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PREFACE

Following a decade of research in the application of remote
sensing technology to earth resources measurement and monitoring
with earth observing satellites, the National Aeronautics and
Space Administration found a need developing for the advancement
of our understanding of the physical processes associated with
the remote sensing. Therefore, at the beginning of the 1980s
NASA established a continuing research program in fundamental
remoie sensing science that would enhance our ability to learn
mor-e about the physical and biological processes of our planet
from space acquired data and would contribute to a base of
escientific understanding needed to support the planning of new
and effective sensors and flight programs. The Scene Radiation
and Atmospheric Effects Characterization (SRAEC) Project was
established within this program to improve our understanding of
the fundamental relationships of energy interactions between the
sensor and the surface target, including the effect of the
atmosphere.

This report has been prepared to provide a very brief
overview of the SRAEC Project history and objectives and to
report on the scientific findings and project accomplishments.
An attempt has been made to elucidate the overall project
progress and accomplishments through principal investigator team
introspection, and the principal investigators have prepared
succinct summaries of their individual study results achieved
since the project’s initiation just over three years ago.

A meeting of the PIs is conducted annually to bring the
scientists together to present and discuss their results with one
another. This annual summary report derives from the most recent
annual meeting held at the Massachusetts Institute of Technolcgy
in Cambridge, Massachusetts during January 29-31, 1985. The
overall program management is under the direction of DBr. Robert
E. Murphy of NASA Headquarters, Code EE, Washington, D.C.

Donald W. Deering

GSFC Project Science Manager,

Fundamental Remote Sensing Science
Research Program

Earth Resources Branch (Code 623)

Goddard Space Flight Center

Greenbelt, MD 20771
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I. SRAEC PROJECT BACKGROUHRD



I.A. SRAEC PROJECT ORIGIN AND OBJECTIVES

During the "Landsat Era" of the 1970’s, the development of
rapid, empirical approaches to satellite data interpretation took
precedence over the development of a full scientific understand-
ing of the earth-atmosphere scene radiation complex. The
importance of synoptic remote measurements of the earth’s
surface and the atmosphere has been clearly demonstrated, but the
need to more fully utilize the powerful satellite remote sensing
measurement potential has led to the realization that purely
empirical techniques are no longer sufficient.

Significant advancements in both 1temote <ensing vomponents
and systems and in the remote sensing deriwved under:ztanding of
physical and biological processes on the carta’s surface require
increased understanding of the characteristics of earth scene
radiation and atmospheric effects at visibie, infrared and
microwave wavelengths. Thus, NASA established the Fundamental
Remote Sensing Science Research Program within the Land Processes
Branch of the Earth Science and Applications Division at NASA
Headquarters.

The Scene Radiation and Atmospheric Effects Characterization
Project is conducted as the primary element of the program with
the general goal being to improve our understanding of the energy
emitted or reflected from an earth surface target, through the
intervening atmosphere as measured by a remote sensing system.
Emphasis has been placed on theoretical model development with
some observational studies and empirical characterizations

relating electromagnetic energy reflected and emitted from earth



surfaces to their biophysical characteristics.

Fundamental research needs for future applications research
in aerospace remote sensing were identified through a series of
workshops during fiscal year 1980 that involved leading scien-
tists from universities, industry and government. The research
issues that were identified through these workshops and reported
as a finel report to NASA Johnson Space Center ({under NAS
A-18916) in August 1980 are summarized in last year’s annual
SRALC report (NASA Technical Memorandum 86078, March 1984) and,
therefore, arce not repeated here.

Proposals from organizations outside NASA were solicited in
July 1981, and following a NASA Headquarters conducted peer
review, sixteen investigations were funded during fiscal year
1982. Most of these were proposed as three-year studies, such
that this annual report reflects the end-of-study results for
many of the principal investigators. Since the initial call for
proposals, other wunsolicited proposals have been received and
peer reviewed. Therefore, there are a few principal investi-
gators who have only recently begun their studies under this
project. Even though there is finite funding available, pro-
posals for new research are continually encouraged, especially in
those topical areas that were identified in the early planning
phase as being important research issues that have yet to be
adequately addressed.

The product of the SRAEC project is an improved understand-—
ing of the physical radiant energv interaction (remote sensing)

processes through measurements and modeling that will ultimately



enable the proper specification of earth observing space sensor
systems and the measurement and mocdeling of the important
physical, chemical. and biological processes and their inter-
actions. The success of the individual scientists in the program
is measured by the quality professional papers that are produced

and contributeqd through refereed scientific journals.



I.B. PRINCIPAL INVESTIGATOR WORKSHOPS

Following the selection and announcement of successful SRAEC
proposals, a "kick-off" meeting was held on June 15, 1982 at NASA
Goddard Space Flight Center. The objective of this meeting was
te ¢nable the principal investigators in the SRAEC Project to
lec-a v at their new collegues in the project were planning to do
in their wvarious studies and begin the process of sharing
int »wamwlion and ideas for synergistic benefit to the remote
sensing science progrem. Collaboration among principel investi-
gators was encouraged.

The next meeting of +the SRAEC principal investigators was
held January 5-7, 1983 at the University of Colorado in Boulder
in two separate sessions as a part of the National Radio Science
Meeting. The ob,jectives for this gathering of the PIs was to
provide NASA management with a review of early progress, to
initiate the sharing of results between SRAEC investigators and
to emphasize the importance of reporting the study results with
the broader remote sensing scientific community.

