D. Eaton. 1975. Some Characteristics of the
Albedo of Snow. J. Appl, Meteorology 14:375-379,

Duggin, M,J. 1977, Likeliy Effects of Solar Elevation on the Quantifi-
cation of Changes in Vegetation with Maturity using Sequential
LANDSAT Imagery. Appl. Optics 16:521-523,

Earing, D.G. and J.A., Smith., 1966. Data Compilation of Target and
Background Characteristics, Target Signature Analysis Center:
Data Coumpilation. The University of Michigan, prepared for
Alr Force Avionics Laboratory, Wright-Patterson Air Force Base,
Ohio, AD 489 968,

Eator. “.,D, and I, Dirmhirn. 1979. Reflected Irradiance Indicatrices
of Natural Surfaces and their Effezt on Albedo. Appl. Optics
18(7):994-1008.

Egbert, D,D. and F.T, Ulaby. 1972, Effect of Angles on Reflectivicy,
Photogrammetric Engineering. 38(6):556-564.

Fuller, S.P. and W,R. flouse. 1979, Spectral Reflectance Changes
Accompanying a Post-tTire Recovery Sequence in a Subarctic Spruce
Lichen Woodland., Remote Sens. Environ. 8:11-23,

Kalma, J.D. and R, Badham, 1972. The Radiation Balance of a Troricail
Pasture, I. The Reflecticn of Short-wave Radiation. Agri:, Meceorol.
10:251-259.

2.21



ey W TR

D 4

Kanemasu, E.T. 1974, Seascnal Canopy Reflectance Patterns of Wheat,
Sorghum, and Soybean. Remote Sens. Environ, 3:43=47,

Kimes, D.S., J.A. Smich, and K.J. Ranson. 1979. Interpreting Vegetation
Reflectance Measurements as a Function of Solar Zenith Angle., NASA
Technical Memorandum 80320, NASA Goddard Space Flight Center. 29 p.

(Also submitted to Photog., Eng. & Rem. Semns.)

Kondratiev, K.Y,Z2., F. Mironova, and A.N. Otto. 1964, Spectral
Albedo of Natural Surfaces. Pure and Appl. Ceophvsics 59:207-216.

Large Area Crop Inventory Experiment (LACIE). Crop Spectra from LACIE
Field Measurements. NASA., Lyndon B. Johnson Space Center, Houston,
Texas 77058, March 1978. LACIE-00469, JSC-13734,

Middleton, W.E.K. and A.G. Mungall. 1952. The Luminous Directional
Reflectance of Snow. J. Opt. Soc. Am., 42(8):572=579.

Monteich, J.L, and G. Szeicz., 1961, The Radiation Balance of Bare
Soil and Vegetation, Quart. J. Rov, Meteor, Soc. 87:159-170.

Oliver, R.E., J.K. Ber.v, and J.A, Smith. 1975. A Portable Instru-
ment for Measuring Apparent Directional Reflectance. Opt. Eng.
14(3)2244-247,

Rao, V.R., E.J. Brach, and A.R, Mack. 1979. Bidirectional Reflecctance
of Crops and the Soil Contribution. Remote Sens. Environ. 8:115-125.

Smith, J.A., J.K. Berrv, and F. Heimes, 1975, Signature Extensicn for
Sun Angle. EOD, NASA, JSC, NAS 9-14467, Final Report.

Steiner, D. and T. Cuterman. 1966. Russian Data on Specrral Reflectance
of Vegetation, Soil and Rock Types. University of Zurich,
Switzerland. Final Technical Report,

Tucker, C.J., J.H. Elgin, Jr., and J,E. McMurtrey, III. 1979, Relaiion-
ship of Red and Photographic Infrared Spectral Radiances to Alfalfa
Biomass, Forage Water Content, Percentage Canopy Cover, and
Severity of Drought Stress. NASA Technical Memorandum 80272,
NASA/Goddard Space Flight Center, Greenbelt, Maryland. 14 p.

(Also submitted to Remote Sens., Environ.)

Tucker, C.J., B.N. Holben, J.H. Elgin, Jr., and J.E. McMertrey, III.
1979, The Relationsuip of Red and Photographic Infrared Spectral
Data to Grain Yield Variation Within a Winter Wheat Field.
NASA Technical Memorandum 80318, NASA/Goddard Space Flight Cernter,
Greenbelt, Maryland. 22 p.
(Also submicted to Photog. Eng. & Rem, Sens.)

Verhoef, W., and N.,J.J. Bunnik. 1976. The Spectral Directional
Reflectance of Row Crops. Part l: Consequences of Non-Lambertian
Behavior for Automatic Classification., Part 2: Measurements on
Wheat and Simulations by Means of u Reflectance Model for Row
Crops., Tech. Rept. No., NIWARS-PURL-3S. Netherlands Interdepartimental
Working Group on the Application of Remote Sensing, Delifc,

2.22



MEA3UREMENTS (cont.)

C. PLATFORM (AIRCRAFT AND SATELLITE)

Brennan, B, 1969. Bidirectional Reflectance Measurements From an Air-
craft Over Natural Earth Surfaces, Tech. Rept. No. NASA=TM=X-
63564; X-622-69-216, National Aeronautics and Space Admin,
Goddard Space Flight Center, Greenbelt, MD,

Brennan, B, and W.R. Bandeen., 1970. Anisotropic Reflectance Character-
istics of Natural Earth Surfaces. Appl. Optics 9(2):405-412,

Coulson, K.L. 1966, Effects of Reflection Properties of Natural
Surfaces in Aerial Reconnalssance. Appl. Optics 5(6):905.

Duggin, M.J., 1974, On the Natural Limitations of Target Differentiation
by Means of Spectral Discrimination Techniques. Proc. of the 9th
Int, Symp. on Remote Sensing of Environ. wv. 1:499-515,

Gushchin, A.N., S.G. Slutskaya, and B.I. Shkurskii. 1977, Investigation
of the Spatial Structure of Terrestrial Luminance Fields. Sov. J.
Opt. Technol. 44(6):327-330.

Hauth, F.F. and J.A, Weinman., 1969, Invescigation of Clouds Above
Snow Surfaces Utilizing Radiation Measurements Obtained from Nimbus
II Satellite. Remote Sens., Environ. 1(1):7-11.

Hoffer, R.M., and Staff, 1974, A4n Interdisciplinary Analysis of Colorado
Rocky Mountain Environments Using ADP Techniques. Final Report.
LARS/Purdue Universicy. Contract No. NASS5-21880.

Kriebel, K.T. 1974, The Spectral Reflectance of a Vegetated Surface.
Part 1: Mecthod and Application. Contr, Atm. Phys. 37:14,

Kriebel, K.T. 1976. On the Variability of the Reflected Radiatioen
Field Due to Differing Distributions of the Irradiation, Remote
Scens, Environ. 4:257-264,

Kriebel, K.T. 1978, Average Variability of the Radiation Reflected by
Vegetated Surfaces due to Differing lrradiations. Remote Sens.
Environ. 7:81-83.

Kriebel, X.T. 1978. Measured Spectral Bidirectional Reflection
Properties of Four Vegetataed Surfaces. Appl, Opties 17(2):253-259,

Salomonson, V.V, 1966. Anisotropy of Reflected Solar Radiation from
Various Surfaces as Measured with an Aircraft-mounted Radiometer,
Proc. 4th Svmp., Remote Sensing Envirorn., University of Michigan,
p. 393,

S5alomonson, V.V, and W,E. Marlatt, 1968, Anisotropic Solar Reflectance
over White Sand, Snow and Stratus Clouds. J. Appl. Meteorol. 7:
475-483,




Salomonson, V.V, and W,E. Marlatt, 1971. Airborne Measurements of
Reflected Solar Radiation. Remote Sens. Environ. 2:1-8.

Schutt, J.B. 1977, Understanding Bidirectional Reflectance and
Transmission for Space Applications. IN: Standardization in
Spectrophotometry and Luminescence Measurements. .D., Mielenz,
R.A. Velapoldi, and R, Mavrodineanu (Eds). Nat, Bur. Standards
Publ, Washington, D.C. 2:87-93,

Smith, J.A., T.L. Lin and K.J. Ranson. 1979. The Lambertian Assumption
and Landsat Data. Submitted to Photog. Eng., Rem. Sems.




|

SEN N e A DN ) e Bamd SR e SR ey Babug el DI ki DI ) ey

2.5.3 APPLICATIONS AND TECHNIQUES

Coulson, K.L. and H. Jacobowitz. 1972, Proposed Calibraticn Target
for the Visible Channel of a Satellite Radiometer. Tech. Rept.
NOAA TR NESS 62. U.S. National Oceanic and Atmospheric Admin.,
Nat. Environ. Satellite Serv., Wash., D.C. 27 p.

Egbert, D.D. 1977. A Practical Method for Correcting Bidirectional
Reflectance Variations. Symp. Proc, Machine Processing of Remotely
Sensed Data 178-189,

Holben, B.N. and C.0, Justice. 1979. Evaluation and Modeling of the
Topographic Effect on the Spectral Response from Nadir Pointing
Sensors. NASA Technical Memorandum 80335. NASA Goddard Space
Flight Center, Greenbelt, Maryland 20771. 19 p.

Horn, B.K.P., and B.L. Bachman., 1978, Using Synthetic Images to
Register Real Images with Surface Models. Communications of
the ACM 21(11):914,

Jackson, R.D., R.J. Reginato, P,J. Pinter, Jr., and S.B. Idso. 1979,
Plant Canopy Information Extraction from Composite Scene Reflectance
of Row Crops. Accepted for Publication in Apnl. Optics.

Kauth, R.J. and G.S. Thomas. 1976. The Tasselled Cap-—-A Graphic
Description of Spectral Temporal Development of Agricultural
Crops as seen by Landsat. Proc. Symp. on June 29-July, 1976,
Purdue University, West Lafayette, Indiana. Machine Processing
of Remnte Sensing Data.

Koepke, P, and K,T. Kriebel. 1978, Influence of Measurad Reflection
Properties of Vegetated Surfaces on Atmospheric Radiance and 1its
Polarization. Appl. Optics 17(2):260-264.

Lambeck, P.F, 1977, Signature Extension Preprocessing for Landsat MSS
Data, Final Report, NASA CR-ERIM 122700-32-F. Environmental
Research Institute of Michigan. 74 p.

Malila, W.A., R.H. Hieber, and J.E. Sarmo. 1974, Analysis of Multi-
spectral Sigratures and Investigation of Multi-aspect Remote
Sensing Techniques. ERIM 190100-27-T, Environmental Research
Institute of Michigan. 112 p.

Malila, W.A., R.H. Hieber, and R.C. Cicone, 1975, Studies of Recog-
nition with Multitemporal Remote Sensor Data. Final Report,
ERIM 109600~19-F. Environmental Research Institute of Michigan,
The University of Michigan, Ann Arbor, Michigan. 99 p.

Nalepka, R.F, and J.D. Erickson. 1974, Investigation Related to

Multispectral Imaging Systems., Final Report, NASA CRERIM 150100~
46~F, Environmental Research Institute of Michigan. 188 p.

2.25



Ranson, K.J., J. Kramer, J. Kirchner, and J.,A, Smith, 1978. Evaluation
of Illumination and Terrain Geometry Effects on Spectral Response
in Mountain Terrain, Final Report. Volume II. Rocky Mountain
Forest and Range Experiment Station, U,S. Forest Service, Coopera-
tive Agreement 16-741~-CA. 84 p.

Smith, J,A. and R.E. Oliver. 1974, Effects of Changing Canopy Directional
Reflectance on Feature Selection. Appl. Optics 13(7):1599-1604,

Struve, H., W.E. Grabau, and H.W. West. 1977, Acquisition of Terrain
Information using LANDSAT Multispectral Data. Report 1. Correction
of LANDSAT Multispectral Data for Extrinsic Effects. Technical
Report M-77-2., Mobility and Environmental Systems Laboratory,

U.S. Army Engineer Wateiways Experiment Station, Vicksburg, MS. 50 p.



S -

2,5.4., BIDIRECTIONAL REFLECTANCE: DEFINITIONS

Judd, D.B. 1967. Terms, Definitions, and Symbols in Reflectometry.
J. Opt. Soc. Am. 57(4):445-452,

Kasten, F., and Raschke, E. (1974), Reflection and transmission termi-
nology by analogy with scattering., Appl. Optics. 13, 460.

Nicodemus, F.E. 1964. Directional Reflectance and Emissivity of an
Opaque Surface. Technical memo. Rept. No. EDL-G2Z66. Sylvania
Electronic Systems-West Mountain View Calif. Electronic Defense
Labs. 29 p.

Nicodemus, F.E. 1970. Reflectance Nomenclature and Directional Re-
flectance and Emissivity. Appl. Optics 9(6):1474-147S.

Nicodemus, F.E. 1976. Comment on 'Current definitions of Reflectance’.
J. Opt. Soc. Am. 66(3):283-5.

Nicodemus, F.E., J. C. Richmond, J.J. Hsia, I.W. Ginsberg, and T. Limperis.

1977. Geometrical Considerations and Nomenclature for Reflectance.
Natl. Bur. Stand. Monogr. No. 160. pp. 1-52.

Self-study Manual on Optical Radiation Measurements. 1978. Part 1 -
Concepts, Chapters 4 and 5. F.E. Nicodemus, Editor. NBS Technical
Note 910-2, U.S. Dept. of Commerce/National Bureau of Standards.
105 p.

s T A A -



2.6 REFERENCE LIST: BIDIRECTIONAL REFLECTANCE

I. DIRECTIONAL REFLECTANCE: THEORY AND MODELS

45 References

II. MEASUREMENTS

A, LABORATORY

17 References

B. FIELD

25 References

C. PLATFORM (AIRCRAFT AND SATELLITE)

16 References

III. APPLICATIONS AND TECHNIQUES

14 Referernces

IV, BIDIRECTIONAL REFLECTANCE: DEFINITIONS

7 References



"
or

R

™
, |

e I B I

L] m),q

I,

DIRECTIONAL REFLECTANCE:

45 references

THEORY AM) MODELS



£ i L} [

Allen, W.A. and A.J. Richardson. 1958. Interaction of Light with a Plant
Canopy. J. Opt. Soc. Am. 58(6):1023-1028.

-N ~M) theory has been applied to light interaction with leaves stacked in a labo-
n:ue s,::cb:rl::ho::r::te(: Thz !heor; ¢an also he‘:pplied to an actual field plant canopy. 'll'hg_ K-'!;'lhthelzry
i {\yvo-panmeur generalization of the ene-parameter Bougucer-Lambert, or Beer's law, relation. The o l ;f
.t;:o accounts for transmittance of a medium but not for reflectance. The .K-M theory, bowever, yie h’
Y thzretical value both for reflectance and lnnsmituf;ce. The K:‘.‘\W st::&?ﬂn::n;;;;laed Sol; ;:le?;:::a;: :r;
reflectance and transmittance of stacked mature cotton leaves over the .ved‘f {Tbe stand: d

iati ween theory and experiment, after known biases are ulc'ulaled and remo ram the R
fg‘::%f: die:crclpmg well wi?;in experimental error. A pm:durg is de.veloped to apply the K-M .!(}}x:ory
to an ac’tull plant canopyThe method involves regression analysis to light flux measureme;!u‘\‘nn ina
plant canopy. Differential coefBcients are derived for use in both stacked.leaf and canopy applications.

Allen, W.A. and A.J. Richardson. 1970. Plant-Canopy Irradiance Specified
by the Duntlye Equations. Journal of the Optical Society of America
60(3):372-376.

The Duntlay equations for propagation of unidirectionally incident light t!'uough A d:f!u}nng mc‘dn:u:
have Leen generalized and interpreted to account for the dmrr:.a! nature o.{ nur-n.nfr:.rcd tudiating meas u.c‘
in an Ithaca, N. Y. corn canopy. The Duntley optical coctlicients n.mcxalc.d wth the specutar c?mltm.t_w:
of light were assumed to vary as the secant of the sun's xc_ni(.h angle. Generalization of the Duntley "ﬂa.““ ;
was required in order to predict values of irradiance within the canopy and to account for thﬂe’ € cctdo
backiground reflectance from the soil. Five independent measurements of.unopy \.tmfizance suflice .\o e
tecmine the Duntley parameters. Twenty-four meacurements of transmittance within the canopy were
used, however, in a least-squarcs calculation to obiain the b.csl fit of the Dur_nk:'y cquations to xrrad.u-.nco;
witbin the com canopy. The Duntley equations fit the experimental results within a starda:d deviation ?
3.2G for a ieriod from noon to sundovin. If the laburatory mensurcrients of optical constants for a su.g's
corn Jeafl are used as constraints, the Duntley eguatione fit the data to within 3.7%. The Lest fit to near-is
transmittance incasurements occsss when zero absamatance is assumed for the canupy. The Duntiey equa-
tions reduce to a three-parameter repiesentation for the special cuse of no absorplance.

Berry, J.K. and J.A. Smith. 1977. An overview of Vegetation Canopy Modeling
for Signature Correction and Analyses. 4th Annual Symp. on Machine
Processing of Remotely Sensed Data. p. 194,

Summary form only given as follows: The authors discuss several
applications of Canopy Modeling to the central problem of understanding and
corracting signature varfations. Discussion emphasizes a monte carlo model

that was originally developed to investigate the bidirectional reflectance
character of natural grasslands.
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Boffi, V.C. and G. Spiga. 1977. Integral Theory of Radiative Heat Transfer
with Anisotrophic Scattering and General Boundary Conditions. J. Math.
Phys. 18(12):2448-2455.

Using the Green's function method the Boltzmann integro-differential
equation is converted into a pair of integral equations. These can be formaliy
solved by using a series expansion in legendre polynomials. Conditions for
obtaining a usable solution are discussed. (13 Refs).

Buckius, R.0. and D.C. Hwang. 1978. Conservative Anisotropic Scattering
in a Planar Medium with Collimated Radiation. ASME Pap. No. 78-HT-17,

8 p.

The direztional nemispherical and bidirectional reflectance
and transmittance are presented for a conservative anisotropic
scattering medium, Collimated incident radiation and linear
anisotropic sczttering are consicered so that the azimuthal
depencdence must ULe retained. The effects of optical
thickness, anisotropic scattering, incicent angle, polar
angle, and aximuthal angle are presented in a closeg-form
gpproximate Soiytion. Comparisons with exact solutions are
alsc presented. 12 refs.



Sunnik, N.J.J. 1978, The Multispac:iral Reflectance oI Shsrivave
Radiatiscn by Agziczultural Crsps in Relacgion wwith their Morzholo-
zical and Cpotical Prcrerties. ‘Jagzeninzen. Madadelingen

g
Landbounhogeschcol, liaderlzand 78-1, 175 o,

The objectives of the investigation and the contents of this manuscript
may be summarized as follows.

1. To investigate relations between crop variables and spectral
reflectance of vegetative canopies by means of an appropriate mathematical
model and experimental data. Variables of uniform canopies, like total
leaf area index, leaf angle distribucion, optical constants of the leaves
and spectral reflectance of the bounding soil have been studied in
relation with geometrical variables of incoming radiation and the
direction of detection of reflected radiation.

2. To determine spectral bands producing useful relations between reflec-
tance data and canopy variables, Further, suitable combinations of
reflectance data from different spectral bands have been studied which
provide a simplified and better defined relationship with canopy structure,
leaf colour or moisture content variations of the upper surface layer of
the bounding soil. As a result of this study, a non-destructive method
became available for monitoring crop growth, crop senescence, detection

of changes probably related to stress or diseases and to produce data
useful to crop yield estimation techniques.

3. To determine the spectral bandwidth allowed of selected wavelength
bands in relation with a minimized loss of sensivity of the mensuration

of spectral reflectance variations due to variations in crop structure.

4. To determine directions of incoming and reflected radiation producing
a drastic simplification in the complicated relation between crop reflec-
tance and crop variables. On account of the conditions found, monictoring
of dynamic behaviour of crop properties could be carried out with
increased accuracy. :

S. To determine the position and a minimum number of spectral bands

with a minimum loss of spectral information for between-crop type
discrimination.
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Chance J.E. and E.W. LeMaster. 1977. Suits Reflectance Models for Wheat
and Cotton: Theoretical and Experimental Tests. Appl. Optics 16(2):
407.

A light absorption mudel tLAM) for vegetative piant canupies has heen derived from the Suita reflectance
model. From the LAM the ahsorption of light in the photosyntheticaily active regron of the spectrum
1400700 nm) has been calociated tor @ Penjamo wheat crop for several situations including (a) the percent
absarption of the incident radiation by a canopy uf 1.AL 1.1 having a tuur-laver structure, 1 b) the percent ah-
soeption of light by the individual lavers within a four.luyer canupy and hy the underiving suil. (¢) the per.
cent ahsurption of light by each vegetative canopy laver tor variahle sun angle, and 1d) the cumulative solar
energy absurbed hy the developing wheat canupy as it progresses from a single laver through ite growth
stages to a three-laver canopy. This calculation is aisv prevented as a function uf the leat area index and
shown to he in agreement with experimental data reported by Kanemasu on Plainsman V' wheat.

“hance J.E. and E.W. LeMaster. 1978. Plant Canopy Light Abscrption
Model with Application to Wheat. Appl. Optics 17(16):2629-2636.

Plant canopy reflectance models developed by Suits are tested for cotton and Penjamo winter wheat. Prop-
erties of the madels are discursed. and the concept of model depth is developed. The modelx’ predicied ex-
change symmetry for specular irradiance with respect to sun polar angle and observer palar angie agreed
with field data {or cotton and wheat. Model calculations and experimental data for wheat reflectance vs cun
angle disagreed. Specular reflectance from 0.50 um to 1.10 um shows fair agreement hetween the mudel and
whest messurements. An Appendix includes the physicai and upuical parameters fur wheat necessary ta
apply Suits’ models.

Chand;asekgsg. S. 1960. Radiative Transfer. New York: Dover Publication,
nc. p.



»

oung ME) EN) Ou) sma) Gng G Sond GE GG  Saeg Sl G e Sy ey Rl (e

|

Coldwell, J.E. 1974. Vegetation Canopy Reflectance. Remote Sensing of

Environment 3:175-183.

Possidle cause<ffect telationships in producing vegetation canopy reflectance are discusted. Hemiphencal
reflectance and even bidirectional reflectance measurements are shown 10 be inadequate 10 predict or understand
vegetation canopy refllectance in many situations. Among .he Jdditionsl 1mportint DJtameters mecessary for
pudimen and understanding of vegetanon cunepy reflectance are leal hemispherical trammittance. leaf area and
orieatation, charsctesistics of other cempornents of the vegeration canopy titalks, trunks, Embs), soil sefleciance,
solsr zenith angle, look angle, and azimuth angle. The effects of these parameters on vegeration canopy
widirectional spectral reflectance are described,

The reflection fuaztion for an is3tropicaliy scattering
meclium has Deen exp~eEsed in termg of Chancraseknar's X ang Y
fun=tions for a finite medium and in Lerms of Chancraseknar's
M function for a smi=infinite medium, Exoressiong ‘Or tre
dirgctional-nemigspne~'cal reflectance., hNemispherical=~girestio=
nal' reflactance ani hemispherical reflectance Nave veen
presented in termsg Of the X, Y, and H functions and therr
memonts. Algso, asy™totic expressions have been pDresanted,.

Crosbie, A.L. 1973. Reflection Function for an Isotropically Scattering

Finite Medium. AIAA J. 11(10):1448-1450.

Th' reflection function for an  isotropically scatter-nq
meaium  has been exprecsed in terms of Chancraseknar's X ang Yy
funttions' for a' finite medium and in terms of Chancrascknar's
H' fun§°|:n fcr & srmi=-infinite medium. Exoressions for the
directional=hemispne~icail reflectance, hemispherical~directio=
nai' reflactance an3i nemispherical reflectance have been
presented in terms of the X, Y, and H functions and tnoi}

moments. Also, asynptotic expressions have been presented.
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Ountley, S.Q. 1969. Directional Reflectance of Atmospheric Paths of Sight
Report No. 69-11; USGROR No. AD-688 265. La Jolla. Calif -

The Contrast reducing properties of any path of sight inclined downward
through the atmosphere can be specified by a single d?mensionless number
analogous to a reflectance and called the directional reflectance of the
path of sight by ratio of the directional path reflectance to the inherent
directional reflectance of the back?round. Previously published optical
atmospheric data derived from in-f1ight measurements have been used to produce
tables of R. For two clear-weather conditions. A simple nomograph and
numerical examples are fincluded.

Egan, W. G., J. Grusauskas, and H. B. Hallock. 1968. OPTICAL DEPOLARIZATION
PROPERTIES OF SURFACES ILLUMINATED BY COHERENT LIGHT. Reprinted from
Applied Optics, Vol. 7, page 1529, August 1968.

An expetimcnt;l investigation of the depolarizaticn characteristics
of complex surfaces illuminated by 6328-A laser radiation was made on a large
scale polarimeter. Measuremcnts were made on specimens such as basalt,
limonite, volcanic ash, wvet and dry sand, gravel, silt, and foliage in
various states of freshness. (For powders and aggregates, depclarization
appears more pronoucced as the size of the individual particles decreases,
and as the roughness and porosity of the surface features increases, whereas
depolarization appears luss pronounced as water is adsorbed or absorbed.)
The depolarization signature of foliage served to characterize a particular
species, and dryness of the specimens tended to increase the depolarization.
As a practical outcome, it appears that additional surface characterizaticn

or signature can be obtained through measurement of depolarization charac-

teristics.

2.35



Fowler, W. 8., E.]l. Reed, and J.E. Blamont. 1971. Bidirectional Reflectance
of the Moonlit Earth. Appl. Opt. 10(12): 2657-2660.

From 0GO-4 Airglow Photometer data and computed lunar spec.ral irradiances
at the subsatellite point. The highest radiance over clouds and lowest
radfance over open ocean are examined near 3914A, 5577 A, 5893 A, 6225 A,
and 6300 A in terms of bidirectional reflectance. The results are compared
to and are consistent with mathematical models of the atmosphere developed
by Plass and Kattawar 7a. And with daytime measurements from 0GO-3 by Neel,
Griffin, and Millard.

Fraser, R.S. aud W.H. Walker. 1968. Effect of Specular Reflection at the
Ground on Light Scattered from a Ravleigh Atmosphere. J. Opt. Soc. Am.
58(5):636-644.

The method of Chandrasekhar is used to compute the parameters that characierize the scattercd licht
Jeaving the top of a Rayleigh atmosphere. The atmosphere of this mexlel lies above 3 smooth water surface,
which reflects light according to Fresnel's law. The camhined atmosphere and water is called the Freanel
model. The results for the Fresnel madel are compared with corresponding results for a second mexlel, w mich
is called the Lambert model, since its ground reflects light according to 1. imbert's law. The reflcctance at
the ground is iess than 0.1, if cither the salar zertith angic 84 <05° or the tatal optical thickness »,5>0.6 The
rclative difference betwcen the outward fluacs from the tops of the atmospheres af the tvwo models is lens than
0.07 if s <84°. The difference between the radiances of the nadirs at the tups of the two mode’s is lees than
0.1 v >0.5, hut the diflerence becomes large at small »,. The marimum degree of polarization and the
neutral-paint positione at the top of the atmasphere of the I'resncl medel are uite difficrent from thuse of
the Lamiert mordel, when the total optical thichness is fess than 0 8 The ncutral joints for the Ireenel meniei
appear ontside of the vertical plane through the sun for restricted ranges of Loth the total nermal optical
thickness and the solar zenith angle.
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Goudriaan, J. 1977. Crop Micrometeorology: A Simulation Stud¥.

Wageningen, the NetherTands: Centre for Agricultural
Documentation. 249 p.

u S

hing and

Hering, R.G. and T.F. Smith. 1970. Surface Roughness Effects on Radiant

Energy Interchange. ASME Pap. 70-HT/SpT-2. 3 p.

Radiagnt' interchanje Celseen cpague interacting Surfaces is
formulated for unequil temperature acdioint plates with & ong-
gimh~s onal surfaci roughness grofile. Rough sSurface
bicirectional ~eflectance angd directional emittanca deparg or
material 'em;:ttance, rougniness clement siope, and rougQrness
elenent sdacularity., Absorsticr factor resylts snow a strong
dgerercenc? on surface roughness and ingicate that rougnress
effects are more mpcrtant in tne evalyation 2f ragiant
intercnange  tnan radiant heat 10ss. Apsorption factor values
agiffering by 8 factor of twec to four are ¢commonly observed for
1gentical emittance materials as a result of roughness. 12
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Horn, B.K.P. Understanding Image Intensity. Artif. Intell. 8 (April 1977),
201-231.

Traditionally, image intensities have been processed to seyment on image
into regions or to find olge-fragements. Image insensities carry a great deal
more information about three-dimensional shape, however. To exploit this
information, it is necessary to understand how images are formed and what
determines the observed intensity in the image. The gradient space, p ularized
by Huffman and Mackworth in a slight different context, is a helpful too in
the development of new methods.

Idso, S.B. and C.T. deWit. 1970. Light Relations in Plant Canopies.
Appl. Optics 9(1):177-184.

A theory of light relations in plant canopiec is presented which has potential
applications in remote sensing and photosynthetic modeling of plant canopies.
Predictions of the model are compared with filed measurement of light reflection
and transmission in a corn crop. Both reflection at the top if the canopy
and transmission at the bottom are predicted within 1 peicent of the measured
values. Profiles connecting these upper and lower limits are equally well
approximated. Varitions in the predictions with altitude angle of the sun are
confirmed by the observation of several investigators.



Ishimaru, A. 1977. Theory and Apolication of Wave Propagaticn and
Scattering in Random Medfa. Proc. of the IEEE 65(7):1030-1061.

Abstract ~- This paper presents a review of basic theories and recent
advances in the studies of wave propagation and scattering in random media.
Examples of the random medfa include the atmosphere, the ocean, and biological
media whose characteristics are randomly varying in time and space. The study
of electromagnetic, optical, and acoustic waves in such media has become
increasingly important in recent years primarily in the areas of communication,
detection, and remote sensing. Topics covered in this paper are divided into
"waves in randomly distributed scatters," “"waves in random continua," and
"remote-sensing of random media." Transport theory with various approximate
solutions and multiple scattering theories are discussed and their relationship
are clarified. Included in the analyses are propagation characteristics of
intensities, wave fluctuations, pulse propagation and scattering, coherence
bandwidth, and coherence time of communication channels through random media.
Remote-sensing techniques include recent advances in the use of inversion to
deal with i11-posed problems.

2,39



A thermal canopy signature model (TCSM) was developed to approximate the
thermal behavior of a vegetation canopy by a mathematical abstraction of
three horizontal layers of vegetation. Canopy g20metry within each layar is

quantitatively described by the foliage and branch orientation distributions.

20.  Coancpy geometry, solar irradiance, air temperature, horisontal wind
veleeity, relative humidity, =J ground temperature arc used to calculate the
woergy bsudgets of average leaves within each layer. The resulting system of
conservation equaticas is solvedlfor the average liyer tempevature, This
information, together with the angular distributicns of radiating eclements, is

then usaed to calculate the thermal exitunce as a functicn of vicw engle above

the cancpy. Cptical diffriction tachniques were dovolzzad and - ployed to
neasure cancpy gecmetry. Solar radiation zlsorpticn with the wegstatien

terrain elcments is calculated using a modificaticn of a Msute Carlo model
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oped for the reflective cnergy regime.

The nodels were applied to a lodgepcle pine (Pinus centorta) canopy end

the results for a diurnal cycle are validated with radicmetric mcasurements.
Sirulatad wversus mzasured radiometric average tergeratures of Laver 2 correspon

appronimately within two degrees centigrade. Simulated reosults suz

C2nopy gecmetry can significantly influence the effective razdiant temporature
recorded Ly a sensor above the cancpy as a function of view angle.
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Kriebel, K.T., H. Quenzel and W. Scholze. 1976. On the Deteriination of
the Atmospheric Air Light as a Normally Underestimated Perturbation
Signal. Atmospheric Environment 10:645-653.

Abstract -- A simple method to compute the air light, based on single
scattering only, is compared with an exact iterative method including multiple
scattering and is found to give reasonable values of the air light expressed
as a percentage of the reflected radiance. Besides some general dependencies
of the air light for four different geometrical situations the air light is
shown as a percentage of the total radiation received by snesor at arbitrary
heights as a function of the atmospheric turbidity.

Leader, J.D. 1971. Bidirectional Scattering of Electromagnetic Waves from
Rough Surfaces. J. Appl. Phys. 22(12):4808.

A general bidirectional expression is derived from the Station-Chu-Silver
integral for the scattering of electromagnetic waves from rough surfaces.
This expression is then exapanded in a power series of surface slope terms for
the special case of scattering in the plane of incidence. The results of
this expansion are then compared with other models and closed-form solutions
are obtained for comparison with experiment.



Malita, W.A. R.C. Cileene, z2nd J.M. Glzzszcn, 1374, Whazat Tignazura
o zlvsis for Imorovad Trzining Stziistizs: Slzrliatant.
Simulated LANTSAT lez:z Razdiznzes and Rzdiznce Comgomants.  Final
lzoare, IRIM L09400-44-T ., Inwirzsamanzzl Rassarch Inszituza of
vichmigzan, the Uaivarsicyoof Mishizaa, Ann o arbor, Michigan. LST o,
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This supplement presents in detail a series of simulated scanner systenm data
values generated in support of LACIE (Large Area Crop Inventory Experiment) research
and development efforts, Synthetic inband (Landsat) wheat radiances and radiance com
ponents were ccmputed and are presented for various wheat canopy and atmospheric con-
ditions and scanner view geometries. Values include: '

baaun

(1) 1inband (Landsat) bidirectional reflectances for seven stages of
wheat crop growth,

L2 TV ]

(2) inband (Landsat) atmespheric features, and

¥
+ (3) 1inband (Landsat) radiances corresponding to the various combinaticns
of wheat canopy and atmospheric conditionms.
’
: Analyses of these data Yalues are presented in the main report.
Vlaaeman ™ . @ T
Mamrall, S0 - ‘ ‘
Calzrize -imsertiin
! DiZiuse Traes
2:2205-7
.
-
{ A
2 Apstract! voiume I of this report zrovides tma Sallistic
Fesearch Laboratort'es with 3 Adiscuss'on of tre aligertnms pon
which  the Digireglicng! rof'wctance mogel s was2d, in
articulan the nAN=LaNcUr tran voiume mogel ahich w33 -
construclel unaer this  contract. Tre r~gpdort provides 2
vairi2ation 2f the wroge!l with respeci te the materials s.ontied
by B3L. Il :nciyges 3 listing of anorcpriale maocel carzieiers
s tn 3 dess~:ntion of how to use th2 TcZel, ang a licting of

tne coimouter program with its sulroutines, The mcce! rakes it
possitie to calcuiate bidirectiona: reflectance gata from 3

very sTall anmount of measured cata, Azcuracy cercnstirated
ingicates that  the model is very effective, altrough
imarovement can still be obtarna at larga r~aceiver zenitnh

angies. (Aythor)
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Maxwell, J.R. and S. Weiner. 1974. Polarized Radiance. Volume III:
Wavelength Dependence of Polarized Bidirectional Reflectional
Reflectance. Final Report. ERIM-19500-1-T(3), Contract DAAD05-72-C-0246.
Ann Arbor, Mich.

Abstract: Volume III of this report provides the Ballistic Research
Laboratories with a method for extracting information from a 1imited set of
directiunal and bidirectional reflectance measurements so as to provide a
wavelength-corrected input to the volume component of the bidirectional
reflectance model described in Volume I. It is shown that the surface
component of the bidirectional reflectance has little wavelength dependence
for the materials studies from 0.63 micrometers, and 3.39 micrometers and 10.6
micrometers under this contract are included and are used for the model vali-
dation which is also described. (Author).

Norman, J.M., S.G. Perry, A.B. Fraser and W. Mach. 1979. Remote Sensing
of Canopy Structure. Fourteenth Conf. on Agriculture & Forest
Meteorology and Fourth Conf. on Biometeorology 184-185.




Oliver, R.E, and J.A. Smith. 1973, Vegetation Canopy Reflectance Models.
Final Report, Contract No. DA-AR0-D-31-124-71-G165. 91 p.

Stochastic and deterministic approaches to simulating the spectroreflectance
of shortgrass prairie vegetation have been investigated. The stochastic approach
tilizes randomly selected variates for incoming light flux, plant geometry, and
ntrinsic optical properties whereas the deterministic model is patterned after

fhe familiar Kubelka-Munk theory for diffuse reflectance.

_ The stochastic model was deemed more desirable because of its flexibility and
inherent capability of providing the multivariate covariances. This model determines
the apparent directional reflectance which is dependent upon both sun and view angles
as well as canopy geometric and optical properties and soil background. The

model results are compared with field and laboratory measurements of Blue grama
(Bouteloua gracilis) and successfully predicts the non-Lambertian character of the
canopy.

!

i The site of the field measurements was the Pawnee National Grasslands, the
1nten51ve study site of the International Biological Program. Direct solar and
dlffuse sky irradiance and the optical properties of Blue grama were measured in
}he 0.4 micrometer to 1.05 micrometers region of the spectrum using a field
adapted EGEG spectroradiometer with a computer based digital acquisition system.

an0py geometry was measured with a laboratory photographic technique with
Eubsequent digitization of the profile images.
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Oliver, R.E. and J.A. Smith. 1974, A Stochastic Canopy Model of Diurnal
Reflectance. Final Report. U.S. Army Research Office Durham.
DAHCO4 74 GOOO1. 82 p.

The spectral signature of most vegetation varies with both direction of
view and time of day. This variation is gpectrally dependent and is due
primarily to differences in canopy geometry. As a means of investigating
the interaction of shortwave radiation with vegetation a stochastic
canopy model was developed. The model utilizes random variables based
on measured distributions for incoming radiation flux, intrinsic optical
properties, and canopy geometry. Two methods were used for determirning
canopy geometry., The first method is to orthogo-
nally project and photograph individual plants and to directly
measure the leaf angles from the photographs. The second method is a
rapid in situ technique involving the solution of a Fredholm integral
equation based on data from ground level photography. A portable
battery powered spectrometer system was constructed for the measure-
ment of vegetation apparent directional reflectance, This instrument
provides data for model validation and horizontal surface irradiance
measures required as model input. A direct application of the model
is to simulate statistical spectral signatures for use with remote
sensing pattern recognition algorithms. A qualitative study was made
to investigate the effects of changing canopy directional reflectance
on feature selection. The results show that different combinations of
wavelength channels are appropriats for various sensor look angles,
that target signatures have greater statistical separation for some
scan angles than others, and that these effects are time varying.



Preisendorfer, R. W. 1965. Radiative Transfer on Discrete Spaces.
Pergamon Press. 462 p.

Reichman, J. 1973. Determination of Absorption and Scattering Coefficients
for Nonhomogeneous Media. I. Theory. Appl. Opt. 12(8):1311-1315.

Equations are derived to determine the diffuse reflectance and
transmittance of inhomogeneous materials. The equations are valid for
collimated incident radiation for any angle of incidence. The effects of
Boundary reflectance and anisoptrophic scattering are included. The equations
are derived from the equation of radiative transport, Using the Schuster-
Schwartzchile approximation. They are sufficiemtly simple to be used for
spectroscopic determination of the absorption and scattering coefficients.
Numeral comparison with more exact solutions of the equation of radiative
transfer show very good agreement for all cases except for reflectance in
the highly anisotrophic case, where agreement is only fair . (11 refs)



Ross, J. 1976. Radfative Transfer in Plant Communities. In:
and the Atmosphere., Vol. I. Principles. (Ed: J.L. Monteith), Academic
Press, London. pp. 13-55.

Smith, J.A. and R.E. Oliver. 1972. Plant Canopy Models for Simulating
Composite Scene Spectroadiance in the 0.4 to 1.05 Micrometer Region.
Eight Symposium on Remote Sensing of the Environment, University of
Michigan, Ann Arbor, 2:1333-1353.

A Monte Carlo Mzdel has Seen developed for simulating the interaction ¢f <irect
and diffuse shcrtvave radiaticn with the canopy of sihortgrass prairie vegetation
(Ecuteloua gracilis). The model treats the caropy as consisting of layered sta<is-
tical ensemtles ol foliage elerants agains< & scil tackground. The mccel allcus
for rulticemponent mixztures ;osscss‘rg ¢iflerent spcc-ral and foliar cdisplay char- .
acteristics. Light flux, whese variatles include wavelength and diffuse and Sirect
ecmperients, is traced thrcu;h nc:unifcrﬂ layers using stcchastic cancpy sirusiure
and interacrion protabilizies that vary vitsn illumination angle, foliage angle dis-
tri:at:on. and Jeaf-areea ir :cx Initially, & Lardertian spatial res;orse c{ the re-
flecting/transmitting elements has been ass.med.

A two-layer caropy containing only one constituent and & soil backgre.nc i
simvlated. Geometric characteristics of the foliage, optical properties c¢f tle
leaves and goil, and spectreradiance deterninaticns were obtained by the a.zhcors
curing the 1977 sunmer fiell season. The mclel correctly acccunted for tre s;zarent
directional reflectance of the cCanopy as seen by a vertical view sersor for all wive-
iengths tetween C.4 ané 1.05 micrcneters except at the chlercphyll arssroticn regicrn
beztween 0.65 and 0.70 micrometers. The single ccnstituent model was not atle o
account for the azparent directicnal reflecrance fcr the cancpy for a senscr in-
clired at 40 degrees {rcn the zenith. t is hygothresized that The mclel woulil reed
to ‘e run with & seccnd constituent, 2l¢c ;resent irn the canopy, to acccunt for thi
disagree®ent.’