The second meeting to report on the research results was
conducted at Colorado State University in Fort Collins from
January 9-11, 1984. This second annual meeting was conducted
with a workshop format and to serve as a forum for sharing
terminology and articulate the merging of visible, IR, and
microwave theoretical arnd experimental techniques. Tutorial
presentations were made by representatives of these remote
sensing disciplines. Although time constraints did not allow a

full development of the ideas, good progress was made in bridging



the communications gap between the groups, which has been
apparent in the most recent meeting.

The Third Annual Meeting of the SRAEC principal investi-
gators was held on the campus of the Massachusetts Institute of
Technology in Cambridge, Massachusetts during January 29-31,
1985, Dr. Jin Kong of the Research lLaboratory of Electronics at
MIT hosted this meeting and arranged for local scientists Ken
Hardy and Dave Staelin to address the PIs and stimulate their
thinking.

The letter of invitation to the principal investigators and

the meetiug agenda are included in Appendix A. A list of the
workshop participants, their affiliations and addresses is
provided in Appendix B. And a telecommunications message to the

meeting participants from Dr. Robert Murphy, Fundamental Remote
Sensing Science Research Program Manager at NASA Headquarters, is
included in Appendix C. Dr. Murphy was personally unable to
attend the meeting due to other committments,

The current document is the product of the contributions
made by the SRAEC Principal Investigators, all of whom were
present, at this annual workshop (Figure 1). This SRAEC annual
status report is intended to 1) document responses to some of the
questions addressed during the workshop concerning the progress,
accomplishments and future directions of the project (Section
II.A) and 2) to provide a concise summary of the justification,
goals and objectives, and results of the individual SRAEC
investigations (Section II.B), including an updated listing of

the publications resulting from this research (Section II.C).



Figure 1. SRARC principsl investigators 8% the Third Annusl Worsr on on the
casppus of MIT on January 30, 1885, The PFlsz sre {(front vow, leafi s plight)
Bre. Badhwar, Smith, Diner, Gerstl, ¥Fung, Kahle: {(secvond row} Ulaby, Strabhler,
Pearce, Paria, Conel, Moore, Rong: (third row) Irens, JHorman, Fraser, Lang,
Vanderbilt; {(fourth row} Einmes.
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II. SRAEC PROJECT RESEARCH RESULTS



IT.A. PROGRESS AND ACCOMPLISHMENTS

By the time of the Third Annual SRAEC Principal Investi-
gator’s Meeting the SRAEC Project was beginning its fourth year
and most of the investigators had either completed or were
nearing completion of their third year of research. It therefore
seemed an appropriate time to look back on what had been done,
what progress had been made toward addressing the "research
issues" that had been identified at the inception of the program,
and what recommendation could be made now concerning the future
directions of the program.

A time for discussing the progress and accomplishments of
the project was reserved on the agenda for the last day of the
workshop to allow everyone Lo be updated on the progress of each
of the investigations. Drs. Fawwaz Ulaby and Jim Smith accepted
the responsibility for chairing these sessions and summarizing
the results,

Four questions were presented to the participants in the
workshop; three of which dealt with the success of the project
and one which considered a topic of considerable interest to most
of the scientists concerning the potential establishing a
centralized facility for artificial plant canopy experiments.
After some general discussion, each of the participants was asked
to individually prepare a written response to four questions.
The four questicns are given below, and the summarized, selected
responses are given on the following pages of this section.

In his cover letter (Feb. 20, 1985) reporting on the

responses, Dr. Ulaby summarized by stating, "...the SRAEC program



is regarded by its members as ‘one of the most successful

programs NASA has ever run’." The principal investigator

responses that follow contain numerous suggestions and varied

opinions regarding future directions.

QUESTION NC. 1

Excluding your own contributions, what are the three
most significant technical advances or developments
that were accomplished under the SRAEC Project?

The responses to this question have been
categorized according to:

(a) General Contributions

{) Specific Contrib.--Optical Region

(<) Specific Contrib.--Microwave Region

QUESTION NoO. 2

What accomplishments have been made in the SRAEC
Project reiative to the goals defined in its inception
document? Suggest changes in direction, approach, or
administration.

These responses have been grouped by:

(a) Accomplishments Relative to Goals
(b) Suggested Changes in Direction

QUESTION NO. 3

Are there '"gaps" in the program? Should new areas be
added? Should there be deletions?

QUESTION NO. 4

What are your views regarding the creation of a
"National Canopy Facility"?

10



QUESTION #1
Excluding your own contributions, identify the three most

significant technical advances or developments that were accomplished
under the SRAEC Program.

The answers may be grouped into two classes: (a) general statemerdts
that address the overall technical direction of the program, and (b) specific
statements relating to either the Optical or the Microwave portions of the
program.

(a) General Contributions

“"Remote sensing represents, in essence, an inverse problem. The
characteristics of radiation fields are used to deduce surface properties.
The two basic keys to the success of this are fundamental understanding of
(1) the interactive properties of rhe target (the surface) and (2) the
influence (if any) of the propagzation medium.

Efforts towards canopy modeling which have resulted in basic models
for BRDF's and/or backscatter cross sections are therefore a very important

component to our progress in attacking this inverse problem."

"Create a nucleus of experts and expertise."

"The program has helped to bring together investigators from both
the optical and microwave areas. As a result, both group's knowledge has
been strengthened by techniques used in the other area. Examples are:
the optical people were using transport theory--now the microwave
investigators are using it also. The microwave researchers were more
aware of the coherence effects and the non-uniform angular radiation
properties of leaves and surfaces. The optical researchers are now

measuring the BRDF of leaves and surfaces. In addition, the concentration

11



by the whole group on characterization of individual scatterers and
the architecture of the canopy has led to an increased understanding

of the relationships between measurements and biophysical parameters."

"I and other optical modellers are moving toward better under-
standing of the microwave problem. We all are working toward wavelength

independent solutions to the scattering/absorbing problem."

"Interdisciplinary interaction among various groups: optical and
microwave, atmospheric and surface researchers; experimentalists and

theoreticians with investigators who develop inversion algorithms."

"Developing a better understanding of the interaction of radiant
energy with surfaces, canopies, and atmosphere. Such knowledge enables

development of better mudels and inversion algorithms."

"“The bringing together of multiple disciplines has been useful in
getting the optical surface people to think about atmospheric problems
and microwave contributions, and vice versa. This has led to greater

sophistication in scene characterizations."

"Smith's phase function work helps build an important bridge

between optical, microwave and atmospheric work."

"I do think that a very important result was getting these diverse
PI's together and exposing them to each other's work. I think that the

communication 1links that were formed and the sharing of common

12



problems concealed in thedifferent terminologies of the subdisciplines

was most helpful and will pay benefits for a long time to come."

"To an outsider just joining this group, there appears to be too
heavy an emphasis on a few areas (modeling of broadband electromagnetic
radiation interaction with a few vegetative canopy types and measuring
of someé) to the exclusion of many other problems. I see little spectral
work, no soils studies, no geology, no forestry, no mixing-model studies,
no hydrology.... There are fundamental science problems in these areas,
involving "SRAEC". Maybe ncbody proposed to study them. Maybe announcement
of opportunity needs to be more broadly written and Aistributed.

The work that has been and is being done by this program appears

to be excellent and important."

"The development of a variety of computational tools for
addressing the multidimensional terrain media problem, principally

canopies."

""The beginnings of 2 solid, unified, attack on combined

theoretical modeling of microwave/optical interactions."

“Establishment of the communications channel among scientists
in optics and in microwave field. A fruitful and stimulating exchange

is being developed."

"The potential unification of the theoretical frame work, which
makes use of common mathematical approaches such as the radiative

transfer theory."

13



{(b) Specific Contributions--Optical Region

"I am impressed with progress being made in the visible-IR area in

inversion to determine actual relevant plant canopy properties from data.

I found Strahler's success with a simple model particularly striking."

“"Established common theoretical basis for systematic evaluation

of land remote sensing issues, i.e., radiative transfer, BRDF, phase

functions, cross—sections, etc. Combined surface/atmosphere descriptions."

"Identified new and important sensitivitiesz of electromagnetic
radiation (emitted or reflected from land surfaces) to intrinsic

surface features, e.g., spatial heterogeneities and non-Lambertian

angular signatures."

"Identified angular reflection features that seem invariant

to atmospheric effects."

"Tremendous progress has been made in testing,-evaluating and
then improving canopy reflectance models in a systematic way. And with
a clear confidence in these models, key biophysical parameters have been
extracted. The 'Holy Grail' of remote sensing, the solution of the
so~called ‘signature extension' problem has been shown to exist and the

role of canopy models in providing an understanding of this solution is

clearly identified."

"The complete atmospheric-canopy problem has been studied by
transport methods. Investigators have made initial attempts at obtaining
boundary conditions for this model. Atmospheric correction methods of

an elementary form has been proposed."

14



"The developments in atmospheric modeling coupled to the canopy
reflectance models and measurements has ameliorated doubts; regarding
capabilities to observe canopy BDRF's through the atmosphere. Therefore,
satellite remote sensing remains a viable tool for botanical, land-surface

climatology, and habitability types of research.

“Sound practical approaches to atmospheric correction of digital
image remote sensing data were discussed by Fraser and Dines (i.e.,
deblurring). The applied remote sensing community has been in desperate

need for such an approach. I believe this development is immediately

applicable."

"The fact that the canopy reflectance models are demonstrathly
invertible is most encouraging. The continuing development of these models

is probably the largest accomplishment of the SRAEC program.

"The most significant technical advance is that the effect of

specularly reflected light is now being included in canopy models."

"The atmosphere/canopy is being treated as one problem rather than

two. Phase functions pecific to each are being included."

"I believe that all of the research being done in the space
program is addressing the goals of the inception document. The
approaches of these studies are appropriate. The individual researchers
have developed a strong theoretical background which provides a sound
basis for exploring extraction techniques of desired canopy characteristics.
These 'desipns' gf canopy characteristics are varied for many similar

problems inside and outside of NASA as we have discussed. I believe

15



this is the area which will give the SRAEC program a great deal of

publicity and future support."

"Significant advances appear to have been made in both measurement

and characterization of BDRF's of a number of complex surface types."

"The potential merge of the vegetation canopy study and the
atmospheric science, providing a complete framework for the study of

the complete earth environment including earth terrain and atmosphere."

"The recognition at optical wavelengths, that besdies ectral
signature, there are other observables which distinguish di. .rent crop
canopies, i.e., angular reflectance signature, temporal greenness

profile, or scene textural analysis.

"The recognition that the information content of previous
generation remote sensors (e.g., Landsat) is limited due to the
restriction of nadir viewing. It appears that most interesting or
useful effects appear at view angles greater than 45 degrees. A
redirection of thinking to consider high off-nadir angles, taking into
account the advantages as well as technical problems associated with

such an approach, is a significant step.