The non-lambertian character of the ajzarent directicnal reflectarcze cf :hc
caropy is demonstrated and an irncreased syectral return for the sensor vievw ergle
containing the sclar digk are sredicted. -~ ccmrariscn of the t.c-jparemeter Yutelka-
¥Yunk Mcdel with measured field cata is alsc given.
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Smith, T.F. and R.G. Hering. 1972. Bidirectionai Xeflectance of a
Randomly Rough Surface. Prog. Astronaut. Aeronaut., Fundam. of
Spacecr. Therm. Des. 29:69-85.

A Didimrecti16nal  reriectance moudel is Gevelooed for a
ong=dimensicnally s gn surfarce consisting of V=shaneo
roOURNAgs elemnnts with randomly distriZuten siopes. Multiple
refloctiors within and sShacowing ULy adjacent rougness
eleltents ' are nccounted far  in  thne TMocdel. A gistridution
funzticon in Lerus of rms slope s utilizZed to s2esify the
nrozsbility tiat a 'macroszopic surfase reflccts speculariy,
sry energy exceriencing muitiple reflectrons is uwnimportant,
Muiliple ' reflectiols becune increasingly significant tor
larjer rms sSiONnes. This importance, however, giminish¢s as
the direction Cf incident eneryy approlches grezing incidence.
The' mcue’ axnibDits sharacteristicg gsinilar to tRoSe ODServed
in hecent Dicirectionnl reflectance cata., 11 refs.
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o Smi:h,i‘r{‘?é ;nd R.G. Hering. 1973. Comparison of the Beckman Model
wit idirectional Reflectance Measurements. ASME
73-HI-11. 13 p. paper mo-
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- Chrpsrisons ' revealed that monochromatic specular ang
pigliraztiona! reflgctance measurements are not ACeQUAtE 'Yy
cez=ribeg by correstonding results evaluated from the -ocdel
using mecranically aciuired surface roughness parameters rmg
heipnt ang rms sicoe. Significant iTprovenant Det.een
meatLreTets and predictions of the molel s chservel gnhen
cptlically acguireg surface r~oughness paraTteters ar® ysec.
Cpezuiar ~efiectance 'teasurements for normal to inlermeciate
poler angles O3f 13Z:Cence are acequately reoresented Dy tne
moch! proviced valu®s of optical roughness multiplieg Dy
cos'ne of polar s 3ie Of incidence are less tnan 27 times
average odtical rms siope. Cotical rougnness is the rat:o of
optical ! rms heignt to wavelength of incigent energy.
Bigirectional refleztance measurements are ageguately
preictea Dy <the mdde! wnen vaiues of cptical roughness ang
ootica! rns s!one are less than 9, 05 ana 0. 02, ~es>ectively.



G.H. Suits (1972a), The Calculation of the Directional Reflectance of a
Vegative Canopy. Remote Sensing Environ. 2, 117-125.

Gwynn H. Suits (1972b), The cause of Azimuthal Variations in Directional
Reflectance of Vegetative Canopies. Remote Sensing Environ. 22, 175-182.

The variation of the directional reflectance of a vegetative canopy with
azimuthal view angle becomes prominent when the canopy is illuminated by the
sun at large angles from zenith. An extension of a previous directional
reflectance model of vegetztive canopies is presented to quantify this effect.
The results indicate that the cause of the azimuthal variation can be traced
to solar flux illumination of the vertically oriented canopy components and
that the extreme varfiations of reflectance with aximuth of view are moderated
by the azimuthally isotrophic sources of flux from skylight and canopy.



;

Suits, G.H. and G. Safir., 1972. Prediction of Directional Reflectance of a Corn
Field Under Stress. Fourth Ann. Earth Resources Program Review, V. 2,
11 p.

The remote sensing of sympto,s of pathological conditions in vegetative
canopies such as Southern Corn Leaf Blight depends upon a consistent
relationship between the pathological systoms and the remotely sensed effects.
The use of training sets show only that in particular cases, and at a
particular time, a certain pathological condition occurs concurrently with
some remotely sensed effect. There may be no necessary connection between
them. The use of a mathematical model to predict the remotely sensed effect
from the fundamental bfological causes allows one to establish the expected
consistency between the conditions and the sensed effects as well as to
provide insight leading to the "best remote sensing technigues to use for a
particular application.

A new method of calculating the directional reflectance of a vegetative
canopy (1) has been used to calculate the directional spectral reflectance
of a corn canopy under stress. The comparison of predicted reflectance with
field measurements indicate that the model is sufficiently accurate when applied
to corn fields to warrant the use of the model for application to other
conditions. The prediction of the expected reflectance differences between
a healthy and a bilighted one-month old corn field illustrates the application
to other conditions.

Suits, G.H., and Safir, G.R. (1972). Verification of a Reflectance Model for
mature Corn with Applications to Corn Blight Detection, Remote Sens.
Environ. 2, 183.

A new model for calculating the directional spectral reflectance of vegetative canopies was verified for the
e3¢ of mature corn by field reflectance measurements on two different mature sorn fields at each of two
wewing angles and over the visible and near infrared spectral bands. The appiication of the model 1o
n pothetical conditions indicates that moderately severe Southern Corn Leaf Blight should be marginally
Jetectabic by aeral photography under certain special circumstiances and that for more severe blight, the
phght condution should be dstinguishable from moisture stress. The application of the model to hypotherical
clds of young corn indicates that the blight condition should be easily detected under a wide range of
arcumstances.
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Suits, G.H., R.K, Vincent, H.M. Horwitz, and J.D. Erickson. 1973. Optical
Modeling of Agricultural Fields and Rough-textured Rock and Mineral
Surfaces. Informal Technical Report, ERIM 31650-78-T Environmental
Research Institute of Michigan, The University of Michigan. 37 p.

To improve the ability to utildize laboratory spectra for predicting
or interpreting airberne ccanner data, a search was made for twe theécre-
tical models, one to calculate the reflectance of plant canopies snd the
other to assess the effect of textural variations on the spectral emittance
or reflectance of natural rcck surfaces. Several mcdels were reviewed, from
which it was possible to select the types of models best suited for these
agplicaticns. The selected plant cancpy model, an extensicn of the Allen-Gayle-
Richardsen medel, can bhe used to predict the bidirecticnal reflectance of a field
crep from known laboratory spectra of crop cemporents and approximste plant
geometry (planting density and average horizental and vertical component cress-
sections). It is applicable even to vegetative targets ccmpesed cof mulciple
canopy layers. Bidirectional reflectances of two cora fields calculated from

the canopy model were found to agree with laboratory data within an extremunm

evror of 15% in %2 . The selected geological model which is to be develcped

"
)

later will permit calculation of spectral emittance spectra for diiferent

+

textured rock surfaces, even thoJéh the rock may contain randemly oriented
birefringent crystals and may consisc_of several different minerals. The
resulting emittance spectra for various particle diameters will bte used to
precict the effect of textu .l variations on an infrared ratio method used previc
to image large compositional variations in silicate rocks with airborne or space-
borne multispectral scanner data. An adequate atmospneric radiative transier

mcdel exists to calculate the atmospheric effects between such targets and

remote spectral sensors.

o P e e DI T A ——— .



Verhoef, W. and N.J.J. Bunnik. 1975. A Model Study on the Relationships
Between Crop Characteristics and Canopy Spectral Reflectance. NIWARS,
Delft, publ. No. 33.
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Verhoef, W. and N.J.J. Bunnik. 1976. The Spectral Directional Reflectance
: of Row Crops. Part 1: Consequences of Non-Lambertian Behaviour for
- Automatic Classification. Part 2: Measurements on Wheat and Simulations
by Means of a Reflectance Model for Row Crops. Report No. NIWARS-
: PUBL-35. Netherlands Interdepartmental Working Group on the
Application of Remote Sensing, Delft. 144 p.

¥

[ 2NN

Abstract:’ The one-layer Suits mcdel for canopy reflectarcCe was
agplied to simuiate 3 multispectrul scanning flight over an
agricultural area. Non-tamnertian Cenavior and
misclassification ware studiead on tne D2sis Of unprocessec and

precrocessed data from the reflectance simulations. A new
experimental mccel for tne calculation o©f tne directional
reflectanze of row crcps, based on the one-layer Suits model,
is presented. This model was applied to s:muiate measyrements
of the spectral girecticonal reflectance on mechanically sowed
sheat at severai growth stages in the summer of 1374, [n
general, input and cutput data of pboth mode! and fie!d ogata
agree well. Specular reflection at leaves, not incorporatad in
the pr2sent mocel, apoears to be 2 significant factor for crop
reflectance.
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Weinman, J.A. and P.J. Guetter. 1972. Penetration of Sd1ar Irradiances
Through the Atmosphere and Plant Canopies. J. Appl. Meteorology 11:136-140.

The equation of radiative transfer is applied to the analysis of solar
irradiances penetrating into a plan% canopy covered by a turbid atmosphere.
The method of discrete coordinates is applied to vertically inhomogeneous
atmospheres and plant canopies. It is shown that four-point quadrature yields
results with an accuracy which is consistent with irradiance measurements.

Welles, J. M. and J. M. Norman. 1979. General Radiative Transfer Model
for Random and Non-random Canopies. Fourteenth Conf. on Agriculture
& Forest Meteorology and Fourth Conf. on Biometerorology. 205-206.

The most sophisticated radiative transfer models apply to canopies of a

large horizontal extent and are thus more or less one dimensional. Some
efforts have cousidered the non-random distribution of foliage over the
vertical and horizontal with formulations that remain fundamentally

one dimensional. For dense canopies of leaves of nonoverlapping crowns,

it has been customary to use projections of various opaque shapes such as
cones, trapezoids, cylinders, rectangles, etc.

The model used here is very general including multiple scattering for near-
infrared and solar wavelengths and emission for thermal wavelengths. It is
applied to an array of individual canopies which may or may not be overlapping.
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MEASUREMENTS

A. LABORATORY

B. FIELD

C. PLATFORM (AIRCRAFT AND SATELLITE)
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MEASURCMENTS
A, LABORATORY
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Blanchard, M. B., R. Greeley, and R. Goettelman. 1974. Use of Visible,

Near-infrared, and Thermal Infrared Remote Sensing to Study Soil
Moisture. Proc. of the 9th Int. Symp. on Remote Sensing of Environ.
v. 1:693-700.

Tho metlods are ustd to estimate soi! moisture remotely
using the 0. 4= to 14. S=mitron waveiength region: meusuranent
of spectria! reflectance, and measurement of soil temperature.
Tho refle=tance methdd is bDazed cn cbhservations which sheoa
thas gi~recticnal “ofieClance Cecreases as snil moistiu~e
increluas for o givey matirial, the s2il terperature motnod
15 " Lased on ¢osoervat:ons «nich show that aif ferences betwzon
da,time g nNignttime SOil tamperatyres decraase as meisture
content | increodses for a given material, in sore
cirsumstahices, selarate reflectance or terperatura
measiuiremetls yield ambiguaus aata, in which 2ase these tao
methods miy be combined to obtain a valig soil moisture
getermination. Refs.'

Breece, H. T. (III) and R. A. Holmes. 1971. Bidirectional Scattering
Characteristics of Healthy Green Soybean and Corn Leaves in Vivo.
Appl. Opt. 10 (1): 119-127.

Bidirectiona] reflection and transmission distribution functions are measured for Lealthy green soybean
and corn leaves in rviro, for niveteen narrow wavelength bands from 375 om to 1000 um. Of-normal
incidence reflection distribution functions show considerable specular contributions at wavelengths of
strong absorption, while transmission distribution functions show a near-lambertisa shape for all wave-
leugths employed. An emnpirical m-layer leaf model aflords a ressonabie qualitative understanding of
these ccattering distributions.

Christie, F.A. and A, B. DeVriendt, 1972. Bidirectional Reflectance from
Surfaces Formed by the Ruling of Orthogonal Parallel V-Grooves. Report
on Thermal Control and Radiation. Presented at the ALAA Aerospace
Sciences Meeting (10th). Paper No. 72-55.

ADstract: Experimentally anu photogrzphicaily ceterninec
Didirectional reflectance c¢ata are LCresentea for a se: of
sixteen requla~ly’ rough surfaces coronsed of square p.~amics,
wyich were rliuninated by a Ho=Ne laser Dean  (0.6327
migruncier). The ncluded angles of the ~yled v=groaoves weére
60, 80, 120 ang 150 degrees wnile the gaar-to-va!'s, CEgatrs
were 2.5, S, 10, ang 20 micromneters. Agreemant Celawer tre
theoretical ang axperimentyl 3313 was satisfactc~y  ard
improved as the included angle incr2ased. Fo- most ansles of
incidence, three-gimensional treory was regquired to rregict
the Diuirecticnal reflectanca Lacause of the effects of
shadowing, masking, ang interry*lection, (Author)
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Christie, F.A. and A.B. NeVriendt. 1973. Diffraction Effects Encountered
in the Measurement of Bidirectional Reflectance from Square Pyramid.
Proc. of the ALAA Aerospace Sciences Meeting (11th). Paper No. 73-150

Aosiract! Theoretically and photegradhically determined
bidirgctional roeflectance cdata are precented for a se: of
si«t2en reguiarily rough sSurfascs compssed of  square pyramigs

whigh .ere illuninated Dy a k2=Ng !aser Dean, The inciydtad
arjles of th> ruieu V=3roovss  w2re  Gd, 50, 120 ana  15%¢C
gagroce, wnile the goee-to-va''ey groothe wor2 2.8, 5, 10 and
29 mizrani,  Trne pnotographs grenically illust-~ate a sreotn

transgiticr from preflectance patterns vredicted by Jdiffraction
thecry to otrers Jescribeg by conventional nidirectional
reflaclance theory, Alihcugh dreCise mcasurement is Qiff cult
in some giffuse pgoiterns, agreeent batwecn the thooret:cal
any photagraohic dnta «as gocneraily one gegree Or less.

Coulson, K. L. 1966. Effects of Reflection Properties of Natural Surfaces
In Aerial Reconnaissance. Appl. Opt. 5(6):905-917.

Measurements of the reflecting and polarizing properties of varivus soils, sands, and vegetation in the
visible- and near-ir spectral regions show that dark surfaces polarize the reflected radiation strongly
while highly reflecting surfaces have relatively wenk polarizing properties. In general, the reflentance of
mineral surfaces increases, and the degree of polarization of the refiected radiation decreases, with increas-
ing wavelength and increasing angle of incidence.  There is little or no indication of speculur reflection
from the surfaces for which measurements were made. Intruduction of the reflection data into the equa-
tion of radiative transfer for clear and slightly turbid models of the earth’s atmespliere chows that the
upward radiation that would be incident on a high-altitude aireraft or eatellite would be dominated by
surface-reflected radiation for the red and near-ir regions over highly reflecting surfaces such as deserts,
whereas atmospheric scattering is most important for short waveiengths and dark surfaces. Beeause of
polarization effects, atmospheric transmission of optical contrasts is better in one orthogunal intensity
component than the other, the dilference being sulficient to merit polarizing optics in reconnaissance
instrumentation under certain conditions.

Coulson, K. L., G. M. Bocuricius,and E. L. Gray. 1965. Optical Reflection
Properties of Natural Surfaces. J. Geophysical Res. 70(18):4601-4611.

Measurements of the optical reflection characteristics of various natural sands
and soils at wavelengths of 4920 A, 6430 A, and 7960 A are presented. It

is shown that there is a strong dependence of the intensity and degree of
polarization of the reflected radiation on angle of incidence of the radiation
azimuth and elevation angles at which the surface is viewed, wavelength of

the radiation and physical state of the surface itself. A comparison of

these measurements with those of other authors shows that the reflectance
values obtained here are generally similar to those obtained by Krinov under
similar conditioms, but the degree of polarization of radiation reflected from
the various sands is considerably less than the polarization values observed
by Dollfus for sand.
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Egan, W.G. 1970. Optical Strokes Parameters for Farm Crop Identification.

Remote Sensing of Environ. 1:165-180.
The use of bidircctional polarization and photomerry implics the
efficient use of all the optical information available in the seatiered
radiation. This information iy represented as Siohes parameters, :
which inctude wavelength, geometry, and hidirectional phatonmwtrie
and polarization factors. The Stohts parameters were Jetermined in
the Labrratory on ficld crop samples of fully developed alfalfa, Long
Tsland potatoes, sweet corn, re, and wheat, &t \\-:\\cl_cn;zhs of 0.350,
0.413, 0.533, 0.566, 0.633, 0.8, and 1.0 4. The sesults indicaie that the
infarmation available from the Stokes paramcicrs aids in the charac-
terization of agricultural crops.

Egan, W.G., J. Grusauskas, and H. B. Hallock. 1968. Optical Depolariza-
tion Properties of Surfaces I1luminated by Coherent Light. Appl.
Optics 7(8): 1529-1534,

An experimental investigation of the depolarization characteristics of complex surfaces iiluminated by
632S-A Iaser rudiation was made on a large scale polarimeter. Measurements were made on specimens
such as basalt, limonite, volcanic ash, wet and dry sand, gravel, silt, and foliage in vurious states of
freshness. (For powders and aggregates, depolarization appears more pronounced as the size of the
individual particles decreases, and as the roughness and porosity of the surface features increases, whereas
depolarization appears less pronaunced as water is adsorbed or absorbed.) The depolarization signa-
ture of foliage served to characterize 1 particular species, and dryness of the specimens tended to in-
crease the depolarization. As a practical outcome, it appears that additional surface characterization
or signature can be obtained through measurement of depolarization characteristics.

Gates, David M., Harry J. Keegan, John C. Schleter, and Victor R. Weidner.

"Spectral Properties of Plants." (Applied Optics, January, 1965,

Vol. 4, No. 1.)

ABSTRACT:

The spectral properties of plant leaves and stems have been obtained
for ultraviolet, visible, and infrared frequencies. The spectral reflec-
tance, transmittance, and absorptance for certain plants is given. The
mechanism by which radiant energy interacts with a leaf is discussed, in-
cluding the presence of plant pigments. Examples are given concerning
the amount of absorbed solar radiation iJor clear sky and overcast conditicns.
The spectral properties of desert plants are compared with those cf more
mesic plants. The evolution of the spectral properties of plant leaves
during the early growing season is given as well as the colorimetric be-

havior during the autumn.
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Hapke, B. and H. Van Horn, 1963. Photometric Studies of Complex Surfaces,
with Applications to the Moon. J. Geophys. Res. 68(15):4545-4570.

Abstract  The refectiou laws of a wide variety of surfaces have beea mensured. The fActors
that govern the optical scattering characteristics of complex surfaces are discussed, and the
properties of surfaces that scatter light like the moon are specified. Surfaces of solid rocke,
volcanic slags, or conrsely ground rock powders do not have the intricate structure pecessary
for backscattering light stroagly, but finely pulverized dielectric particles ean build extrcimely
comnplex surfaces that can reproduce the lunar scattering law. It is concluded that the surface
of the moon is covered with a layer of fine rock dust composed of particles of the order of
10-micron average diameter aand that 90 per cont of the volume of the surface layer is voids.

Hunt, G. R. and J. W. Salisbury. 1976. Visible and Near Infrared Spectra
of Minerals and Rocks. XI. Sedimentary Rocks. Mod. Geol. 5(4):211-217.

FGR BT, X SEL IB!D.. JOL.S, HO.2, P.Y1I {(1373),
REFLECTANCE SPECTRA UF 24 SERIT
CALDSTONIS  ARD LINESTINES) ARE PREGEINTE
MU THE SPEITLA GF RARTICULATE SALLE R
1S FCUnD THAT THE WAClhITY OF prATUAIS T .
WATER R CAGRMLCNATE  TVERTEONE  AnD CTUTINA
E.SCTRONIC TRAMSITIINS 1N I&CN. It vatire CAS
ARE  ASSLSIATEZ WITH COWSTITUEZITS TraT C
INMAURITIES, AMND IN /2ST CASES THE SPECTRAL
Ali INDURECT INDICATION CF RO/ (P 0QSITICN

Hunt, G. R. and J. W. Salisburgy. 1976. Visible and Near Infrared Spectra
of Minerals and Rocks. XII. Metamorphic Rocks. Mod. Geol. 5(4):319-228.

For PT.XI See IBID. Vol. 5, No. 4, p. 211 (1976). Bidirectional reflectance
spectra of 35 metamorphic rocks (marbles, quartizites, gneisses, slates and
schists) are presented from 0.325 to 2.5 mm, It is found that spectral
features are caused by carbonate, hydroxyl, water and borate vibrational
overtone and combination tones, or by electronic transitions in iron,
manganese, or chromium. In most cases these spectral features are only an
indirect indication of rock composition (16 Refs.)
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King, L. E. 1976. Measurement of DIrectional Reflectance of Pavement Surfaces
and Develcpment of Computer Techniques for Calculating Luminance. _Jg. Illum.

Eng. Soc. 5(2):118-126.

This investigation develcped and used a directional reflectance guniometer
to measure the directional reflectances of eleven nine-inch pavement core
samples. Five asphalt and six concrete. An electronic data processing program
for calculating roadway luminance based on the reflectance data obtained from
the samples, was developed and reported (14 Refs).