"Time dependency of canopy reflectances seems to be a reliable

crop identifier.

"Jim Smith improved his canopy phase function."

16



"“"Angular patterns of reflectance is understood only qualitatively
(bowl-shape, hot-spet, "invariant valley), but not quantitatively. An
artificial canopy with the possibility to set LAI, leaf, sizes, etc,

may give us the hint to quantitative expressions."

“Unscrambling pixels affected by the adjacency effect."

'Identifying distinctive features for remote sensing (hot spot,
persistent valley, specular reflections in visible IR, branch structure

and the like for millimeter waves.

"Canopy reflectance models for inhomogeneous canopies."

""More detailed models of canopy BRDF that consider leaf and

soil BRDF, partial cover and specular reflection."

"Calculating phase functions for canopy so general RTE code can

be used to obtain BRDF predictions. Need to do better work relating

this phase function to actual canopy architecture."

"The combined radiative transfer modeling, in a mu. h more
realistic way, of the atmosphere/surface problem with remote sensing

implications."

""The potential merge of the vegetation canopy study and the
atmospheric science, providing a complete framework for the study of

the complete earth environment including earth terrain and atmosphere."

17



(c) Specific Contributions-—Microwave Region

"Improved theoretical descriptions that are beginning to take into

account the actual geometries better."

"Measurements of dielectric constauts for materials and frequencies

not well handled in the past.”

"By replacing stems with lossy dielectric rods and leaves with
lossy dielectric discs, modeling techniques can be used to approximately

reproduce observed experiments."

"Rough surface effects have been incorporated into models

showing that surfaces can exhibit strong backscattering at nadir angles."”

"Much better understanding of the dielectric properties of a

single leaf through measurements."

"Much improved understanding of the relative contribution of the

component parts of a canopy."

"Scattering models with much wider ranges of applicability have

been developed."

""Ulaby's measurements fill a great need."

"Different contributions of different canopy elements to the returned
and transmitted signals in the microwave region, assessment of importance of

those elements for microwave remote sensing."

18



"Putting microwave sensing on a very firm mechanistic bLasis,

espec¢ially in the work of Ulaby and Lang."

"Trend towards understandable and usable models for backscattering

in the microwave region.”

"Some basic measurements like dielectric properties of soil,

leaves, stalks, etc."

“"Microwave modelers considering leaf angle distributions and

stems and branches."”

19



QUESTION # 2
Evaluate the avcowpiishments of the SRAEC program relative

to the goals defined in its toception document. Suggest changes
in direction, approach, or administratiom.

(a) Accomplishments Relative to Goals

"As far as I know, little has been done under controlled conditions
to solve the stress-response problem directly--yet this is one of the most
important from an applications point of view. Ulaby has done a lot of

work on seasonal variations, per se, as have the French and Dutch.

"Ulaby has made extensive measurements of soil dielectric as part

of this and other programs. This is an accomplishment.

"Goal 4 ('overriding necessity to relate to biophys parm.')
is attacked by theory and experiment and may find culmination in work

perceived for artificial canopy."

"Perhaps the mest important justification for NASA to support
SRAEC is to develop a strong scientific basis for the remote sensing
programs being developed for the 1990s. The entire radiation spectrum

that has high transmission through the atmosphere will be utilized."

"Relative to the accomplishments stated above, SRAEC program
has made very significant progress towards the fundamental approach
to the remote sensing science in unifying researchers from different
disciplines, from different electromagnetic spectrum, from different

schools of thought, and from both theoretical and experimental expertise."

20



"The first year<s of the SRAEC program have led to advances
in developing the tools needed to address the question outlined in
the inception document. While some of the questjons may have not
yet been answered, we are in a significantly better position to address
them now than we werethree years ago. The flexibility of the program
is a major plus, allowing researchers free freedom to pursue new ideas

and not be rigidly held to their proposals."”

"I think the SRAEC research program has pretty well followed the
goals objectives set out for the program at its inception., The original
document called for a very broad research program with many topics
and needs listed. Although not all of these areas have been attacked,
the main thrust has clearly been along the lines of the plan. It seems
to be funding a good balance of theoretical work, measurement, and work
that is a bit more application-oriented. Except for the usual NASA
bureaucratic problems (funding delays, etc.), the program has been

well administered. I don't think it really ueeds much change."

"Modelers should not start impacting the applied programs.
A question like: 'what is the best CR model for a given vegetation?'

I believe, should be addressed by the group."

"Program is proceeding toward stated goals at a rapid pace and
I would not change the approach or administration and would let the

direction continue to be defined by the original document.”

21



"Much better than I would have thought. While individuals may
come and go, I believe it is important to keep some collective memory.
I believe administration by NASA has been exemplary. Overall, a first
class group doing firs: class work under enlightened NASA enviornment

fostering creativity and comraderie.”

"Relative to the accomplishments stated above, SRAEC program
has made very significant progress towards the fundamental approach
to the remote sensing science in unifying researchers from different
disciplines, from different electromagnetic spectrum, from different

schools of thought, and from both theoretical and experimental

experties. "

22



(b) Suggested Changes in Direction

"perhaps the more glaring gaps in the program are filled with
the induction of geologists into the group. We need better coverage
on the properties of rocks and soils. We need thermal band coverage.
These are addressed to some extent with the recent program addition.
On the other hand, we have not, as a group, looked at snow or ice.
We have not looked at the sca although useful observations might bhe

possible, especially for coastal waters.

"Little has been done to improve cross-polarized measurements. Use
of circular reflectors of parabolic shape leads to significant cross
polarization. Low-cross—-polarization arrays or horns should be used
in such measurements. Cross-polarized returns have significant potenti-’s,
as demonstrated years ago with the Westinghouse 35 GHz radar, and more

recently with ERIM, CCRS and IPL radars.'

"Nothing has been done in this program with regard to snow and
ice dielectrics, although sume other work relates to them. The problem
is complex, and perhaps should be left to the Arctic and Air Force

programs."

'I see no need for a change in direction."

"I agree with Dr. Smith's statement that the SRAEC program needs
to extend applications of radiative transfef theory to other terrestrial
media. I am biased towards the study of soils. Other media obviously
include snow, ice, exposed rock, and even water bodies {e.g., the

turbid waters of the Great Lakes)."
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"Steps need to be taken to ensure the transfer of SRAEC accomplishments
to applied remote sensors. In particular, these accomplishments are of
immediate and great utility to those scientists planning retrospective

and field observations for ISLSP."

"The greatest strength of the program is the heavy emphasis on
devrlopment of better understanding of the canopy radiation field using

modeling as an approach."

"As implemented, this emphasis has elevated determination of
LAI, leaf angle distribution etc. (e.g., a very limited set of
parameters) as an end objective. This is both good (we need to know
them) but also bad (we must not lose sight of the goal to obtain
information. The wariables or parameters mean nothing by themselves.
To be useful, they must be put in some context and they must be used
with other information. The modeling efforts tend to neglect these
aspects.

Thus, there is a need to better relate the modeling activities

to basic botanical information."

“SRAEC investigations should commence on all subjects that are not
now being done properly. Examples may be snow-ice, hydrology, wet

lands, soil and shore erosion, etc.

"There were almost no intercomparisons between different models

addressed to the same topic.”

24



“"Validation, verification and sensitivity analysis of existing
models are still needed. This can be done by using numerieca simulation
in the case of rough soil surface and perform basic experiments on

artificial canopy of known potentials in the case of vegetation layers."

"Extension of the existing models to heterogeneous media is

being done but not yet completed.”

"To relate electromagnatic parameters to the classical
biophysical descriptions-—-much progress has been made over recent

years both experimentally and from mcdelling viewpoint."

"Stronger links between experimental programs and theoretical
work are still desirable. Should encourage joint efforts or proposals

from theoreticians and experimentalists.”

"Basic measurement should now be de-emphasized. Some modeling

effort be directed to check models against observations already made."

"SRAEC program needs more research related to incoporating as
many aspects of the soil-plant-atmosphere system as possible. We have
emphasized radiation exchange, but numerous other processes are closely
rela. :d to radiation exchange such as evapotranspiration and dry matter
production and there should be some attempt to bridge this gap with as

rigorous an approach as possible."

25



"Further developments are needed in relating classic biophysical
descriptors to electircomagnetic parameters (e.g., Biomass ndeds to be
estimated as opposed to LAI and LAD). These needed developments,

however, will likely follow from the current research dicection."

"One gap is in not using the theoretical radiation caovability
assembled in SRAEC program to address problems of leaf BRDF as it
depends on leaf structure - internal (cells, chloryplasts, air gaps,
water, etc.) and external (epidermis, cuticle, surface irregularities,

etc.)."

"Much more emphasis nceds to be placed on the inverse problem

both in terms of rigorous theorctical models and simple algorithms that
can be used efficiently on millions of pixels. This universe problem

needs to include the atmospher: in the near future.'

"1 think there were not enough model intercomparisons.”

26



QUESTION # 3 -

Are there gaps in the program? Should new areas be added?

Should there be deletions?

"It seems to me that a gap exists in tying the microwave and vis-IR
response together. The ulitmate application is going to involve sensor
combinations with combined use of vis-IR and microwave when vis-IR

is possible, and use of microwave alone when clouds obscure the ground."

"If natural vegetation is the goal these days, it seems to me that
we are not doing justice to some forms of natural vegetation. Specifically,
I sce almost no effort on grassland and sparse desert v getation. Although
other programs arc addressing snow cover, sea ice, etc., at least some
link to these would be appropriate. Mereover, urban areas arce a part of
the environment--a very big part in some places--yet nothing seems to be
underway with regard to them except a tiny effort on our part to look

at radar cources in wooden buildings."

"Another area that seems to be receiving too little emphasis is
uncovered lithology. It is fine that it is starting in the thermal IR,
but the visible and microwave regions are not being treated. We have
done some work in the past that shows that one really can get lithologic

signatures in the microwave, but the surface has barely been touched.”

"Much work needs to be done for grasses and forest canopies in

both cancpy models and hope to extract key biophysical variables.

A clear need to attack (or combine) canopy reflectance models with
atmospheric models needs to be done, though a start has been made

(Cerstal)."

nN
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"The important gap in the program is the lack of a systematic
plan- to verify individual models with careinlly controlle&-experiments.
The experiments should be made on both real and artificial canopies.
All investigators should be notified of the experiment in advance and

have the opportunity to have ground truth that might need to be measured."”

"In the optical area, there is a need to have the individual

scatterers in the canopy carefully modeled."

"Both in optics and microwaves, the inversion of present models
should be carried forth. Since this is our ultimate goal, the groups

should start to address this porticn of the work more seriously.”