Loehrlein, J. E., E. R. F. Winter, and R. Viskanta. 1971. Measurement of
Bidirectional Reflectance Using a Photographic Technique. IN: American
Inst. Aeronautics and Astronautics. J.W. Lucas (Ed). M.I.T. Publ.,
Cambridge, Mass. 231-48pp.

A PHOTCURAGHIC TECRMNINUE FOR WEASJURING TeE ANCULAR
CISTRICUTICH CF WINOTHPILATIC RADIATICSN RECFLECTED  =RCM
SURFACES [S LESCRTIED. FELATIVE MEASURELVINTS ARE RIWDETED ON
BOTH A QUALITATIVE AND QUANIITATIVE Si51S FOR Tw0 SPECIVENG OF
NELL=CHARACTER]ZED J=CRCOVE, vENY §.07TH EYRBANLINIZ N
FCUTCRIYSTALINE NMaGHISIUN CAIUE AND POUURCTION SCE2"T  Sum ALt
I THE VISIBLE W'RT CF  Teg SRICTRUM FCR A RANGI 3F RCuA
AVGLES OF INCIDENCE (2! Refs)

Loveridge, R. C. and S.R. Scheele. 1973. UGT Post Test Light Scattering
Measurements. Final Report, Contract F04701-72-C-0299. 66 p.

Abstract: The purpose of this program was to measure large angle radiation
scattering from materials. Transmitting elements, baffles, and mirrors were
used. The measurements were made at 0.6238, 1.15, 3.38, and 10.6 microns and
at angles of from 1 to 45 degrees. (Author).

Smith, T.F. and R. G. Hering. 1972. Surface Roughness Effects on Bidirec-
tional Reflectance. Rept. No. UILU-ENG-72-4001; ME-TR-661-2. Contract
NAS7-100, JPL-951661. 126 p.

()
ADatrace: An expertrrentll ctutiy Of surfzce roughness effects OL;QQU‘
on Dpidi~astiungl  refleoctarce cf metallic syrfaces 'S o e
presentcd. A faci.ity cagzzie ¢t irrpcrating a Sample from Lr,.“f‘
rormal to gm3Zing incrcence andg recurdirg plane of incigence hiad «oa s
pidirect.onal refleciance maasurements was ceveioned. Samples el e
consisting of glass, aluminum alloy., end stainless steel Uy
materials were selectea for examiration, Semples wore ’),

roughenec using standard grinding techniQues ang coated with a
radratively oopaque layer of pure alumirun. Nechnanical surface
"Oughn?ﬁ§ parareters, rms heights argd rm3 slopes, eval_ated
from aigitized syrface profile measurerents are less tr~an 1.0
micromecers  ang 0.28, respectively. Rough su-face snicular,

ticirecl:onal, anu girectional reflectance mcyguremants  for
saleztec values of polar angle ot incicence ara wavelengtn of
'nciuent  2nergy  aithin tre sneniral range oOf 1 o 14
morone i ers are renorted. Tme Becamann Digiresticnal

reflectunce mocel is comgared «itn reflectance measurements 0
estavlieh 1ts  Ugefulness in Cgescriding  the nagnitude a~o
edatial  ¢isitinuticon of encrgy reflected from rLUGN surfeces.
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Watson, R.D. 1972. Spectral Reflectance and Photometric Properties of
Selected Rocks. Rem. Sens. Environ. 2:95-100.

Studies of the spectral reflectance and photometric properties of selected rocks st the USGS Mill Creek,
O\lahoma, remote sensing test site demonstrate that discrimination of rock types is possible through reficction
measurements, but that the discrimination is complicated by surface conditions, such as weathering and lichen
growth. Comparisons between fresh-broken, weathered, and lichen-covered granite show that whereas both
degree of weathering and amount of lichen cover change the reflectance quality of the granite, lichen cover also
conciderably changes the photometric properties of the granite. Measurements of the spectral reflectance
normal 1o the surface of both limestone and dolomite show limestone 10 be more reflective than dolomite in the
wavelength range from 380 to 1550 nanometers. The reflectance difference decreases at view angles greater than
40* owing to the difference in the photometric properties of dolomite and limestone.
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Bauer, M.E., M.M, Hixson, L.L. Biehl, C.S.T. Daughtry, B.F. Robinson,
and E.R, Stoner. November 1978. Vol. I Agricultural Scene
Understanding. Final Report: Principal Investigator D.A. Landgrebe.
LARS Contract Report 112676. Laboratory for Applicatfons of Remote
Sensing, Purdue University, West Lafayette, Indfana. 106 p.

Results of four investigations, all related to agricultural remote sensing are descrided.
The four tasks are: (A) Analysis of Agronomic end Spectral Daca for Physical Under-
standi{ng, (B) Fleld Messurcrents Data Management, (C) Multicrop Supporting Field Rescarch,
snd (D) Determining the Climatic and Cenetic Effects on the Relationships Between Muiti-
apectral Reflectance and Physical-Chemical Properties of Soils.

A. The Analvsis of Agronomic-Spectral Data report describes the results of analyses
of LACIE Field Research Data, including the relationsuips of sgronomic and reflectance
characteristics of wheat cancpies, effect of cultural and environmental factors on
reflectance properties of vheat, and discrimination of wheat and other crops as a functlon
af wavelength band selection ard scquisitioa date.

8. The Field Measurements Data Management rcport descrides field research data bdarne
developed at LARS including the development of g--phical and statistical analysis softeare,
data processing softvare, and distribution of data.

C. The Multicrcp Supporting Field Research report describes the measurements of spectral
characteristics of corn and soybeans and development of & multispectral Jata acquisition
system for fleld research.

D. The fourth report describes the objectives, experimental epproach, and inicial
results of a study of the relationships betwezn the reflectance and phrysical-chemical
properties of over 400 different soils

Bauer, M.E., L.F. Silva, R.M. Hoffer and M.F. Baumgaraner. 1977.
Agriczultural Scene Understanding. Final Report. Principal
Investigator D.A. Landgrebe. LARS Contract Report 112677, The
Laboratory for Applications of Remote Sensing, Purdue University,
West Lafayette, Indfana. 173 p.

Results of four investigations, all related to agricultural -emote sensing are
described. The four tasks are: (A) LACIE Field Measurements, (B) Thermal
Band Canopy Modeling, (C) Forestry Applications Project, and {D) Soil
Classification and Survey.

A. The LACIE Field Measurements project report describes the rationale
for the experiment, the data acquisition, processing, and storage/retrieval
by LARS. Results of the sensor correlatfon and data verification studies are
discussed, along with the rationale and procedures for calibration of reflec-
tance measurements. Analytical results of initial analyses relating spectral
and agronomic measurements are described. The report concludes with recom-
mendations for future field measurements investigations.

B. The Thermal Band Canopy Modeling results demonstrate the relationship
between geometric parameters of wheat canopies, environmental variables, and
radiance temperature.
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C. The Forestry Application Project report descr bes investigations of
1) the acceptability of Landsat area estimates as inputs to forest inventory,
2) definition of an efficient and cost effective method of developing optimal
Landsat training statistics for mapping forest cover, and (3) a comparison of
five different classification techniques in terms of cost, accuracy, and output

products.

D. The Soil Classification and Survey report describes the results of
(1) field experiments relating spectral reflectance measurements to dark and
light soils at two surface moisture levels and two amounts of surface residue,
and (2) classification for soil survey of multiple dates of Landsat data

covering the same scene,

Colwell, J.E. 1974, Grass Canopy Bidirectional Spectral Reflectance.

Proc. of the 9th Int. Svmp. on Remote Sensing of Eanviron.

T<4( green, red, ani negr infrareg bicirecticnal reflectance
of 'gross! cannoies was  studred potn thecretiCally ang

empliricalNy, 1N ortur (O Zetermine tne fessidility €f using
remote sensing technitues tD assess the straing Diomas  of
grassicngs. The ‘'nvest:igaticn gnox@3 tN3! the Optimum

speztral Sancs for rprote det-rmination of stancing Dicmass of
grassiancs vary, des2 ging Hn such things as the type of
vegetat0-, the range 3f values of percent vagetdtion cover
present, the sO11 reflectance, and the 100k angle and solar
Zenvtn anj'e. NO s:n3)lc spectral Dang can Te considered to De
effective :n gl situntions.

Coulson, K.L. and D.W. Reynolds. 1971. The Spectral Reflectance of

Natural Surfaces. J. Appl. Meterology 10:1285-1295.

The amount of solar energy redected from various souls and types of vepetstion has been medsured 133
funcunn of sun eievation in six ciferent wavelength ranges .n the uitraviolel, visiLie ang near- nicires
regions of the specirum It is shown that there s s signifcant dedendence of refeciance on 2012 vareengln

1nd cievation of the sun for all suriaces Jor which Teasurements were mage.

2.64

v.

2:1061-1085.
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de Boer, T.A., N.J.J. Bunnik, H.W.J. van Kasteren, G.P. de Lloor, D. Uenk,
and W. Verhoef. 1974. Investigation into the Spectral Signature of
Agricultural Crops During their State of Growth. Proc. of the 9th
Int. Svmp. on Remote Sensing of Environ. v. 2:1441-1455.

Tne spattral signature f-rom 400 to 23C0 nm of 11 Ccreps  was

getermined at different prases of their growth. A
fielgccectrometer constructad according to a8 new principle ang
dev2lopea in the Netnerlands, was used. To reduce the numter

of !parama2ters that affect the directicnal reflectance of a
carsgy ith its' naturdal environment, the refiectanCe was
me2asured Hnly perpendiculariy te the field surface while using
an artifizial light source. The purpose of this investigation
was to Jetermine, sithin tne availaple atmospheriC wingows, .,
the spect™al nanas in which the cptimal drfferences Detueen
the! signatures >f gifferent croos auring their state of growth
could be neasurea. 13 refs.

Dirmhirn, I. and F.D, Eaton. 1975. Some Characteristics of the
Albedo of Snow. J. Appl. Meterology 14:375-379.

Spring snowcovers exhibit a substantial contribution of a specular component to their redection of solar
radiation. This anisotropy can be measured with radiometers with smail anerture, here with a TIROS
radiometer. Indicatrices thus determined are dependent on solar angle. Thev are of importance for inter-
preting albedo vaiues and for reducing air- or spaceborne retlectance daia taken under distinc: nadir angles.
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Duggin, M.J. Likely effects of solar elevation on the quantification
of changes in vegetation with maturity using sequential LANDSAT
imagery. Appl. Optics 16 (March 1977), 521-523.

Recent work has shown that green biomass can be related to ratio functions
of the radiance detected by the Landsat scanner in bands 7 and 5. The
vernal advancement and retrogradation (green wave effect) may also be

be observed from studies of these radiance ratios. The effect of the sun's
angle on reflectance properties has so far not been allowed for in

studies of sequential images, although a correction of irradiance to a
reference sun angle has been made in some cases.

The reflectance factor values and their dependence on solar elevation for
each bandpass were found to differ with variety. In general, MSS 7

showed a stronger sun angle dependence than MSS 5. For a change in solar
zenith angle from 30 degrees to 60 degrees, the MSS7/MSSS ratio varied
from 25 % to 50RX.

Earing, D.G. and J.A. Smith. 1966. Data Compilation of Target and
Background Characteristics, Target Signature Analyvsis Center:
Data Compilation, The University of Michigan, prepared for
Air Force Avionics Laboratory, Wright-Patterson Air Force Base,
Ohio, AD 489 968.

e



Eaton, F.D. and I. Dirmhirn. 1979. Reflected Irradiance Indicatrices
of Natural Surfcces and thefr Effect on Albedo. Appl. Optics
18(7):994-1008.

The indicatrices of solar radiation reflected from characteristic natural surfaces were measured with a Nitn-
bus Medium Resolution Radiometer (MRIR) 3 m above the ground. Resuits indicated that areas such as
salt and alkali flats had only smail deviations from isotropic reflections, while others such as sparsely vege-
tated areas had substantiai deviations. The indicatrices were strongly dependent on the sun angle: thus a
daily variation was found for most features. Typical indicatrices, normalized to nadir angle of zero degrees,
are presented along with their impacts on measured albedo, which varies with solar angle. Our results can
(1) improve surtace albedo considerations using space-generated data, and (2) serve as a more realistic lower
boundary condition for atmospheric transfer determinations based on space data.

Egbert Dwight D. and Fawwaz T. Ulaby. 1972. Effect of Angles on
Reflactivity. Photogrammetric Engineering. Volume XXXVIII,
No. 6. Pp. 556-564.

In planning remote sensing missions with multiband photography in the visible
and near-infrared regions, few investigators have ready access to the spectral
information needed to choose the appropriate filter combinations. A technique
has bean developed by which one may pre-test to determine the optimum filter
combinations and the feasibility of such a multiband mission. The test pro-
vides multispectral reflectivity curves not only for the targets or categories
to identified, but also for those backgrounds against which they are usually
encountered. The procedure incorporates a method for determining spectral
reflectance as a function of solar altitude, incidence look angle, and azimuth
1nok angle. This angular dependence of reflectivity can be significant and
might be used as an aid in detecting certain targets. It was found that for
one target-background pair (asphalt and grass) the contrast ratio can range
from 2:1 to 0.5:1 under different angle conditions.
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Fuller, S.P. and W.R. Rouse. 1979. Spectral Reflectance Changes
Accompanying a Post-Fire Recovery Sequence in a Subartic Spruce
Lichen Woodland. Remote Sensing of Envir. 8:11-23.

A sequence of burned surfaces aged 0, 1, 2, 25 and S0 vears was invesngated regarding changes in the spacmal
distnbution of reflected bght. Contois were introduced to isolate diurnal and seasonal effecss. The resuls show
graduaily increanng reflectance with incressing age of burn. With the establshment of vegetation a new set of
absorpeon and retiectance cnteria are established substantally aitenng the specwral charactesistics. The apparent
esfect of 2 muture forest canopy is ambiguous. Diffuse and overcast conditions reduce the redlectance for ail surfaces.
Further work is suggested to remforce resuits for surfaces with low sampling reglication.

Kalma, J.D. and R, Badham. 1972. The Radiation Balance of a Tropical
Pasture, I. The Reflection of Short-wave Radiation. Agric. Meteorol.

10:251-259.

Kanemasu, "E.T. 1974. Seasonal Canopy Reflectance Patterns of Wheat,
Sorghum, and Sovbean. Remote Sensing of Enviromnment 3:43-47.

Reflectance characteristics of agronomic crops are of major importance in the energy exchanges of a surface.
In addiion. unique reflectance patterns may he an aid 1n crop :denttfication by means of remote tenving Qur
study sugyests that the ratio of the reflectances of the $45.am to the 655-am wavebands provides informauon
about the viesed surface regardless of the crop. The reflectance rano s less than unmity earls and late in the
prowing season For all erops studied, the rauo closely followed crop growth and deveiopment and spreared to
be more desirable than the near-rnfrared reffectance as an index of growth.
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Kimes, D. S., J. A. Smith, and K. J. Ranson. 1979. Interpreting Vegetation
Reflectance Measurements as a Function of Solar Zenith Angle. NASA
Technical Memorandum 80320. NASA Goddard Space Flight Center. 29 p.
(Also submitted to Photog. Eng. & Rem. Sens.)

An understanding of the behavior of vegetation canopy reflectance as

a function of solar zenith angle is important to several remote sensing
applications. Spectral hemispherical-conical reflectances of a nadir
looking sensor were taken throughout the day of a lodgepole pine and

two grass canopies. Mathematical simulations of both spectral hemispherical-
conical and bi-hemispherical reflectances were performed for two theoretical
canopies of contrasting geometric structure. These results and comparisons
with literature studies showed a great amount of variability of vegetation
canopy reflectances as a function of solar zentih angle. Explanations

for this variability are discussed and recommendations for further measure-
ments are proposed.

Kondratiev, K. Y. Z., F. Mironova, and A. N. Otto. 1964, Spectral
Albedo of Natural Surfaces. Pure and Appl. Geophysics 59:207-216.

Summary « The short description of the field distance installation for measuring spectral
wwde as relation of semi-sphencal fluxes of reflected and inecoming radiation s made Data on
e measarenients of spectral albedo in the wavelength range from 450 to 950 m: for different
aatural suriaces are given,
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Large Area Crop Inventory Experiment (LACIE). Crop Spectra from LACIE
’ Field Meagurements. NASA. Lyndon B. Johnson Space Center, Houston,

Texas 77058. March 1978. LACIE-00469, JSC-13734.

The LACIE Field Measurements project has acquired and assembled one
of the most comprehensive data sets for agricuitural remote sensing research.
The purpose of this document is to briefly describe the data sets and to
introduce potential investigators to the spectral data through a series of
examples illustrating major sources of variation in the reflectance of wheat

and several of its confusion crops.

Requests for further information or data should be addressed to:
Chief, Earth Observaz:ons Division
Mail C;de SF
NASA - 'Johnson Space Center

Houston, Texas 77058



Middleton, W.E.K. and A.G. Mungall. 1952, The Luminous Directional
Reflectance of Snow. Journal of the Optical Society of America
42(8):572-579.

By means of a specnily constructed portab’e goniophotenieter ke
Siaces of smow was measgred during the wnter of 1931 1932, Whe . anm!
shan others, ail - Soacd mach oo calar sedection at g A=t (dence An e the ty
of the epvuatir selectina is given and its results enrmipared with ovp it Phe exper=icat:d Dt that the
jle of mavimum retlectance is greater thaa the angle of incidence is explured Ly the theury.

searly

Monteith, J. L. and G. Szeicz. 1961. The Radiation Balance of Bare
Soil and Vegetation. Quart. J. Roy. Meteor. Soc. 87: 159-170.

incaming stort-wave raciauon S, reflected saort-wave racaation 1 8 and net radiauon R were measurec
over zare soi and crops from 1957 0 1939, and net iong-wave raciation (L. was decuced irom

Rm(l—=2)S=1L

For grass, 3 incrzasec ‘rom 0-23 st solar eievation 60° 2o 9-23 at 207 wath Saiv mean )26, Fzr tare s,
the carresponcing increase was frem J-16 0 )-19 wita mean O-17. la mud-Jure. L lor zare soii decreased
from ~ )1 caiem=! mun=' dunng the night 10 — 0+ cal em=f mia~t in the early aiternoon. For ong grass,
i August, the corresponding cnange was frem — 305 to = )22 emtimuntt Under clear saies the
ACSMUNG .ONG-WwivE OMTONENt varied MUCH less than ihe outgoINg CIMPOnen:, aNd mel fux L was Cicsely
related o surface temperature.

With 3 aeating cceicient ' 3 = = UL uR, tne observed linear depenzence <f R on I in tne atsence of
GOLC May 3¢ expressed as

=
Iy

Re3(1l=2(L=3) =L,

whese, formailv, R @ L, when 5 = ) For grass, sugar Seet and sotatoes. 3 v sev~een )-i3ang il aun
1V3LCA Which may Seperd a0 wind speed rather tDan 0N SIOP. . A€ Vaiue [Sf STV Dare son was nignes
{041} Decause tmcte wiy greater surface neaung.

Measurements JaGer Clear Saies and Jver grass at Cambridge anc Rew agree weil witn Rowmamsied
viiues 3 = )22, L, = ~ 59 ommiact. Cver Neoraska zrairie, 3 = )25, L, = = <3z, omeiar
{rom seiecied Jasemvations Junng Projects Great Pluns ang Prairte grass.
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Oliver, R. F., J. K. Berry, and J. A, Smith. 1975. A Portable Instrument
for Measuring Apparent Directional Reflectance. 0Opt. Eng. 14(3):244-7,

A portable battery-powered spectroradiometer has been constructed for the
measurement of the apparent directional reflectance of natural targets. A
silicon detector that is tripod mounted and positioned to monitor a
horizontally oriented reference panel determines the target irradiance. A
second detector for measurement of target radiance is mounted on the tripod
swivel head. Electronic switching provides alternate detector references
for the determination of apparent directional reflectance. Snap-on inter-
ference filters allow measurement in desired spectral bands. Equipment
calibration procedures are discussed and typical experimental radiation
data are given (12 Refs).

Rao, V.R., E.J. Brach, and A.R. Mack. 1979, Bidirectional Reflectance
of Crops and the Soil Contribution. Remote Sensing of Envir.
8:115-125.

Spectra of cereals. grasses. and com were measured repeateclv rom pretlowenng to earlv matunty. The bidirecuonal
and angqular aspects were mcre pronounced for a standing crop such as cereais oats) than for a chpped soxd. The
contnbuton of the sou to the total Aadiance and the amount of the total radiance were reduced bv 1 Jreater
percentage of ground cover. The effect of angular scattenng on radiance decreased with mutunty.



Smith, J.A., J.K. Berry, and F. Heimes. 1975, Signature Extension for
Sun Angle. EOD, NASA, JSC, NAS 9-14467, Final Report.

This is the second volume in a two-volume final report series for
srcject NAS 9-14467 sponsored by the Ear:h Observations Division, NASA/JSC.
-»ig report series summarizes the work covered between the period November
15, 1974, and November 14, 1975, The objectives of the project were to
.valuate the LACIE II table lock-up approach to sun-angle correction. Canopy
feflectance modeling was employed as a technique for evaluating sun-angle
signature extension.