“"There are gaps in two areas. There is a crying nced for
research to provide means to obtain the input parameters needed for use
in canopy radiation models. That is, we need better instruments to
measure/estimate LAL, LAD, etc in a timely manner. At present we are
quite capable of collecting enormous amounts of spectral reflectance data
on numercus fields but only limited amounts of supporting data on
only a few fields. Thus we need a machine to measure the canopy
geometry. We need support for collection of a limited amount cf scanner
polarization data, preferably polarized AIS type data, in support of
my area and other modellers. Without these data we will not be able
to address these questions.

(1) How is light, scattered and polarized by a plan canopy, transmitted
through a disturbing atmosphere over a large area. (2) Is polarization
data another independent source of information about the scene--—
providing another 'channel' of information for discriminating species

and assessing the condition of the plant canopy on the ground."
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"An error analysis needs to be made for the entire remote sensing
system to determine the amount of research that is required for each
component of the system. The system consists of the surface, canopy,
atmosphere, sensor, processing the measurements, and finally inversionms. .,
If the accuracy of only one component of the system is only five percent,
say, then it may be unnecessary to achieve much greater accuracy for
any other component. Sensors should not be built at great expense
with greater accuracy than is justified by the accuracy of the remaining

components in the system."

"Lack of interaction between SRAEC investigators and meteorologists

and climatologists."

"Only the thermal region is missing in the existent programs.'

"ihe gaps in the program are related to the issues addressed in
question 1, which are in fact the future directions that we should be
concentrating on. It will be of fundameutal importance to unify the
optics and the microwave approaches, to include earth terrain media
other than vegetation canopy, and extend the atmospheric study to
include both the lower and the upper atmosphere. With such
interdsiciplinary approaches, we should be able to establish credential
in accountability and applicability to NASA goals such as the global
habitability studies, and at the same time remain in the domain

of fundamental research."
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"Gaps: The thermal is an obvious gap that has been mentioned.
Snow surfaces are not being addressed, and should. New work in soils
and rock spectra are extending our knowledge of scene radiation to
jaclude phenomena beyond plant canopies. I think the program should
continue to broaden in this way, but still keep its emphasis on

fundamental research unknowns.

"There is now a critical need for more coherent involvement

of measurement and modeling. The so~called "National Canopy Facility"

is all manifestation."

"Inversion of models to obtain biophysical parameters from

remotely sensed data."

“Considering the funds available and the number of people involved,
the program is very balanced. The biggest gap I see is a strong research

program on modeling thermal IR phenomena.”

"Thermal IR studies of the surface, including multi-angular
studies as well as investigation of IR sounding to characterize the

atmosphere."

"The addition of someone in the lidar field would be useful, to
get the optical passive and active communities talking to each other,
as well as to give the laser community a better sense of the type of
atmospheric information that is needed in order to correct images for

atmospheric effects."
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"The gaps in the program are related to the issues addressed in
Question 1, which are in fact the future directions that we should be
concentrated on. It will be of fundamental importance to unify the
optics and the microwave approaches, to include earth terrain media
other than vegetation canopy, and extend the atmospheric study to include
both the lower and the upper atmosphere. With such interdisciplinary
approaches, we should be able to establish credential in accountability
and applicability to NASA goals such as the global inhability studies,

and at the same time remain in the domain of fundamental research."
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QUESTION # 4
What are your views regarding the creation of a National Canopy

Facility?

"Considering the effort required to establish a chosen and
various LAI and LAD for a canopy of credible size (number of 'leaves",
etc), it would seem to me that it might be better to devote effort to
devising rapid, comprehensive, and accurate techniques for measurement

of the geometrical leaf descriptions than to constructing a hardware

model of large scale.

"The usc of models in experiments is important in many investi-
gations, but it is also important that individual experimenters use simple
models at their own sites to answer simple questions quickly. The whole
job cannot be done effectively with one or two massive models used by
everyone. Perhaps these are desirable for comparison purposes and for

classes of experiments where simple models will not do."

"Geometric scaling should be possible for answering most modeling
problems. This means that the models can be much smaller than the
real world, which makes them easier to use in some ways. For microwaves
this means that a higher frequency must be used than the frequency that
would be used with the real thing, but this is not hard to do. 1 see no
real problems with doing this scaling in the optical-IR regime, and it
should allow the models to be much more tractable. Moreover, for a dense
canopy. there is no need to model the entire thickness, since the

radiation will not penetrate beyond a certain depth anyhow!"




"I recommend a very inexpensive, simple canopy at first to see

if tnis idea is really worth putting the time and money into."

"Absolutely necessary because (1) angular distribution (besides
time variation) of canopy reflectance seems to be a valuable crop
identifier and (2) angular pattern of reflectance is understood only
qualitatively (bowl-shape, hot-spot, invariant valley), but not
quantitatively. An artificial canopy with the possibility to set

LAI, LAD leas sizes, etc may give us the hint to quantitative

expressions."

"I believe there is a strong need to establish a '"controlled"
facility for a variety of representative media (not just canopies).
Some tests would be very simple/some complex. Considerable thought
should go into such a program-wide resource--it is important to do it
right and assure that sufficient resources be allocated for a sustained
effort--not a "one-shot" deal. I am reasonably confident that
funds from other agencies could be identified to matc¢h NASA funds.

I am quite concerned that such a facility be established and
maintained by a group/groups that already have existing measurement
expertise in microwave/optical regions. I think a combined facility
could be beneficial. I need to think through some steps/ways to get

things going. I have some significant requirements for the op.‘cal case."
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"I believe there is well-defined value, over all programmatic
interests, in the NCF: models are not verified in full as being
invertible for enough distinctive canopy features, we need to
understand "hidden wvariables'" or hidden assumptions about canopy

structure (especially pair correlations of leaves or other scattering

structures).

"1 think that construction of a National Canopy Facility will be
a total waste of scarce resources. For homogeneous and uniform canopies,
CR models exist which represent the CR quite accurately (within the
measurement accuracy). For complex canopies, the models are not as
good but a complex artificial canopy wili be hard to make and will
itself introduce unwanted artifacts.

I support the concept of an individual P.I. proposing an
artificial canopy experiment as part of his/her proposal.”

"I favor the idea of an artificial canopy being explored. However,
there must be at least a promise of learning something from this that
we do not already know. Also, I would hope that it is not so conceived
and constructed that it becomes an end in itselt without contributing
to the real vegetation remote sensing problem.

I think that a significaut effort should be funded to explore
designs for such a facility using expertise from a broad cross section
of the biological and remote sensing communities. This would involve
materials, questions, leogistic questions, radar vs. optical, and outlines

of some reasonable projects that it would be used for.
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After this one year or more of study, the question should be
posed well enough to be evaluated in a peer review system. Whether
this artificial canopy has naything to offer will depend strongly on
the design and we need to know specifics that are generated f.om a broader

cross section of potential users."

"I don't think large amounts of money should be spent on making
an artificial canopy closely resembling plants when one coul”® spend
69¢ on a seed packet and grow the real thing! To me, the utility of
an artificial canopy would be to convincingly demonstrate that canopy
properties can be recovered uniquely for relatively simple (but non-trival)
geometries, because if that can't be done, then I don't see how crop
situations can be inverted. Thus, there is no pressing need for the
artifical canopy to resembly plants other than in some gross way. If
such a simple canopy can't be constructed for under, say, $10,000, we're
getting into dollar amounts that might be better spent elsewhere,

especially in this time of budget limitations.'
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IT.B. PRINCIPAL INVESTIGATOR SUMMARY REPORTS

Each of the principal investigators was requested (see
Appendix A) to bring to the Third Annual SRAEC Principal Investi-
gator’s Meeting a succinct summary research report that provided
information on the 1) justification, goals and objectives; 2)
experimental approach; and 3) study results, with up to three key
figures to illustrate their findings. In addi:.on, a separate
listing o} publications and presentations on their research was
also requested (see Section II.C.)

The remainder of this section contains the individual

investigator’s summary research reports in the following order:

Smith Reflectance Modeling (p.37)

Norman Bidirectional Reflectance Modeling of
Non—-Homogeneous Plant Canopies
(p.45)

Kimes Understanding the Radiant Scattering

Behavior of Vegetated Scenes (p.53)

Vanderbilt Measurement and Modeling of the Optical
Scattering Properties of Crop
Canopies (p.59)

Strahler Geometric—-Optical Modeling of a Conifer
Forest Canopy (p.686)

Badhwar Crop Characteristic Research: Growth
and Reflectance Analysis (p.71)

Conel Ground Reflectance Measurements from
Thematic Mapper Data (p.78)

Kahle Thermal Infrared Geometric Remote
Sensing Research (Co~1I,
Bartholomew) (p.85)

Diner Atmospheric and Scene Complexity Effects

on Surface Bidirectional
Reflectance (p.92)
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Fraser

Pearce

Gerstl

Fung

Kong

Lang

Ulaby

Moore

Paris

Atmospheric Effect on Remote Sensing of
the Earth’s Surface (p.99)

The Characterization of Surface Varie~
gation Effects on Remote Sensing
(p.1086)

Multidimensional Modeling of Atmospheric
Effects and. SurfTace Heterogeneities
on Remote Sensing (p.113)

Scattering Models and Basic Experiments
in the Microwave Regime (Co-I,
Blanchard) (p.119)

Remote Sensing of Earth Terrain (p.125)
Discrete Random Media Techniques for

Microwave Modeling of Vegetated
Terrain (p.129)

Microwave Dielectric and Propagation
Properties of Vegetation Canopies
(p.135)

Determination of Backscattering Sources
in Various Targets (p.l41)

Active Micowave Properties of Vegetation
Canopies (p.147)
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REFLECTANCE MODELING
Dr. James A. Smith

College of forestry & Natural Resources
Colorado State University
Fort Collins, Colorado 80523

PROJECT ORIECTIVES

The overall goal of our work has been to develop a set of computa-
tiona] tools and media abstractions for the terrain bidirectional reflec—
tance problem. The modeling of soil and vegetation surfaces has been
emphasized with a gradual increase in the complexity of the media
geometries treated. Pragmatic problems involved in the combined modeling
of soil, vegetation, and atmospheric effects have been of interest and one
of our objectives has been to describe the canopy reflectance problem in a
classical radiative transfer sense permitting easier inclusion of our work
by other workers in the radiative transfer field.

APPROACH

Th~ application of radiative transfer theory to soil and vegetation
media requires an abstraction of the scattering and absorbing prcoperties of
the medium in terms of biogeophysical attributes, a specification of the
geometrical boundary of the medium, and a mathematical solution technique
to the radiative transfer equations. We have abstracted our media to con-
sist of a collection of discrete scatterers, e.g. leaf or soil facets, with
individual diffuse and specular optical properties. Bulk properties of the
media are usually derived from suitable averaging over the statistical dis-
tribution of the individual elements within the medium. For simple plane
parallel media geametries, we are using classical solutions to the radia-
tive transfer equations, e.q. the discrete ordinates/ finite difference
method of Chandrasekhar, the Adding method of Van de Hulst, or the two
stream method of Kaufman. For complex geametries with irregular rough sur-
faces, we are employing Monte Carlo techniques.