Volume [ presents the multiplicative and additive ccefficient matrices
¢or a linear sun-angle correction approach. These coefficient tables are
calculated using either measured empirical canopy reflectance functions cr
rodel derived data. These values are then incorporated into an atmospheric
radiation transfer model. The dependence of the coefricient matrices on
crop stage, crop type, and canopy directional reflectance variations is

reviewed. Finally, a method for inferring leaf area index, an intrinsic

! scene characteristic, from canopy reflectance is discussed.

Volume II'presents the basic data and computer programs used in the
study; A brie% review of the radiometrie and geometric data collection
procedures is also given. In particular, two recent methods developed by
the investigators for determining plant geometry are discussed. These include
the Fourier diffraction and multiple view angle approach. The data compila-
tion consists of canopy reflectance, constituent reflectance, Leaf-Area-
Indices, and leaf slope distributions for four wheat crop development
stages at Garden City, Kansas.
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Steiner, D. and T. Cuterman 1966. Russian Data on Spectral Reflectance of
Vegetation, 3011 and Rock Types. University of Zurich, Switzerland.
Final Technical Report.

Tucker, C,J., J.H. Elgin, Jr., and J.E. McMurtrey, III, 1979. Relation-
ship of Red and Photographic Infrared fpectral Radiances to Alfalfa
Biomass, Forage Water Content, Percentage Canopy Cover, and
Severity of Drought Stress, NASA Technical Memorandum 80272,
NASA/Goddard Space Flight Center, Greenbelt, Maryland., 14 p.

(Also submitted to Remote Sensing of Envir.)

Red and photographic infrared spectral data were collected using a
hand-held radiometer for two cuttings of alfalfa. Significant linear
and non-linear correlation coefficients were found between the spectral
variables and plant height, biomass, forage water content, and estimated
canopy cover for the earlier alfalfa cutting. The alfalfa of later
cutting experienced a period of severe drought stress which limited
growth. The spectral variables were found to be highly correlated with
the estimated drought scores for this alfalfa cutting.



’ Pusi ey oug @ui Smd Gmd Gam sy ewl @ud Gy vy Gy Gum SuE BN NS SNy N "

Tucker, C.J., B.N. Holben, J.H. Elgin, Jr., and J.,E. McMurcrey, 1lII.
1979, The Relationship of Red and Photographic Infrared Spectral
Data to Grain Yield Variation Within a Winter Wheat Field,

NASA Technical Memorandum 80318, NASA/Goddard Space Flight Center,
Greenbelt, Maryland. 22 p.
(Also submitted to Photog. Eng. & Rem, Sens.)

Two-band hand-held radiometer data from a winter wheat fileld,
collected on 21 dates during the spring growing season, were correlated
with within field final grain yield, Significant linear relationships
were found between various combinations of the red and photographic
infrared radiance data collected and the grain yield. The spectral
data explained approximately 65X of the within field grain yield
variation, This variation in grain yield could not be explained using
meteorological data as these were similar for all areas of the wheat
field., Most importantly, data collected early in the spring were highly
correlated with grain yield; a five~week time window existed from stem
elongation through antheses in which the spectral data were most highly
correlated with grain yield; and manifestations of wheat canopy water
stress were readily apparent in the spectral data.

Verhoef, W., and N. J. J. Bunnik. 1976. The Spectral Directional
Reflectance of Row Crops. Part 1: Consequences of Non-Lambertian
Behavior for Automatic Classification. Part 2: Measurements on
Wheat and Simulations by Means of a Reflectance Model for Row Crops.
Tech. Rept. No. NIWARS-PUBL-35. Netherlands Interdepartmental
Working Group on the Application of Remote Sensing, Delft.

Ab3tract: The wne=lay2r Suits moce) for canchy reflellance was
applied 12 cimulste & multispectral gcenming  fligat’ over an
agricuttursd ares. Non=Lampertian Lehavior Rlalo]
misciassification were $tudi1eC on thney Dasis Of unp-oCessed ang

preprocesse’ data from the reflectarce simuiztions. A neas
exgar rental -~=ccel for the Ccaliculatior ©f the Cirectignryl
refieciance cf rows Crops. Dasea on (Me gne-la,er Su:'ts moce!,
ts prescenrted. Trig model was ApPited 20 &:'MLIata reasL-emants
of the foDec:~8! directicnal retlectance on mecranically sowed

wr@at at several grow.th 3ta3C8 'n tne summer of 1074, n
general, npul ard outpul cata of coth mode! anc fie'd ocata
auree wel!, Sppcyular reflect:on at lsaves, NOt 'neorporated in

the present moue!, 2ccears to te 3 8 gnificant faciour ¢or crep
reflactanie.
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MEASUREMENTS

C. PLATFORM

(AIRCRAFT AND SATELLITE)

16 references
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Brennan, B. 1969. Bidirectional Reflectance Measurements From an Air-
Craft Over Natural Earth Surfaces.

63564; X-622-69-216.

Tech. Rept. No. NASA-IM-X-
National Aeronautics and Space Admin.
Goddard Space Flight Center, Greenbelt, MD.




Brennan, B. and W.R. Bandeen. 1970. Anisotropic Reflectance lharacter-
{stics of Natural Earth Surfaces. App'. Optics 9(2):405-412.

The pattern= of reflection of solar radiation from cloud, water, aned land surfuces were measured with an
arcraft-borne medium 1esolution radiometer.  Leflectances in the 124,004 and 0.55=0.85=u portions of
the electromagnetic spectrin were investigated.  Desults indicate that the reflectance characteristics of
mo=t of the surface tvpes mensired are amsotropic.  The anisotrmpy is dependent on the type of snrfuce
and the angler of imaidence aud reflection.  In general. the an-ciropy increa-es with increasing <vlar
zenith angle.  Clouds and forests show «<imilar reflertance patternv, with forward and backwapi ~catter-
ing peaks. cean «urfaces vield a pattern similar 1o thuse of the clouds and {orest< but with an additional
peak which is associated with -un giitter. [leflectances measured in the 0.2-4.0-4 hand are generally
lower than thase in the 0.33-0.853-4 band under cloudy condinons.  Anisvtropy and spectral bandwidth
~honld be accounted for when computing the aibedo of the earth from narrow field-of-view measurements
freaa «atelliter; utherwise, large errurs may be expected to necue,
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1 Couison, Kinsell L. 1966. Effects of Reflection Properties of Natural
Surfaces in Aerfal Reconnaissance. Applied Optics 5(6):905.
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Duggin, M.J. 1974. On the Natural Limitations of Target Differentiation
by Means of Spectral Discrimination Techniques. Proc. of the 9th

Int. Svmp. on Remote Sensing of Eaviron. v. 1:499-513,

Tne pap?r gescrices work Jirected a: datermining (72 minimum
different2s in Jdeotezt2d target ~agiances recessary 1O e«coeu

neibe at tme - cetestar. - This is c2uses Dy atmosonerc
fluztuatibns asross the scane ang v variations in directiona!
reflectance acrass tne target surfzce, Cniy wnen agetected

radiance differences exzeed this noisa can terrain
classification Qe unamoiguous. For tne atmospheric variations
whikbn measured and for tuo typical target radiance values
whikzh lie within the range measured, the minimum target
radiance Jiffererce between single rcixels in each of wo
tarzots ‘nust exceed 20% of tne smaller reflected ra2diance
valye for meaningful target differentiation of pairs cf
pixeis. )

Gushehin, A.N., S.G. Slutskaya, and B.I. Shkurskii. 1977.

Investigation

of tne Spatial Structure of Terrestrial Luminance Fields. Sov. J.

Opt. Technol. 44(6):327-330.

The sutocorrelation funciwns sad hotograms of the one<dimensional luminance disiributione of certais
tenram and cloud types aie oblaned and approximaied in the 0.5-i.1 and 0:-11.5 um spetnal

mtervals for observations at altstudes of 2000-5000 m witk . ground resolution of 25~50 m.



Hauth, F.F. and J.A. Weinman. 1969. Investigation of Clouds Above Snow

Surfaces Utilizing Radiation Measurements Obtained from Nimbus II

Satellite. Rem. Sens. Environ. 1(1):7-11.

Bicdirectional ref!2ctance of solar raliation as function of
scattering angles frcm snow  and cinud surfacoc is foung to
giffer ma~ked!v; vasiaticn of hidirecticnal nyflgctance with
scatterinyg angle uerends on cloud thickness: infrzred
tenceratune ¢ata oJtirned from same reqion  are  u3ed  in
conyunctiBbn  wih th23> otservctions to provige information on
cha~acterist:'cs of z1o.ds !Scated avcve srow surfaces: Nimnus
Il Medium Reso'ution Hata arz used to i'lustrate row such data
provide iaforration on clcuds atcve snce surfaces. 9 refs.

Hoffer, R.M. and Staff. 1974. An Interdisciplinary Analysis of Colorado
Rocky Mountain Environments Using ADP Techniques. Final Report.

LARS/Purdue University. Contract No. NAS5-21880.

Thicicpott desaribes the signific it results of o two year intadisaplinay stady in-
volving the use of compuier-aided analysis techniques applicd 1o ERTS ) MSS data ol
lected over tugged mountinous tarrain in southwestan wnd cenoal Colerado. These
rosults invalve five spccxﬁt‘hrcns of research, indluding: 1) Eculogical Timventory, with
cipit isis on the utilization of ERTS duta and compurter-aided analysis wechniques for
{crest cover mmapping and acreage astimates; the results also inciude a cest anahysis; 2
Hydrological Features Survey involving the capabiiity for utilizing ERTS to monitor
the ¢hange in snow cover and inventory water bodies; 3) Geomorphological Features
Survey. with a discussion on the utilication of ER TS duta in combination with ancii-
Ly information: 1) Interpretation Techniques, discuwsing the concepts of modeling
topographic relief in order to be able to develop hetter anulvsis procedures: and 3) Data
Collection Platform. a 1€\iew of thz operations of a DCP under wdverse chimatic condi-
ttons.

A section is devoted to a leige number of specific results and conclusions of signif-
cance, and recormmendations for furure arth observational systems.
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Kriebel, K.T. (1974), The spectral reflectance of a vegetated surface.
Part 1: Method and application, Contr. Atm. Phys. 47, 14

Summary: A method is presented to compute the spzctral bidirectional reflectance distribution function
from the reflected and incoming radiation ficld with consideration of the spectral sky radiation This method
is applied to a vegetated homogeneous surface. With an eight channel radiometer the angular distribution of
the spcetral radiation field of a savannah ncar Tsumeb, Southwestafrica, is measured in the spectral range
from 0.4 um to 2.2 um by means of an auplane.

The spectral bidirectional reflectance distribution function and the spectral albedo of the savannah ate
determined. The anisotropy of the bidirectional reflectance distribution function 1s mostly due to shading
effects at the surface. Generally the sky radiation cannot be neglected in relation to the sun raaation. If the
sky radiation 1s distinctly smaliler than the sun radiation, the assumption of isotropic sk radiation s justified
whereby the determination of the bidirectional reflectance distribution function becomes simple.

Kriebel, K.T. 1976. On the Variability ot the Reflected Radiation
Field Due to Differing Distributions of the Irradiation. Remote
Sensing Environ. 4:257-264,

The directional reflected radiation of natural surfaces mav change even if nothine save the
distnihbution of the irradiation over the hemisphere varies This is due to the angular anisotropy of
the refiection properties of natural surfaces. The ouantitative determination of s effect 1o [our
Jiiferent vegatated surfaces is the aim of this investigation In this paper, resuits [or the first of the
four surfaces. 3 savannah, are shown. The directional refiected rodiation may oiange by = 170 per
degree change of the solar zenith angle and by £ I'T per 670 change of the spectrul atmospheric

-

turhidity factor at 0.5 2 um.
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Kriebel, K.T. 1978. Average Variability of the Radiation Reflected by
Vegetated Surfaces due to Differing Irradiations. Remote Sensing
of Environ. 7:381-83.

The uver:ge vaniabdify of the reflected radiation field due to differing 4..tntutiens of the irradia-
ton 1n case of a savannzh was givea in a previous paper In this paper, equisalent results are gven
for three more surfaces: bog, pasture land, and comferous forest. Because the results ure rather
sindar, mean values for vegetated surfoces can be denved. They indicate a chunge of “xe reflzcted
radiance by + 1% per degree change of the solar zemith angle and per 107 changs of the aptic
Jepth of e at.—\osphue

Kriebel, K.T. 1978. Measured spectral bidirectional reflection
properties of four vegetated surfacec. Appl. Optics 17(2):253-259.

Spectral bidirectional reflactance values are presented at the 0.52.um wavelength based on measured values

of the radiation field of four ‘egetated surfaces: savannah, bog, pasture land, and conilerous forest, which
cover a wide range of natural ve,stated canopies. The results are given as exampies of the full set ot Sicirec.
tional reflectance values which co.‘sisu of data at seven wavelengihs between 0.43 .m and 2.20 . m for each
of the four surfaces, (From July 19°7, the fuli set of data is available from the author on request.) The data
may be applied for calculations of t} e radiative transfer in the atmosphere with ruhsm: ground properties
instead of isotropic albedo values.



V.V. Salomonson (1966), Anisotropy of reflected solar radfation from
various surfaces as measured with an aircraft-mounted radiometer.
Proc. 4th Symp. Remote Sensing Environ., University of Michigan.

p. 393.

In the past few vears, research has been done with satellite-mounted
radiomneters to determine terrestrial albedos and planetary heat balance.
[nthese studies the reflection of the solar radiation was assumed to be inde-
pendent of wavelength and isotropic. Using these assumptions, the satellite~
deterrnined values of planetary albedo have been found to be consistently
low. In an effort toward resoiving this discrepancy, the NIMBUS medium
resoluticn radiometer has been mounted on a Piper Twin Comanche and used
to measure the anisotropy of reflected solar rad:ation {rom various sur-
faces. By {lying over a surface using a prescribed flight pattern and the
scanning characteristics of the radiometer, the var:ations in the reflected
radiation in dilferent directions, radiometer zenith angles, and solar zenith
angles have been measured. The results show strong forward scattering
over stratus clouds at a large solar zenith angle. Bacxscattering predomi-
nates over a grassland suriface at a large solar zerith angle. The ratio of
.averaged observed refiectance to mimumum observa2d reflectance varies
from 1.09 to 1. 40 depend:ng on the bandpass and rhe reilecung surface.

Salomonson, V.V. and W.E. Marlatt (1968), J. Appl. Meteorol.

7, 475-483.

Anisotropic Solar Reflectance over White Sand, Snow and Stratus Clouds.

ke surface oS
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Salomonson, V.V. and W.E. Marlatt. 1971. Airborne Measurements of
Reflected Solar Radfation. Remote Sensing Environ. 2, 1-8.

In a study contributing to berter sateilite determinations of tae earth-atnosphere radiatise heat budget,
measurements gf the directional vanation in reflected soiar radiation over sotis and vegetation have teen made
4sing an aircrartborne scanning radiometer with 2 field of view of 50 mrag. Bidireciionai redec:ances were
Qbserved n w0 poruions of the solar spectrum (0.2—=.0 . and 0.55-0 85 L) at times when the solar 2snuth angle
was between 557 and 80°. Fiights were made over a dry desert lake ted devoid of vegetation, a scii surtace
:ovgred by short grasses, and a densely vegetated surface. The resuits show aaisotropy in che rafected soiar
r;dnatxon over each of the surfaces. The iargest sidirectional redeciances were observed in the hachscatienng
directions (at angles greater than 90° io the direction of the tncident radiation). Over the drv dssest lake bed,
higher bidirectional reriectances were ooserved in the 0.55-0.85 4 Sandpass than i the 0.2—.0 « pangpass.
however, over tne densely vegetated surface the larger reflectances were observed in the D.2— 0 « banddass.
The overall resuits support suggestions that crog .dentification and radiauion tudge: :c:emxnat;ons are
possible over iarge agricultural areas througn appropnate speciroradiometric measurements irom sate:lites.

Schutt, J.B. 1977. Understanding Bidirectional Reflectance and
Transmission for Space Applications. IN: Standardization in
Spectrophotometry and Luminescence Measurements. K. D. Mielenz,
R. A. Velapoldi, and R. Mavrodineanu (Eds). Nat. Bur. Standards
Publ, Washington, D. C. 2:87-93.

Applications for optical diffusers in space projects are presented which
include the functions of reflection, transmittance, and collection. These
modes encompass such diverse uses as temperature regulation and ozone
concentration monitors. Discussed is the cooperative aspect of diffuse
reflectance and environmental stability. Magnesium oxide, sodium chloride
and barium sulphate are evaluated in some detail. The importance of scene
scattering behavior to modeling the earth's radiation budget and in deter-
mining thermal .nertias of the earth's surface are discussed. Finally,
work in the area of canopy reflectance modeling is reviewed with verifica-
tion data included whenever available.
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Smith, J. A., T.L. Lin and K.J. Ranson. 1979. The Lambertian Assumption
and Landsat Data. Submitted to Photog. Eng. Rem. Sens.

Analysis of terrain geometric effects on the optical scattering
properties of Pinus ponderosa as measured by the Landsat multispectral
scanner has been performed. A mountainous study site in Colorado was
utilized in which effsrtive view angles between the surface normal
vector and the zenith satellite sensor angle ranged between O and 45°.
Effective illumination angles between the surface normal vector and
the sun at image acquisition ranged between 30 and 80°,

Seventy-six sample points of similar cover density and type were
selected within the study site. Topographiec slope, aspect, and calcu-
lated incidence and exitance angles were merged with the multispectral
Landsat response for MSS bands 4, 5, 6, and 7. Regression analysis
was applied to the data in order to fit a generalized photometric
function., The slope of the regression line may be compared to the
expected value for Lambertian scattering and a test of significance
perfcrmed. At the 95% significance level, the Lambertian assumption
for ponderosa pine Landsat responses was rejected.
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APPLICATIONS AND TECHNIQUES

14 references
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Coulson, K. L. and H. Jacobowitz. 1972. Proposed Calibration Target
for the Visible Channel of a Satellite Radiometer. Tech. Rept.
NOAA TR NESS 62. U.S. Natfonal Oceanic and Atmospheric Admin.,
Nat. Environ. Satellfte Serv., Wash., D. C. 27 pp.

ABSTRACT. A method is propcsed for calibrating the
visible channel of a satellite radicmeter from crbit
by using a sunlit area on the earth's surface as a
calibration target. Tor a highly reflective surface
and solar elevations of 30° or greater, the deminant
cempenent of the intensity of radiation direzted out-
ward from the top of the atmosphere is attributable
to incident solar radiation which is transmitted
directly downward thrcugh the aimosphere, reflected
from the surface, and transmitted directly back out
through the atmesphere. Aside frem the solar corstant,
the only parameters that must be known to determine <this
dominant intensity ccmponent are the directional
reflectance of the surface and the cptical thickness of
the atmosphere. Bcth can be measured directly with the
‘proposed instrumentation. The intensity ccrporents
rising from diffuse transmission or backscatter can be
‘determined by measuring the glcbal flux incident at ihe
surface and applying radiative transfer theory for
realistic models of the turbid atmecsphere cver the
calibration site. A single filter instrument for th
reasurermeat of the glodbal flux is suggested. A prelin-
inary survey indicates that the white gypsum sand of
the “hite Sands National Monument, N. Mex., may be the
most suitable calibration target within the United
tates. If a suitable surface obse:svation station ceould
be established, ancther very attractive pcssibility is
the Solar de Tyuni, a large salt flat at an altitude
of 12,000 feet in Bolivia.
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Egbert, D.D. 1977. A Practical Method for Correcting Bidirectional
Reflectance Varfations. Symp. Proc. Maciiine Processing of Remotely
Sensed Data 178-189.

The purpose of the investigation described here was to analyze angular
bidirectional reflectance variations and test the hypothesis that first order
variations could be described from a consideration of shadows created by

surface perturbations. The results reported here demonstrate the validity

of this approach, and while it is not suitable for calculating absolute spectral
reflectance characteristics, the development of such a model was not the
objective of the investigation since other models already exist for these
calculations. Instead, a model was needed which can make relative angular
corrections to bidirectional reflectance measurements independent of the

details of surface geometry. The theoretical model derived in this investigation
from an analysis of shadow formation is such a model, )
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Holben, B. N. and C. 0. Justice. 1979, Evaluation and Modeling of the Topo-
graphic Effect on the Spectral Response from Nadir Pointing Sensors.
NASA Technical Memorandum 80305. NASA Goddard Space Flight Center,
Greenbelt, Marvland 20771. 19 p.

A field experiment using a hand-held radiometer was designed and conducted
to assess a simple theoretical incidence model for simulating the topo-
graphic effect of a uniform sand surface. Seven data sets were taken to compare
effects of solar elevation and azimuth encountered at different times of
year, Analysis of these data showe.! considerable variation in radiance
values for different slope angles and :spects and that these values varied
considerably with changes in solar elevation ard azimuth.

A model to simulate lLandsat sensor response was applied to two subsets of
the field data to establish the magnitude of the topographic effect on
satellite data. A range of 35 pixel values was obtained for the high solar
elevation data subset, showing that a wide range of pixel values can e
assoclated with one cover type due solely to variations in slope angle

and aspect.
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Horn, B. K. P. and Brett L. Bachman. 1978. Using Synthetic Images to
Register Real Images with Surface Models. Communications of the

ACM 21(11):914,

A number of image analysis tasks can benefit from
registration of the image with a mode! of the surface
being imaged. Automatic aavigation using visible light
or radar images requires exact alignment of such
images with digital terrain models. In addition,
automatic classification of terrain, using satellite
imagery, requires such alignment to deal correctly with
the effTects of »arying sun angle and surface slope. Even
inspection techuliques for certain industrial parts may
"« improved by this means.

We achicve the required aiignment by matching the
real image with 2 synthetic image obtained {rom 2
surface model and Known positions of the light sources.
The synthetic image intensity is calculated using the
reflectance innp. & convenicnt way ol desenbing surface
reflection as a function of surface gradient. We
illustrate the technique using LANDSAT images and
gigital terrain modeis,

Key Words and Phrases: image registration,
syathetic imzges, surfuce models, autonutic hill
shading. digital terrain models, image transfurmation,
image matching, shaded images

CR Cuategories: 3.63, 3.11, 3.14, 8.2. 5.83
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Jackson’ R. D.’ Ro J' Rﬁginlto, Po Jo Pintel‘, Jr., lnd S. Bc IdSO. 19790
Plant Canopy Information Extraction from Composite Scene Reflectance
of Row Crops. Accepted for Publication in Applied Optics.

As an aid in the interpretation of remotely sensed data from row crops
with incomplete canopies, a model was developed that allowed the calculation
of the fractions of sunlit soil, shaded soil, sunlit vegetation, and shaded
vegetation for each resolution element in a scan of a remote sensor for a given
set of conditions (plant cover, plant height/width ratio, row spacing, row
orientation, time of day, day of year, latitude, and size of resolution
element). Using measured representative reflectances of the four surfaces,
composite reflectances were calculated as a function of view angle. Also,
representative temperatures for each surface were used to simulate composite
temperatures viewed by an infrared scanner. With composite reflectances and
temperatures known as a function of view angle, ways were explored to extract
plant cover and plant temperature data from the composite data.

Kauth, R.J. and G.S. Thomas. 1976, The Tasselled Cap--A Graphic
Description of Spectral Temporal Development of Agricultural
Crops as seen by Landsat. Proc. Symp. on June 29-July, 1976.
Purdue University, West Lafayette, Indiana. Machine Processing
of Remote Sensing Data.

ultispectral scanner Zata are potentially usefl Ina
variety of remcte sensing applications.  large-acea surveys
gl earth rescurces carried sut Ty automated meosgilition
precessing of these dats are partitularly opomtant.
Zowever, tThne practical reasizaticn of sucth swveys ls
Limited Dy a variablllty &in the scamner gtignals Tnatl results
9 preper recogiition ¢of the Zata. This peper ilscusses
~ays oy wnich fome of this ariatility can ce remcved from
Tre 22%a by preprocesying with resiltant lmpreverenis 0
recIgnilion resuts,

(S
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Koepke, P. and K.T. Kriebel. 1978. Influence of Measured Reflection
Properties of Vegetated Surfaces on Atmospheric Radiance and {ts
Polarization. Appl. Optics 17(2):260-264.

Puscdon measured values of the epectral bidirectional reflection functicns of four segetated ~urfaces, the in.
Nuvnce of their angular anisotropy on the upward and downward emerging radiance and ite polarization 1s
calculited. By tacans of a realistic model of the atmosphere and with the assumption of completely depalar.
izieg reflection properties of the surfaces, results are obtained in dependence of wavelength and solar zenith
ang'e. The angular anisotropy influences considerably the upward emerging radiance. On the degree of
petariztion and on the downward emerging radiance the anisotropy has nex!';:/hle to smail influence. Due -
1o the angular anisotropy of the reflection propertics the spectral alhedo depends strongly un the < lar senith
angle. This in%iences upward and dusnward radiance as well as its degree of polarization. Therefore, fur
the interpret=tion of radiation measurements, those spectzal albedu values shonid he used which correspund
to the respective sotar zenith angle.  Thig it essential especially at longer warelonigthe shere segetated sur-
faces huve high spectral allndos,

Lambeck, Peter F. 1977. Signature Extension Preprocessing for Landsat MSS Data.

Final Report, NASA CR-ERIM 122700-32-F. Environmental Resear:h Institute
* of Michigan. 74 p.

Current signature extension preprocessing tecnricues which have bveen
developed or invescigated at ERIM are presented. The discussion covers the
underlying theory for the preprocessing, the development of haze corrsction
algorithms (specifically XSTAR and XBAR), the drvelopment of an automatic
screening procedure to detect garbled data, clouds, snow, cloud shadows,
and water in Landsat MSS data, results from tests of the preprocessing
performance, some analyses of soil color effects in Landsat data, and
conclusions and recommendations for future developments in preprocessing.



Malila, W.A., R.H. Hieber, and J. E. Sarno. 1974. Analysis of Multi-
spectral Signatures and Investigation of Multi-aspect Remote
Sensing Techniques. ERIM 190100-27-T, Environmental Research

Institute of Michigan. 112 p.

Two major aspects of remote sensing with multispectral scanners (MSS) are in-
vestigated. The first, multispectral signature analysis, includes the effects on clas-
sification performance of systematic variations found in the average signals re-
ceived from various ground covers as well as the prediction of these variations with
‘theorctical models of physical processes. The foremost effects studied are those
associated with the time of day airborne MSS data are collected. Six data collection
runs made over the same flight line in a period of five hours are analyzed; it is found
that the time span significantly affects classification performance. Variations asso-
ciated with scan angle also are studied. ‘

The second major topic of discussion is multi-aspect remote sensing, a new con-
cept in remote sensing with scanners. Here, data are collected on multiple passes by
a scanner that can be tilted to scan forward of the aircraft at different angles on
different passes. The use of such spatially registered data to achieve improved clas-
sification of agricultural scenes is investigated and found promising. Also con-
sidered are the possibilities of extracting from multi-aspect data, information on the
condition of corn canopies and the stand characteristics of {orests.
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Malila, W.A., R.H. Hieber, and R.C. Cicone. 1975. Studies of Recog-
nition with Multitemporal Remote Sensor Data. Final Report,
ERIM 109600-19-F. Environmental Research Institute of Michigan,
The University of Michigan, Ann Arbor, Michigan. 99 p.

Characteristics of multitemporal data and their use in recognition processing
was investigated. Principal emphasis was on satellite data collected by the LANDSAT
rultispectral scanner (MSS) and on temporal changes taroughout a growing season. The
motivation for the studies was LACIE . Since multitemporal LACIE data wera not
available for the study, CITARS data were used instead, with corn and soybeans as
the rmajor crops and a small amount of winter wheat.

Three studies are reported, The first is of the effects of spatial misregis-
tration on recognition performance with multitemporal data. A new capability to
compute probabilities of detection and false alarm was developed and used with simu-
lated distributions for misregistered pixels . A two-time-period case was sinulated
in tnis initial study. Wheat detection was found to be degraded and false alarms
increased by misregistration effects. Recommendations are made for continued analysis
of this problem in LACIE applications .

L]

The second study was of multitemporal signature characteristics and multi-
temporal recognition processing and was tade to gain insights into problems asscciated
with this approach and possible izprovecents. Empirical and simulation studies of
signatures showed subscantial variability within some cover classes. Recognition
performance with one multitemporal data set did show marked improvements over results
from single~time data, especially for crop proportion estimates for full sections of
test data. Further investigations on LACIE data sets are recommended. Also
recormended are measurements of wheat reflectance characteristics.,

Thirdly, time of day effects on multispectral recogaition per-
formance were studied in aircrafc MSS data. Degradations associated
with the passige of time were fcund to be substantial but largely
correctable by signature adjustments based on average sijgnals over
the scene. Corrections based only on theorecical sun-angle correctioas
were inferior. Incidental to the reported study, calculations shewed
that the thermal channel wvas preferred for single-time recognition.
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Nalepka, R. F. and Jon D. Erickson, 1974. Investigation Related to
Multispectral Imaging Systems. Final Report, NASA CRERIM 190100-
46-F, Environmental Research Institute of Michigan. 188 p.

‘I'nis report contains A summary of technical progress made during a five-
vear research program directed toward the development of operational information
systems based on multispectral sensing ard the use of these systems in carth-
resource survey applications. Efforts were undertaken during this program to:

(i) improve the basic understanding of the many facets of multispectral remote
sensing, (2) develop methods for improving the accuracy of information generated
by remote sensing systems, (3) improve the efficiency of data processing and in-
formation extraction techniques to enhance the cost-effectiveness of remote sensing
systems, (4) investigate additional problems having potential remote sensing solu-
tions, and (5) apply the existing and developing technology for specific users and
document and transfer that technology to the remote sensing community.
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Ranson, K.J., J. Kramer, J, Kirchner, and J.A. Smith, 1978, Evaluation
of I1lumination and Terrain Geometry Effects on Spectral Response
in Mountain Terrain. Final Report. Volume II. Rocky Mountain
Forest and Range Experiment Station, U.S. Forest Service, Cooperative

Agreement 16-741-CA. 84 p.

An entensive analysis of terrain geometric offccts on the eptical
scattering properties of natural resource scene in mountainous terrain
has boen performed. Spectral reflectance measurements were cbtained

I3 < . oy - 3 :
for lodgepole pine, Jinus oovtorta, ponderosa pine, ?inus roudorcea,

. a

Russian clive, Ilezegius 2gustije 1

i, grass species, 42
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and Ir¢mus §sp., and snow.  Sensor platforms included ground-based
medsurements using acrial tramvays, aircraft rudicretric obscervations,
and satellite (Landsat) measurements. A wide range of effective view

and source illumination angles were recorded for the varicus targat/

Rogression analyses and photometric plots tire ~:de from the data
in order to test the La:be;tian assumption for the various nmaterial
types. In additicn a process-oricnted radiqcive transfer ~nodel was
applied to the data. This model was also used to evaluate initial
effects of background topogfaphic variations.

Results of this study indicate that, particularly in the
chlorophyll absorption band all materials exhibit non-Lambartian
beﬁgvior for effective zenith sensor or source angles greater than
60 degrees, but that for effective angles less than 40 degrees, the

Lambertian assumption may be valid. For stable atmospheric ccnditions

and constant phase angle the Minnaert relationship =zay be applied to



B,

i i e e

quantify scene radiance properties. The canopy reflectance model was

fqund to follow the general trends of the field measurements but over=

‘estimates infrared response. In order to adequately model tcpographic

influences or spectral response, canopy density variations must be

included.

Smith, J.A. and R.E. Oliver. 1974, Effects of Changing Canopy Directional :.
Reflectance on Feature Selection. Appl. Optics 13?7):1599-1604.

A Monte Carlo model was used to predict the mean apparent directional reflectance of » simulated plant
canopy and the covariance for seven wavelength channels in the visible portion of the spectrum. The
non-Lambertian spectral response from Boutcloua gracilis canopies possessing two plant cover densities
was simulated for two solar positions. The calculated spectral signatures as a function of look angle were
then analyzed using the divergence criteria to select the best two wavelength channels for discrimination.
These calculstions indicate that different combinations of wavelength channels are appropriate for vari-
ous sensor look sngles, that target signatures have greater statistical separation for some scan angles
than o hers, and that these effects are time varying.
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Struve, H., W.E. Grabau, and H.W. West. 1977, Acquisition of Terrain
Information using LANDSAT Multispectral Data. Report 1. Correction
of LANDSAT Multispectral Data for Extrinsic Effects. Technical
Report M-77-2. Mobility and Environmental Systems Laboratory,
U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS. 50 p. ..

This report provides an analytical capability for correcting the
spectral data, as received by Landsat, to radiance values at ground level.
Variations in the radiance valuves as influenced by atmospheric effects,
terrain geometry, and shadows are coupled together to forz a single equation
that converts the radiance values of images obtained at iifferent times to
a common datunm. ;
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BIDIRECTIONAL REFLECTANCE - DEFINITIONS
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Judd, D.B. 1967. Terms, Definitions, and Symbols in Reflectometry.
Journa) of the Optical Society of America 57(4):445-452

Angtar conditions of neidonee aze descritand 28 homisg B ddeal, eanical, or dircetivnal; the cance adjoctives
are ured to descrile the angutae conditions of collection. This elassification of angular conditiong Iaads to nine
Linds of 1eflectance; sy mbols for them are proposed in which 2¢, g, and 8, ¢ refer to hemispherical, conical,
and dircetional incidence, 2w, ¢, and A, 8, rcfer to the corresponding Linds of collection. Use of the per-
feetly refecting mirror and of the perfectly reflecting diffuser as reference standards in reilectomairy is
dircuseed, Thive of the nine refectance rating, specimen 1o porfeet diffuser, in which the enlloetion s i
rectivial e 2leady been named e tance Qluminance] factar It is proposed to hiffereatinte thom by
ar gutar conhtion of ircidence TUis alio proposed to rante the other six ratios: reflciance factor qualifiad by
the same adjictives identifying the type of incidence and collection as are used for reflectance. The inter.
retationships of these 18 ¢oncepts are shown hath by formulas for computing one from another and by
Jiagrams indicating the process (intogration, summation, averaging, equality, refleetance of porfect difluser,
and reciprecity) by which values of nne cuncept may Le computed from these of ancther.

Kasten, F., and Raschke, E. (1974), Reflection and transmission termi-
nology by analogy with scattering, Appl. Opt. 13, 460.
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Nicodemus, F.E. 1964. Directional Reflectance and Emissivity of an
Opaque Surface. Technical memo. Rept. No. EDL-G266. Svlvania
Electronic Systems-West Mountain View Calif. Electronic Defense
Labs. 29 p.

Abstract: Concests, terminology, and symdols are presented for
specifying and relating cirecticnal variations in reflectance
ana eTi8sivity cf an ocpaaue surface element. Their
relati1¢cn3nip to more familiar CONCepts, including tnose of
perfectly ciffuse anc specular refleclance, is Qgiven, and they
are apoiied to illustrative exatoles., It is shown tnat, when
the usual reciprocity relationship noigs, the refieltance for
a ray fincicent on an csague surface element is ralated by
Kircnnoff's Law to the emissivity of that element for a ray
emitted al'ong the same !ine in the opposite sense. (Author)

Nicodemus, F. E. 1970. Reflectance Nomenclature and Directional
Reflectance and Emissivity. Appl. Optics 9 (6):1474-1475,
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Nicodemus, F. E. 1976. Comment on 'Current definitions of Reflectance'.
J. Opt. Soc. Am. 66(3):283-5,

In their recent paper, Spencer and Gaston (See Ibid., Vol. 65, P, 1129 (1975))
based their conclusions regarding one of the definitions on limitations which

do not in fact exist. The delta-function form of the bidirectional reflectance-
distribution ‘unction (BRDF) can represent a "glint" in any direction and f{s

not limited only to the case whure theta/sub v/=theta/sub I/ and PSI/sub v/=PSI/
sub/I +or-PI(RAD). The conceptual advantage of a completely general BRDF is
considered in relation to the whole continuum of directional distributions

which occur betweer the two extremes of only specular “"spikes" and totally
diffuse reflection (6 Refs).
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Nicodemus, F.E., J.C. Richmond, J.J. Hsia, I.W. Ginsberg, and T. Limperis.
1977, Geometrical Corsiderations and Nomenclature for Reflectance.
Natl. Bur. Stand. Monogr. No. 160. pp. 1-52.

A unifizg aonroach to the specification of refiectance, in
termg of both inzilent- and reflected=beam geometry, {3
presented. Nomenclature to facilitate thig eaod~nacn ig
pro%osed.’ Unger 1decifiog congitions S$E DASHE 1ncluaing

uniform iepzd ance, 3 vNifOrn, isatropts, plane turface, ans
allunance' for ' acom effects oue to subn-surfase scaltering »uiv
DASH: the georatrical reflecting prope~ties of 3 reflecing
surface a~e reslily 2~aracterized or specifiea in termg Of ne

bidirectiona!l reflectance~3ist~ibution function (BROF). Tre
BRDF is & cerivative, & distridbution function, relating cne
frragiance incigent from one given direction to its
contribution to' the reflectas radiance in andther girect:icn,
Nomenclature (toncepts. terms, symbols, ang units) fore.

catbgourizing ang specifying reflesztance aquantities - for a
variety 3f cifferent bear configurations (2oth incicent ang
reflccted Deans, is Cesc ibed, ang all are cefined ang
interrelated 1n terms Of tne BROF. 38 refs.

Self-study Manual on Optical Radiation Measurements. Part 1 - Concepts,
Chapters 4 and 5. F.E. Nicodemus, Editor. NBS Technical Note
910-2, U.S. Dept. of Commerce/National Bureau of Standards. 105 p.

1978,
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I. INTRODUCTION

This is the second part of a two part literature review of bi-
directional reflectance studies reievant to the Multispectral Resource
Sampler, the MRS. Part I contains an annotated bibliography of the
actual references reviewed and a brief discussion of the general theme
of the veferences. The material was subdivided into a discussion of:

1) Theor/ and Models; 2) Measurements - further broken dowr into lab-
oratory, field, and platform; 3) Applicaticns and Techniques, and;

4) Definitions. The purpose of this report, Part II, is to provide a
narrative commentary or synthesis of our current knowledge base as
evidenced from the literature review.

The theoretical base for predicting scene bidirectional refleciance
behavior for a variety of earth surface features resides in the radia-
tive transfer equations. During the past 70 years siganificant advanrces
have been made by both astrophysicists and atmospheric scientists in
ar~'ring, modifying, and experimenting with solution techniques for these
equations. These studies have been concerned with steller or planetary
atmospheres, including the earth's atmosphere. There has been treinendous
diversity and ingenuity evidenced by the various investigations in adapting
radiative transfer techniques to various specialized cases. In contrast,
when one searches for a similar breadth of activities which focuses on
the application of radiative transfer theory to the study of such eart
features as forest canopies and crops, there is almost an embarrassing
lack of activity, Probably, this is a recognition of the difficulty

of specifying the appropriate phase function in both a sufficient and
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tractable manner and further, performing the necessary measuremerts to
determine the phase function. That is, in adadition to the difficult
mathematical problem of solving systems of non-linear integro-differential
equations, there is a physics or biological problem of characterizing
phase functions for individual trees, groups of trees, and so forth which
themselves are of distributions of such scattering elements as
needles, twigs, understory and so forth. There is then the additiognal
problem of performing the actual measurements required to characterize
the geoma2tric and c¢ptical properties of the scatterers. Traditional field
methods for doing this are totally inappropriate and time consuming.
Thus, there is a wealth of material developed by atmospheric scientists
and others which can be drawn upon to assist us in solving the mathematical
radiative transfer problem for earth surface features. However, the
problem of determining the appropriate phase functions seems to have
discouraged most investigators from pursuing the problem further.

The models that have been developed fall into two categories. These
I will term subcomponent models or canopy or scene models. Subcomporent
models have been applied to individual leaves, or collections of mineral
surfaces. These models are generally either patterned after stacked
plates or Kubelka-Munk approaches. Ray-tracing techniques have also
been applied. Two major efforts have been made at developing canopy
or scene reflectance models. These are the Suits model {1972) and the
SRVC model of Smith and Oliver (1972). The bulk of Section Il is con-
cerned with an overview of these two models particularly from the per-
spective of radiative trancfer theory. Both models apply to homogenecus
plane-para:lel media. The models, while useful in themselves, are really

only first steps in a development of a broader theoretical base for
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predicting scene reflectance. The models were developed in 1972; there
has been extensive application of the models tn various situations,
particularly agriculture. Bunnik and co-workers (1974) being the most
aggressive. However, there remains the nagging question of why there
hasn't been an onslaught of other modeling approaches in the ensuing
eight years. Section II concludes a few comments on other moceling
efforts.

As noted in the Literature Review, Part I, there are numerous
measurements of the directional reflectance properties of natural ma-
terials. However, considerable confusion and variability arises in the
interpretation of the measurements and in the techniques used to obtain
them. Except in very general terms, we find it difficult to accurately

synthesize the various measurements as a whole. Consequently, we decided

to beg the gquestion a bit., What we include in Section III is a description

of definitions appropriate to the various experiments. We then refer
to a fairly large Appendix which contains approximately 45 figures
which have been gleaned from the literature to illustrate the experinmen-
1al trends. These supporting figures have been broken down intc source
and view angle effects, phase angle effects on polarization, appiication
of ratio techniques, and angular considerations for enhancing classifi-
cation. For each group of figures we have been careful to include 2
brief summary paragraph of the investigator's results and indicate tne
type of reflectance measurement reported.

Finally Section IV concludes with a brief 1ist of reccrrendations
for future research appropriate to developing bidirectional reflectancs

characterization of scenes.
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II. THEORY AND MODELS

As was indicated in the Literature Review, Part I, of this report
series there are currently two major optical reflectance models wvhich
appear to be relevant to the MRS. These are the Suits model (1972) and
the SRVC model of Smith ard Oliver (1972). The purpose of this section
is to give a perspective of the significance and limitations of these two
approaches and identify key unsolved problems where further work is
required. A brief overview discussion of radiative transfer theory is
first given in order to set the context within which the Smith and
Suits models were developed. Next the specific formulation of the Suits
model is given, followed by a discussion of the importart properties of
the SRVC approach. Finally, a discussion of related model efforts is

given.

TTTTATIVE TRANSFER THEORY

Radiative transfer theory is concerned with the quantitative de-
scription of the transfer of radiant energy through media which absorb,
scatter, or emit radiant energy. It is primarily a macroscopic¢ analysis
of the interaction of radiant energy with matter in that it describes
the observed phenomena of light scattering, absorption, and polarization
effects but without regard to classical electromagnetic theory. Ratner,
bulk properties of the media, such as a volume scatter coefficient (e.g.,
the phase function) are defined. The media can either be thought of as
a continuum or as a collection of discrete scatterers. The theory

assumes that the individual scatterers behave incoherently; thus,
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diffraction effects are not included. The formulation of the radiative
transfer equations is deceptively simple. The basic starting point is
essentially the principle of energy conservation.

Consider an arbitrarily bounded medium and focus on the steady-state,
monochromatic radiance along any path ds. The change in radiance along
this path is the difference between that atteruated (absorbed or scat-
tered) out of the beam and the intensity scattered into the beam. Let
the incident beam of cross section dA be along the direction defined by
9, ¢. If n is the number density of scatterers in the volume element

under consideration; ¢ the scattering or absorption along ds, then:

dI (5;6,$)

= -enL(s; g+ n I(s;a)
ds

where:
[(S;0,¢)
J(S;0,6)

the radiance at s in the direction §, 2.

the radiance at s scattered into the beam from ail
directions.

The probability that radiance at s in a direction ', &' will be
scattered into a solid angle about 0,% is given by the phase function,
P(S: 2, ¢3 0', 3'). Thus, J is given by integrating the total intensity

field along all directions (paths) by the phase function.
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where the symbol L = cos & has been introduced.

In order to include polarization effects, these expressions must
be modified to include a vector radiance function, I, with four components
corresponding to the Stokes parameters, and a phase matrix. Pclarization
effects may be important for some classes of materials, e.g., vegetation
canopies with waxy leaves, e.g., pine needles, rhododendron, holly,
often produce a strong specular reflection or glare. If this glare is
polarized, then polarization filters, such as proposed on the MRS could
act to reduce this source of noise. Conversely, as Egan, et ai. (1968339'70)
suggest, discrimination potential may exist in the asymmetric depolari-
zation effects as a function of view angle. However, current existing
canopy models ignore polarization and it will not be
discussed further,

The general solution to the integro-differential equation (1) may

formally be given by:

T(s;pd) = Ilsojpdle
S — ] -T{'{IS') F] (3)
+ n J(s; pé) e ds

So
where:

T(s,s,) = SS no aS
So
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However, this solution for I along one path, s, depends on integra-
ting J which itself is an integral of the intensity, I, over all pos-
sible paths, s'. Thus, in reality, the geneiral radiative transfer
problem reduces to the problem of solving an infinite set of coupled
integro-differential equations.

For an arbitrarily bounded medium with phase functions which
themselves can vary with position within the medium, e.g., as in a row
crop, this is not a trivial problem. In fact, there is no known solu-
tion.

Alternatively, simpler problems must be formulated by imposing

various abstractions on the medium. These abstractions may include the
shape or boundary of the medium and the form of the phase functions.
The phase functions, in turn, depend upon the optical scattering prcper-
ties of the elements within the medium and on geometrical factors. Both
Smith and Suits initially approach the problem by assuming multi-layered
homogeneous plane-parallel media for vegetative canopies (the infinite
plane-terrain models referred to in the Literature Review, Part I).

For the special case of plane-parallel media, the radiative transfer

equations may be re-expressed as (Chandrasekhar, 1960):

}.l AdI(Z;)‘)$) - I(Z;)Aa& - j(zjﬂ‘db (1)
[&
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vhere:
dz = uds 2 = vertical direction
dr = -o0dz T = optical depth

and J= ) J = source function

g

Similarly, equation (3) becomes:

hand 2. 'y

I(th}-(,cﬂ - I(T°Sj:,k,¢) e ( t)//'\
(I - (z-2')/p

+ ;i— ‘SZk';I('Z:J ﬂ:)*)‘b) e Ci'z:I

—
L
~—

Basically, this equation states that the upwelling (downwelling)
radiance at optical depth, t , is a result of the upwelling (downwelling)
attenuated radiance at T plus that scattered into the beam along the
path between T and Ty

Again, it should be noted that the source function depends upon

the total radiance field along all paths.

(! 'rg&'rh-: Y
J(Z';tr/g'-'- YT g_f‘)‘ 6 R (2")
x Pls:xpd; pé)

The plane-parallel case is much more tractable, particularly, vor
selected choices of the phase function. One approach, utilized by Suits,

makes an initial guess for the total radiance field, I, by first factoring
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I into an upwelling (+Z) completely diffuse field, a completely down-
welling (-Z) diffuse field, and an attentuated downwelling specular
field.' This three-stream approximation to the radiance field is ob-
tained by solving the resulting simplified radiative transfer equations
(1'), which in fact are the Duntley equations (an expansion of the
Kubelka-Murk equations)., Given an initial guess for I, the source
function,jJZ may be calculated from (2'), and subsequently, an updaied
estimate of I along a particular direction made be determined from
equation (3'). In principle, iteration should generate a solution to
any desired degree of accuracy. In practice, Suits stops at the first
iteration. Smith makes a direct attack on the numerical solution of
equation (3'), using a random walk procedure.

A second general approach which has proved useful in solving the
radiative transfer problem for plane-parallel media is the method of
invariant embedding. Essentially, this approach uses several invariance
principles ennunciated by Chandrasekhar to derive expressions for the
total canopy bidirectional scattering (reflectance) and transmission
functions, the S and T, parameters introduced by Chandrasekhar.

The essence of the contributions of both Suits and Smith and Oliver,
lie in their application of these techniques to multi-layered canopies
and in relating the phase functions to biological parameters which can
be measured in the field. There are some key differences in the two
implementations which will become apparent in the following discussion.
It should also be noted that both methods need to be extended in order
to apply them to what Holmes (1974) has called structured earth scenes,

i.e., heterogeneous mixtures.
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8. THE SUITS MODEL
The following discussion is an analysis of a "one layer" Suits

model in the context of the general radiative transfer equations (1')
through (3'). This approach is not, in fact, the way Suits cast his
original developme.it. However, it should be useful in linking his an-
alytical and physical reasoning of canopy radiation interactions to the
broader mainstream of radiative transfer theory. A similar discussion
of the SRVC model will be given in the next section. It should be noted
that Smith and Oliver also did not initiate their analysis with the
radiative transfer equations. Extension of these discussions to the
multilavered, multicomponent case involve further complications which are
best reviewed in the author's original papers.

Consider a canopy with total optical depth, Ty layer thickness Zo’

and irradiated by specular (solar) flux at v, o)  pe plane-parallel

homogeneous canopy consists of Lambertian scatters with component re-
flectance, rC , and component transmittance, rc. The background soil
reflectance is re We seek to determine I{0; + 1, o), where (y,:) is
the view angle. This is the radiance, L, of the canopy for this view
o oo) would
be a measure of the canopy bidirectional reflectance value for this

angle. Ratioing this value to the solar irradiance, I(0; -.

pair of source and view angles.

Equation (3') becomes:

To
]:((Ds-rla,&b = l.(}k.dh = :[.{23>3‘*}4ﬂ‘) € AH

S: {(CARPW ER Y

+

AR
M
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The first term of this expression is simply the radiance frem the soil
surface attenuated through the canooy. As mentioned earlier, the dif-
ficulty with the second term is the fact that the source term under the
integrai depends on the total radiance field at all levels within the
canopy. However, if we initially assume that the canopy is totally

and uniformly diffusing, that is, when incident radiation interacts with
a canopy element, it is converted totally to diffuse flux, we can re-
place the total radiance field by the sum of three components. These
are downward specular flux, downward diffuse flux, and upward diffuse

flux.
! - 2 T(-d '-'a + TS, %B
I(ZJ + )“)#‘) = I("'A; "\ + ) (5)

Using this as an initial guess in the source integral (2'), we can
improve our estimates by iteration. This approximation corresponds to
the Duntley approach to calculating the flux, E(+d,2), E(-d,2), and E(s,2).
Note that

E =T7L = T T

The Duntley equations are given by:

dE(d3) | _q E(+4,2) s bEC4,)+ CE(52)
d ®

3 Cl4d 3) = ERY (7)
dECL,E) | qe(-d,¥) ¢ BEDS

it
dels® . £(5,2)
1
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where the coefficients were related under suitable assumptions by Suits

to carooy geometric concepts. For example,

Yo + Le
o = N CT;; ( = Zc;.) « N0y I:‘ - 2 ‘:]

where n is the number of scatterers per unit volume, and 1 and <, are
the average cross sections of horizontal and vertical projections re-
spectively. Equation (7) may be solved for £, equation (6), ard sub-
sequently for I, equation (5). What remains to be determined in order

to solve for the source terms, equation (2') is the phase function.

Suits approximates this quantity by separately calculating phase “unctions

for each of the three radi.ice terms in equation (5). Canopy geometric
terms and the component optical properties are utilized, for example,

the first phase function is given by:
?(+d:)«.¢',p‘,¢‘) = hy,Th Tl
Vo &
- Ny T2 ¢°;‘- (F) +an &

Central to the development of the Duntley coefficients ard the

phase functions is the abstraction of the canooy vegetation elermants inte

horizontal and vertical scattering projections.
The final expression for the initial iteration of the surface

radiance is given by the rather formidable expression:

L v T(+4,2) em’//4
- +

L(r‘¢\ = Tl" S I DCO

+ [ See next ?“7"—)
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These expressions may be integrated in closed form leading tc easily
implemented computer code. A strong advantage of the Suits ~odel is
the relative ease in performing a large number of simulaticns for various
combinations of viewing and illumination geometry, canopy structure
parameters, and optical properties of the cancpv. I!n general, gooc
agreement between the model and field experiments has been reported.
A potential drawback in the structure of tne model is the 2ssurption

of horizontal and vertical canopy projections.

C. THE SMITH AND OLIVER SRVC MODEL

The SRVC model trec's the canopy as & stratified, thrze-layered
vegetation ensemble of foliage elements superirposed on a reflecting
backgreund. Multiple scattering interactions witnin the volune elerents
of the layers are controlled by the gecretry and optical proderties cf

the individual scatterers. Foliage elements generate multiple diffuse
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sources. Each layer can contain up to two types of vegetation elererts,
which are assumed to be Lambertian scatterers. A key difference from
the Suits model that is introduced by the SRVC approach is the utiliza-
tion of the angular distribution and density of the scatterers, the
foliage elements, to calculate the phase function that is utilizec in
Equation (2'). A second difference is that a direct solution of
Equation (3') is instituted. That is, the flux within the Canopy is
allowed to propagate in discretized &' ' directions rather than only
an upwelling and downwelling vertical direction.

The main feature of tho model which allows for this generality is
the calculation of the layer phase fuictions from the angular distribu-
tion of the foliage elements and the reflectance and transmission proger-
ties of these elements with respect to the discretized &' :' source
directions. A foliage element inclined at an arbitrary orientation with
respect tc a source directionpermits according to the Lamteriian
response, the scattering by transmission and reflection of the incicent
flux to upper and lower hemispherical sectors. For each foliage in-
clination angle represented in the canopy a set of integration iimits
on the scattered radiation from a scatterer is defined. For a given
layer the distribution of flux is then weighted by the frequency distri-
bution of folizge inclinations occurring within the layer.

The mode) initiates an iterative snlution of fquation (3') by
using the zeroth order flux above the canopy to gererate viz the pnase
function of the first layer the estimated flux in layer one. The estimated

flux in layer one is then used together with the phase functicn for layer
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two to calculata the estimated flux in layer two and so forth. Sub-
sequently, reflection frem the soil boundary generates upward moving flux,
again in a set of discretized e¢', ¢' directions. Processing is continued
until all flux levels within layers reach equilibrium values.

The current version of the SRVC model is a Monte Carlo implementa-
tion of the above processes. Statistical distributions may be defined
for the foliage geometry and optical scattering properties. A major
difficulty of the current implementation of the SRVC model is the pooling
of the outgoing radiance into theta directions only. That is, outgoing
azimuthal directions are averaged. It snould be noted, however, that
incoming source azimuth directions are included. The SRVC mcdel requires
considerable computing time for the Monte Carlo analysis of a caropy.

in principle, however, the SRVYC approach is an accurate representa-
tion of the radiative transfer processes occurring within a plane-
parallel medium. A deterministic version of the model that included
outgoing azimuthal dependence would greatly enhance the utility or the

SRVC approach,

D. OTHER MODELING EFFORTS

It is obvious from the discussions in Sections B and C that the
most serious difficulty in both of the models discussed is the question
of their applicability to targets which possess horizontal spatial
variations, e.g., row crops.

One major effort to develop a model applicable to this case is the
work reported by Verhoef and Bunnik (1976). Basically, the authors

attempted to extend the Suits model to the row structure case by assuming:
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1. The canopy components are packed in rows with a rectangular

cross-section of fixed dimensions.

2. Between rows there is open space only.

3. Within rows a random arrangement of leaves exists.

A detailed geometric analysis of the canopy phase function relative
to direct solar flux and canopy row structure is undertaken. Shading is
allowed. However, the approximation is made that diffuse flux can be
treated as in the Suits model, i.e., plane parallel media. Fcr both
direct and diffuse flux, an appropriate view probability function is
developed that is consistent with the row structure. The soil contribution
isalso carefully developed considering the row structure but leads to
discontinuous contributions of this component to canopy reflectancs.

The row model still incorporates the assumption of vertical and
horizontal canopy projections. In evaluating the model the authors
describe the treatment of the leaf angle distribution as a potential
difficulty. The authors further describe the assumptionof Lambertian
scatterers (i.e., non-specular) as a second difficulty. The row model
predicts angular dependency relative to viewing azimuth from plane
parallel media models.

Another recent and intriguing effort at developing reflectance
models for non-random canopies is briefly described by Welles and Normen
(1979). Detailed descriptions and evaluation ¢f this model are not
yet available. Briefly, the model considers a canopy to ccnsist of

a finite number of regularly-spaced ellipscids. Within each 21lipsoid,
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the foliage is randomly located but possesses a foliage angle distiribu-

ot

tion. Ezch foliage element is represented by a flat plate. In fact,
th ellipsoids appear to be similar to the canopies of the 3RVC approach.

Each point in the finite array of ellipsoids is transformed to an
equivalent plane parallel media canopy by choosing a depth in the plant
parallel canopy that has the same diffuse penetration probability con-
sidering both upward and downwelling radiative flux. Processing is
continued until all of the ellipsoid array points have been processed.
Norman's track record is good and the model, when published, should
provide valuable insights.

Jackson, et al. (1980) describe another example of a row mode!
based on a geometric analysis of the row structure.

As mentioned in the Literature Review,Part I, Egbert (1977)

describes a novel analysis of canopy reflectance based on shadows.
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I11. MEASUREMENTS AND THE BRDF FUNCTIOH

A. DEFINITIONS

The bidirectional reflectance distribution function,/”, is defined
by the following fundamental equation for the radiance at a point of
observation, s Ops arising from irradiance distributed over a set of

incidence angles, ei‘ 9;

L(B{ ¢f = # S /0( 9:,)4;3 91) *(} Eleo’,¢,') ¢ds & Smé da.'dd"
]

Thus, the BRDF,/’, which has units of sr'], describes - ...

i1

of irradiance from source direction &, ¢, into the view direction <,
e In reality, measurements are taken over finite solid ang]es,:;r.
If, for example, the source is also distributed over a finite solid angle,

9 :
s then:

s by O, be) E(Ls) cos o dD;
L(&:'lr\ ) # 45-3:’ S'LYLP(D'¢ ’ ) cos O 4 2

Measurement of L(S%,S’) ratioed to the response from a Lambertian

r
Barium Sulfate panel would be termed the bidirectional reflectance
factor, a dimensionless quantity. (More specifically, it would be the
conical-conical or biconical reflectance factor referring to the conical
viewing and illumination geometry). While the reflectance factor must
always be less than or equal to 1, the BRDF may assume very large
values. For specular reflection, for example, it is represented by a
Dirac delta function. Probably, the most common field measurement of

reflectance is a measurement of the hemispherical-conical reflectance
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factor (or perhaps the hemispherical-directional) referring to the
restricted view geometry but the integration of irradiance over a
hemisphere. In fact, as is evident from the literature review, many
investigators believe they are measuring the bidirectional or biconical
reflectance factor in this case. However, this approximation is valid
only when the direct solar irradiance strongly dominates and diffuse
irradiance is negligible. For clear days, this is generally valid near
solar noon, perhaps, for solar zenith angles less than 40 degrees. If
target materials were Lambertian reflectors, the fact that the radizrce
in one direction is dependent upon contributions of the irradiance from
all possible directions of the hemisphere would present no difficulty.
However, it is precisely the deviation from Lambertian scattering which
is often of major interest.

R Kriebel (1977) has attempted inverting the integral radiance equation
to derive the BRDF. An alternative method of correctina for the diffuse
irradiance field was tried by Bauer, et al. (1977). leasurements of both
the target and reference panel were obtained under tctal illumination and
in a shaded conditions. The investigators rejected the technique as
compared to the standard method of ratioing the target radiance to the
total irradiance. However, all target reflectances were obtained for a
nadir view angle and restricted sun angles.

Other definitions of bidirectional reflectance are evident in the
Titerature. Salomonson and Marlatt (1971) define the term to be the ratio
of the radiance measured by the sensor to the effective solar irradiance
E* on a Lambertian surface of unit reflectivity at the top of the

atmosphere. Integration of this function over all angles of exitance
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is defined by these authors as the directional reflectance. Thus, the term
refers to the ratio of the total reflected flux to that incident at a
particular solar zenith angle. Just the opposite convention is used by
Coulson, et al. (1965) and Oliver, et al. (1975) who reserve the term

to what is really the hemispherical-conical reflectance factor. When the
radiance measursments are integrated over broad portions of the spectrum,

the term albedo is commonly employed.

B. REFERENCE TO APPENDIX

It is evident from the literature review that earth surface features
exhibit anisotropy in their reflected radiation patterns, particularly
at large zenith view and illumination angles. Polarization effects may
be present. Some success with channel ratio technigues for normalizing
these effects has been observed. Limited research has been performed
relative to the utilization of off-angle measurements for improving class-
ification performance. However, it is predicted that measurements at
zero phase angle will be sensitive to leaf color, measurements at approx-
imately 50 degrees zenith - view angle will be independent of canopy
architecture, and measurements at approximately 55 degrees zenith view
angle may be most sensitive to Leaf-Area-Index changes. The Literature
Review, Part I, referenced many of the important papers supporting the
general observations above. What is included in the Appendix to this
report is a collection of approximately 45 figures and tables which
illustrate the magnitude of these observed effects. Each group of figures
is preceded by a short discussion of the author's main conclusions.
Particular care has been executed to include a reference to the type of

reflectance measurement made as discussed in the preceding section.
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The Appendix has been organized into four sections to give examples
of: A) Source and View Angle Effects on Reflectance; B} Phase Angle
Effects on Polarization; C) Applications of Ratio Techniques, and;

D) Angular Considerations for Enhancing Classification.
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IV. SUMMARY AND RECOMMENDATIONS

Any sensory system such as the MRS is a record of the radiance
emanating from the scene in passing through a turbid medium, the atmo-
sphere. The radiance may be recorced as a function of wave length;
polarization characteristics may also be measured. These measurements
may be obtained for a given view and illumination geometry or they may
be obtained temporally either on a short time frame or a longer phenol-
ogical time scale. The MRS offers several additional dimensions to
radiance measurement capability in that subportions of a large scene may
be sampled. This sampling may be done for a variety of measurement
geometries and the tempr.ral sampling frequency is greatly increased over
previous systems,

Probably the most popular data analysis and information extraction
procedures that will be utilized with MRS data will be the mapping of
scene elements, based on their radiance measurements, into desired in-
formational classes using the classical techniques of pattern recognition.
In addition, particularly in the agricultural arena, the direct mapping
of such agronomic variables as Leaf-Area-Index will be attempted through
the establishment of correlations between the desired variables and
radiance transformation of the radiance such as ratios. Tuese techniques
should prove useful, particularly if ancillary information is incorporated,
as they have in earlier satellite platforms. However, some difficulties
may arise from the variability induced by differing view and illumination

geometries.
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A second analysis approach may also prove useful in the extraction
of information from MRS data. Indeed, the MRS may offer a useful platform
for evaluating such techniques. This approach may be termed the ‘ndirect
sensing of scene parameters based on understanding (models) of the physical
radiative interactions with biological elements. This approach is akin
to some of the standard techniques employed by atmospheric scientists
in the deduction of the aerosol or temperature profiles of the atmosphere
from the integroted radiance from a medium,

To fully apply either of these broad information extraction approaches
one should have an understanding of the bidirectional surface reflectance
function. It is evident from the literature review that significant
strides have been made by numerous investigators in obtaining indicative
field measurements. Model development has also been initiated. The
work which has been done and which is ongoing in the research community
suggests several specific research questions which are relevant to the
MRS concept. It appears that a carefully planned and directed field
measurement program should be implemented for selected earth surface
features. A main objective of such an effort would be to insure that
adequate supporting field measurements are available to both validate and
extend modeling efforts. For this combined approach of modeling and field
experiments it would probably be wise to do a few things well rather than
many things poorly. Thus, priorities should be established for the kinds
of targets to be investigated. These priorities should consider both
scientific and national goals. Such an effort that is concerned primarily

with radiative transfer characteristics of the scene-atmosphere system
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as it is relevant to the MRS concept should also of course, be useful to
other research experiments suggested by application or discipline sci-
entists.
Within this context the following five example candidate research
tasks are suggested:
1. Establish a high quality field data base approoriate to
scene modeling efforts at both the canopy and subcomponent
level. In order to accomplish this task reliable procedures
must be developed for measuring the bidirectional reflectance
distribution function for target materials. Such techniques
may need to consider the total directional irradiance field,
not just the solar component. Consequently, the referencing of
target radiance to a barium sulfate panel may not always be
appropriate. Even high quality radiance data by itself is of
limited utility without supporting descriptors of the scene.
In this regard the various subcomponent and canopy models
should prove useful in indicating the required field parameters.
2. Initiate a comprehensive attack on the canopy-level target model-
ing problem. This effort should include review of standard and
recent radiative transfer theory from the mainstream of atmo-
spheric science and developments in neutron transport theory.
Such a review should prove valuable in providing potential
non-atmospheric science investigators with a background in
available numerical solution techniques for the "mathematical”
part of the radiative transfer problem. Once investigators

have formulated the "physics" of the problem, i.e., various ways of
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parameterizing phase functions for surface targets, this review

may also assist them in determining whether their abstraction

is similar to the "classical" cannonical examples.

Specific modeling tasks which should be initiated in the

near future include:

(1)

(1)

(i)

Modify the Suits model to include non-orthogonal
projections, at least for the phase function. The
ultimate utility of the Suits approach is likely to

be 1imited by the orthogonal assumption, even for
homogeneous plane-parallel canopies.

Modify the Smith and Oliver SRVC model to include
viewing azimuth dependencies. Convert the Monte Carlo
implementation to a deterministic mode. Make the

model “easy" to use by the uninitiated.

Bericimark the above models on appropriate data sets
which will probably require specific field or laboratory
experiments, Identify strengths and weaknesses, (break-
downs in assumptions) and recommend improvements. It

is likely that the result of this analysis will be
guidelines for the design of a new model appropriate

for homogeneous plane-parallel media.

Further modeling tasks which should also be initiated in a

reasonable time frame include:

(iv)

An attack on what Holmes has called the structured
earth problem, e.g., models appropriate for row crops,

and other mixture "pixels". Bunnik has suggested a
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way to modify the Suits approach to handle this case.
The SRVC model may lend itself to such cases, par-

ticularly at a discrete point level. Jackson has

indicated some phenomenological approaches to the problen.

The modeling of the mixture pixels from a process-

oriented viewpoint, as opposed to a statistical approach,

is obviously a difficult problem. It may be that it
is solvable only for selected cases: perhaps, by
approaches which have not yet been formulated. It
is particularly with regard to this problem that a
review of radiative transfer theory is suggested.

(v) Include polarization effects in the existing canopy

models. A theoretical analysis of selected hypothetical

canopies should then lead to predictions which can be
verified either in the laboratory or field.
Initiate a review of canopy submodels. Carefully defined lab-
oratury experiments similar to the early work of Breece and
Holmes should be executed. These results will prove useful
for the canopy level models. In addition, the applications of
target models to discipline-oriented problems will be improved
by linking agronomic variables through the subcomponents to the
canopy level.
Examine the feasibility of defining new feature sets useful
for multispectral, multiaspect, or multi-polarization ¢lassif{-
cation. A systematic review of the impact of surface response
variability should prove useful in defining potential preproces-

sing or normalization algorithms.
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Examine the impact of a true bidirectional reflectance di..ri-
bution function, versus a Lambertian assumption, on atmospheric¢
modeling. The coupling of BRQF models to atmospheric models

may require some subtle considerations.
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A. Source and View Angle Effects on Reflectance

o A i 8

2.137

g



Breece, H.T.(III) and R.A. Holmes. 1971l. Bidirectional Scattering
Characteristics of Healthy Graen Soybean and Corn Leaves in Vivo,
Appl, Optics 10(1):119-127,

Study of the bidirectional reflectance of corn and soybean leaves
in a laboratory, (Figures 4, 5 and 6) are polar bidirectional scattering
distribution functions for live, healthly soybean leaves at incidence
angles 0°, 30° and 60°. For wavelengths greater than 750 am both re-
flectance and transmittance are more lambertian compared to the highly
absorptive smaller wavelengths. Leaf reflectance is more specular
than transmittance at strongly absorbing wavelengths.

[}
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Colwell, J.E. 1974, Grass Canopy Bidirectional Spectral Reflectance.

Proc. of the 9ch Int, Svmp., on Remoce Sensing of Envirom,
v, 2:1061=1085,

In this study of using bidirectional reflectance measurements to
assess the standing biomass of grasslands source-sensor angle variations
were considered. Table ists the reflectance for solar zenith angles
of 20° and 75°. Reflectances are greater at the 20° sun angle for the
green, red and IR bands. This trend is reversed for green/red, IR/red
and IR/green ratios. The reason given fcr the lack of normalization in
the ratios is the difference in trausmission for the t.ree bands and
hence differential shadowing (V = vertical LAI, H = Horizontal LAI).

Spectral reflectance changes are complicated by the addition of view
angle. In the case of Figure 4 at large look angles canopy reflectance,
for two zenith angles, increases”increased zenith angle and at smail
look angles canopy reflectance decreases with increasing zenith angle.

IR/red reflectance ratios vs. total leaf area index are plotted in

Figure 3. Ratioed reflectances differences for Timochy and Oats as a
function of biomass are shown in Figure 8.
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TABLE 3. EFFECT CP IENITH ANGLE ON CHANGE TN CANOPY
SIDIPECTICNAL SFECTRAL 2EFLECTANGE TCR A
0° LOOK ANGLE (V/H = 2/1)

Reflectance

-enith 1 Green Fed R areen/ed 2/Ted /areen
20° 10.2 6.0 34.5 1.7 8.3 3.4
5° 5.4 1.5 5.0 3.5 6.7 4.6
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Couison, K.L. 1966, Effects of Reflection Properties of Nltutll.
Surfaces in Aerial Reconnaissance. Appl, Optics 5(6):905-917.

Hemispherical-directional reflectance and polarization measurements
were obtained for various sands, soil and vegetation. In general reflec-
tance increases and polarization decreases with increasing wavelength and
increasing incidence angle for mineral surfaces. For darker soil sur-
faces (Figure 4) and green vegetation (Figure 7) the maximum reflectance

in the antisource direction is less pronounced than for light-colored
sand (Figure 2).
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Coulson, Ke.L., G.M. Bouricius, and E.L. Gray. 1965. Optical Reflection
Properties of Natural Surfaces. J. Geophvsical Res. 70(18):
4601=4611. B

Measurements of hemispherical-conical reflectance and linear
polarization for natural sands and soils are presented for wavelength
of 492 um, 643 nm and 796 nm. Isopleths of directional reflectance
(actually hemispherical-conical) of red clay in the 643 nm band indicate
maximum values at large view angles. A broad band of minimum values
occurs through the 0° - 90° azimuth angle half of the hemisphere. Anti-
source reflectances are higher (Figure 4). Degree of polarization
isopleths of red clay indicate that the phase angle is the dominant
parameter due the pattern around the antisource direction (Figure 5).

Directional reflectance of white quartz as a function of view angle
and various incident angles show a general increase of reflectance with
increasing solar altitude. The maximums occur at the backward direction
and the reflectance increases with sun angle at 0° azimuth. Quartz ap-
pears to be more lambertian at smaller sun angles. Curves at left with
auxillary ordinate show thac reflectance at 80° view angle and 0’ azimuch
is more than three times as great for a sun angle of 78° as that re-
flected from the standard magnesium oxide surface (Figure 10). Higher
polarization values are noted for quartz, however no polarization maximum
occurs (Figure 11).

Note: zlay is red-opaque, quartz is white-semitramnsparent.
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Fig. 4. Isopleths of the directionul reflectanca (wp) over the outsard hemisphere for red
clay soil. & = 53°, A = 6430 A. Nadir aogle is represeated by distance outward from the
origin, and azimuth angle is taken with respect to source position. The pattera iz symmetsival
with respect to the principal planc. The curves have been extrapolated for ¢ > S0°.
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Coulson, K.L. and D.W. Reynolds. 1971, The Spectral Reflectance of
Nactural Surfaces. J. Appl. Meteorology 10:1285-=1295,

Measurements of bihemispherical reflectances of several natural
surfaces. The reflectance of most surfaces reaches a maximum at sun
elevations of 10-20°. Surfaces of a complex structure generally show
a decrease of reflectance with increasing sun angle. Figure 14 depicts
the bihemispherical reflectance of green bluegrass turf at five different
wavelengths. It appears that at lower wavelengths the reflectances are
nearly lambertian for sun elevations greater than 20°. This pattern
holds for most of the surfaces studied.

80 pr—

Bluegrass
June 22, 1970

REFLECTANCE (%)

10 fmme T .. ——— - A s 0.882
. il 2ol V. »
L ey . | y . v
0481 ! L : n , . ~~2-0.4524
| . b v
0 0320a " [ | \ { i pritemtpeoes |
-0 0 0 20 ) 0 0 0 10 0

SUN ELEVATION (*)

1o, 14. Hemispheric reflectance of green bluegrass turf at lve diferent waveienyths ,
as a function of sun elevation.
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de Boer, Th. A., N, J. J. Bunnik, H. W. J. van Kasteren, D. Uenk, W. Verhoef,
and G. P. de Loor. Investigation into the Spectral Signature of Agricul-
tural Crops During their Sctate of Growth. 1974. Ninth Int. Symp. Rem. Ser
Env. University of Michigan. p. 1441-1454,

Field biconical reflectances of mature wheat and cut grass were
measured using a spectroradiometer and constant irradiance source.
Figures 7 and 8 depict the spectral signatures of what and cut grass,
respectively, as a function cf wavelength and view angle. In both
cases reflectance increased as view angle increased.
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Duggin, MJ. 1977. Likely Effeccs of Solar Elevation on the Quantifi-
cacion of Changes in Vegetation with Maturity using Sequential
LANDSAT Imagery. Aopl, Optics 16:521-323.

Ground based reflectance measurements with the Landsat band passes,
vwheat reflectances show a general decrease with increasing solar ele-
vation angle (Figure 1). Asymmetry about solar noon is apparently due
to differential shadowing caused by rowe-spacing and orientation. The
ratio of MSS band 7 to MSS band 5 resulted in a similar sun angle de~
pendence for all seven varieties of wheat studied. T aw-g 3’

2.159



ns§?

n§s e
{+10)

L33 ]
{e10)

L)

nesLeCtance fafioe

0200 -T
SOLAR 20N AEADINGS

0100 L L ~
0 ) W0 )
SOLAR ELEVANION ( DEGREES!
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fgberz, D.D. and F.T. Ulaby. 1972, Effect of Angles on Refleczivity,
Phocogrammecric Engineeriug. 38(6):556-364,

Study of reflectance as a function of solar elevation angle, sensor
view angle and sensor-sun azimuth angle and wavalength for grass and
asphalt. Filtered light meter readings were converted to foot-lamberts
and referenced to an Eastman Kodak 18 percent reflectance gray card.
Grass raflectance is higher for large view angles. For sun angle of
15° and azimuchs of 0° and 180° ~rass reflectance is five times higher
chau for 90° azimuth. As sun angle increases beyond 35° reflecctance
variability decreases and surface approximates a lambertian reflector.
Spectrally the curves are similar but those bands that have lower re-
flectance are less sensitive to extreme angle conditions (Figure 7).
Asphalt shows highly specular reflectance at solar angle of 15°, azimuth
of 180° and view angle of 80° (Figure 8).
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Kimes, D. S., J. A. Smith, and K. J. Ranson. 1979. Interpreting Vegetation

Reflectance Measurements as a Function of Solar Zenich Angle. NASA
Technical Memorandum 80320. Goddard Space Flight Center. Greenbelt,
Maryland 20771. 29 p. (Also submitted to Photo. Eng. & Rem. Sens.

Hemispherical conical raflectance of Lodgepole Pine and meadow canopies
are plotted for two wavelengths as a function of the solar zenith angle.
Arrows indicate the sequence of the data from morning to afternoon.

For both canopies, reflectance increased with decreasing zenith angle
with the exception of meadow at 0.80 micrometers.
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Kondratiev, K.¥.2., F. Mironova, and A.N. Otto. 1964, Spectral
Albedo of Natural Surfaces. Pure and Aopl. Gaoohysics 59:207=-216,

Figure 6 depicts the change in spectral albedo (A) (bihemispherical
reflectance) due to sun angle effects for two days. Reflectances can
change 30 to 40 percent due to the position of the sun from 26° to 66°
for June. For July reflectances change up to 60 percent with a change
in the sur angle from 24 to 62°.

N '
! L / ¢
) __
T8 30N R 3 NS KD
t - =
. Figure 6
e iy conrme of the spectead adbeto of the grass (lucerae)

June: 1600 v, 2700 mp, 2 800 weag Jutv 4 GUO Mg, 5 TOO my, 8 800 my
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Xriabel, K.T. 1978. Average Variabilicy of the Radiation Raflec:gd by
. Vegetacted Surfaces due to Differing Irradiations. Remote Sens.

Environ. 7:81-83.

Ranges of biconical reflectances for four natural surfaces given
changes in solar zenith angle and optical depth are given as Table 1.

TABLE |
Percent Change of the Reflected Radiance due to a Change of the Distribution of the
Irradiation either by one Degree of the Solar Zenith Angle or by 10% Change of the
Optical Depth of the Atmosphere, Averaged over all Directions of Reflection and
' over ail Distributions of the [rradiation.

Surface type Average change of the reflected radiance
Per degree change of the Per 10% change of
solar zenith angle the optical depth

Savannah t1.0% * 1.6%
Bog £ 0.9% £0.7%
Pasture land t1.7% £1.0%
Conferous forest $23% £ 1.5%
Average over the

four surfaces : 1.5% +1.2%

- I8
OKIGINAL PAGE
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. directional Reflection
Kriebel, K.T. 1978. Measuraed Spectral Bidire T asa2m.

Properties of Four Vegetated Surfaces. Appl,

Biconical reflectances for four natural surfaces in the 521 nm
band. Measured radiance referenced to calculated irradiance. Figures
1-4 show increased reflectance for increased view angles. Reflectances
at a solar zenith angle of 20° have less azimuthal variation.
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Rao, V.R., E.J. Brach, and A.R. Mack. 1979. Bidirectional Reflectance
of Crops and the Soil Comtribution. Remote Sens. Environ. 8:115-125,

Compares reflectances of several crops at low oblique-viewing
angles and varying solar zenith and azimuth anglcs. Normalized bi-~
conical reflectances are calculated from o = T(1(A\)/E) with E computed
as a function solar geometry and acmospheric parameters.

The effects of varying sun and sensor view angle and sun-sensor
azimuchs produce larger reflectance differences at higher sun angles
between 750 and 1800 nm. All sensor-sun combinations show strong

absorption in 1350 nm water absorption band.

Notation: V¥ = sun-sensor azimuth angle, @ = view or scattering angle
(Figure 2).

1.00
( SO0 (¢ 49)
Date: Oct, S, 1976 SUN
i TIME -EDT ELEVATION
e 11100 34.2%  Use168° @ase.2°
——— 12100 30.7°  Yeld7® B edad.7°
0.0k —— 13:00 39.0°  Ja120° ¢a30.4°
——— 14:00 37,0°  Ve9t® pals.e°
______ 15:00 32.0°  Ye92° @ae3.1°

REFLECTANCE
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7%0 950 1150 1380 ‘ 1550 ’ 17%0
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FICURE 2
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Salomonson, V.V. and W.E. Mariacz. 1971. Airborme Measurements of
Reflecced Solar Radiation., Remote Sens. Environ. 2:1-8.

Table II describes the variacions in directional reflectance ob-
served over desert lake bed, grassland and vegetation-swamp. Columns
S and 7 list directional reflectances for narrow and broad band passes,
respectively. Columms 6 and 8 give the ratios of directional reflec-
tance for narrov and broad band passes, respectively, and the average
value of bidirectional reflectance. The results in Column 10 (Column
S - Column 7) demonstrate, primarily, the effect that spectral reflec-
tance of the surface has on the relative magnitude of the directional
reflectances observed for the two band passes. Adjusted directional
reflectances in Column 9 show that the desert lake has the highest broad
band reflectance and densely vege:ated surface has the lowest. Directional
reflectance increases with increasing solar zenith angle for all three
surfaces.

Taste 1l

Directional Reflectances and Relative Anisotropy Observed by the Nimbus Medium Resolution Radiometer over Different
Surfaces at Different Soiar Zenith Angles

w @) 3 (4) ¢} (6) (1)) ®) 9 10)
Incoming
Solar energy
Fligh zenith (5) s

No. Surfacs angie (*) (Lyimin) (el (ro)wifa  (ro)a  (ro)pts ¥ (ro)s (ro)v=(rols
] Desert lake bed 58-59 0.72 0.28 1.13 0.23 1.14 0.33 0.05
2 Desert lake bed 70-73 0.3 0.24 1.23 0.19 1.18 0.34 0.08
3 Grassland 59-63 — 0.19 1.29 c.19 1.30 - 0.00
4 Grassland 57-59 -— 0.2] .3 0.19 1.28 - 0.02
L] Grassiand §5-57 -— 0.18 1.26 0.19 1.18 - -0.01
[ Grassland 66-69 0.57 0.23 1.27 0.2¢ 1.30 0.32 -0.01
7 Grassland 59-62 0.72 0.2 1.22 0.22 1.18 0.30 ~-0.00
8 Grassland 78-82 - 0.13 2.18 0.16 1.80 -— -0.03
9 Vegetation-swamp $6-61 0.74 0.07 1.68 0.11 1.37 0.16 -0.04

10 Vegstation-swamp 70-73 0.40 0.08 245 0.11 1.61 0.18 -0.03

URIGINAL PAGE 18
2.174 OF POOR QUALITY




3. Phase Angle Effeacts on Polarizacion

(See also Coulson et al,1965)
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£gan, W.G., J. Grusauskas, and H.B. Hallock. 1968. Opcical Depolariza~-

tion Properties of Surfaces Illuminated by Coherent Light. Apol.
Optics 7(8):1529-1334.

Depolarization measurements with 632.8 nm las«r radiation wers
made of mineral and vaegetation samples. At higher phase angles
(angle between 3ource and sensor) wet soil samples of sand, gravel
and silt depolarize 632.8 nm light less than dry samples. Fresh
samples of rhododendron and holly lcaves and pine needles are clearly
differenciated by depolarization at 0° viewing angle but less so at
60° viewing angle. Drying of the leaves generally increases polariza-
tion, as was the case with soil samples (Figure 6). Depolarizacion
differences change with viewing angle due to shadowing and leaf geometry.
Soil particle size and porosity also affect the depolarization
characteristics (Figures 3 and 4).
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Egan, W.G. 1970, Optical Stokes Parameters for Farm Crop Identificacion.
l Remote Sens. Environ. 1:165-180.

Measurements of first and second Stokes parameters were made of
Figures 5 a~b and 6 a-b show the relative bright-

) several farm crops.
ness obtained in the first and second Stokes parameters, respectively,
The second Stokes parameter may be

l~ for alfalfa and potato leaves.
. better than the first for identifving species and soil moisture

differences.
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C.

Applications of Ratio Techniques

(See also Duggin,1977)
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Xanemasu, E.T. 1974, Seasonal Canopy Reflectance Patterns of Wheat,
Sorghum, and Sovbean. Remote Sens. Envirom. 3:43=47,

Ratioing the bihemispherical reflectance of agricultural crops in
the 545 nm and 645 nm wavelength bands indicate very little change due
to solar elevation angle variation. Near IR reflectance decreased with
increased solar elevation angle for wheat and sorghum.

Soybean near IR reflectances varied due apparently to changes in
leaf angle with sun elevation (Figure 3).
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