RESEARCH FINDINGS

We will briefly summarize three areas which have been addressed since
the last SRAEC annual meeting. These are orthogonal expansion of our phase
functions in terms of total scattering angle and example use with standard
radiative transfer code, e.g. Kaufman's two stream approximation; our Monte
Carlo reflectance modeling for complex soil surfaces which now include
Fresnel facets; and our current work in modeling complex vegetation sur-—
faces.

~ We have previously described our calculational technique for averaging
over leaf angle distributions and leaf optical properties to estimate the
canopy scattering diagram as a function of the global incident and exitant



angles. The phase functions we presented were given in terms of incident
angles, a,4 and exitant angles, n',4'. As Ross has indicated, it appears
that canopy phase functions, unlike some of the more symmetrical atmos-
pheric cases, may not necessarily be explicitly formulated in terms of only
a total scattering angle, ©. We have spent some time pondering this cir-
cumstance. Recently, we have adapted an approach outlined by Liou for ice
crystals whereby "average" phase functions can be computed. The procedure
essentially averages over ranges of u,6 and u',4' which yield the same
total scattering angle, 6, i.e.

cos O =uau' + (1—.11)1/2 (1—;.1')1/2 cos (46— 4") (L

We term the resulting scattering diagrams, "stylized" phase functions.
We do not -believe the results are strictly correct in the fine details,
because of both fundamental reasons and numerical problems. However, as
Van de Hulst has indicated, for many calculations the fine details may not
be all that important. Theoretically, the phase functions are much more
tractable and ke expanded, in Legendre polynamials, for example, as fol-
lows:

and, thence, into a variety of useful forms. The table below shows an
example calculation for a spherical leaf angle distribution for visible and
near infrared wavelengths. The phase function, and, hence, expansion coef-
ficients vary with the vegetation optical properties.

N=0.55am  A=0.65um A=0.80 g m

1, 1.009 1.018 1.018
uy 0.057 ~0.238 ~0.271
u, 0.174 0.180 0.183
u, -0.022 ~0.053 -0.051
g 0.021 0.028 0.033
ug -0.001 -0.021 -0.024
wy 0.021 0.022 0.026
NOTE

¢ W, should be 1.0; same measure of the numerical precision of the
calculations is indicated by the deviations from this value above.

Such expansions can be easily incorporated into standard radiative
transfer code. We have used the above values in Kaufman's published modi-
fied two stream method—the program code was obtained from the Atmospheric
Science Department at Colorado State University. Figure 1 is a plot of the
(spline - smoothed) stylized phase functions at the three wavelengths
above.
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Monte Carlo Soil Reflectance Modeling

At last year's SRAEC some preliminary results from a Monte Cailo model
for the reflectance of a rough soil were presented. The thrust of our work
in this area over the past year has been to extend the usefulness of this
model to surfaces having non~Lambertian elemental reflectance properties.,
In particular, we were concerned with the effect of a distribution of
Fresnel facets superimposed on macroscopic surface irregularities . The
reflectance properties of an element of area of surface covered by these
facets was determined theoretically, and then this reflectance function was
substituted for the original Lambertian one in the Monte Carlo model.

In the substitution of reflectance functions into the Monte Carlo
model it was desirable to allow the most general forms possible. For this
reason two alternatives were investigated: the approximation of the refleg-
tance functions in teims of spherical harmonics, and the use of a lookup
table generated from the value of the reflectance functions at discrete
angles. After scme preliminary testing it appears that the former approach
is slightly better when the reflectance function in question is simple,
however for more oomplex functions, and in particular for the functions
arising from distributions of Fresnel facets, the lookup table approach is
the only reasonable one. .

Thus far, we have only considered the case when the Fresnel facets
have a wuniform distribution of inclination angles. 2An example of the sort
of results obtained for a surface with a simple cosine undulation is given
in Fig. 2a. In this case light was incident on the surface at a zenith
angle of 45 degrees and an azimuth perpendicular to the direction of the
rows. The results are given by plotting contours of equal re lectance fac-
tor on a polar plot in which distance from the center indicates the zenith
view angle, and the azimuth of the view corresponds directly to that on the
plot. Figure 2b shows the bidirectional reflectance distribution function
for the same surface possessing purely Lambertian elemental scattering pro-
perties.,

Reflectance From Complex Vegetation Surfaces

After reviewing the bidirectional reflectance distribution modeling
work for vegetation media currently underway in the SRAEC fundamental
research effort, we concluded that it would be useful to attack the problem
of reflectance from a rough surface vegetation layer from a multiple
scattering, radiative transfer perspective. The approach we chose is an
outgrowth of Norman's work and complements Strahler's geametric optics
approach utilizing stylized structures for tree crowns. Basically, we are
adapting a Monte Carlo code by utilizing probability of gap expressions
which take into account the varying optical path length through vegetaticn
layers as a function of canopy density, macro-structure and lock angle.
Gecmetrical routines are used to compute required parameters from a canopy
height profile. 1In practice we employ Fourier series expansion of canopy
height profiles. lLater we may examine statistical structures inherent in
the data via power spectra analysis and formulate appropriate models.
These ideas are partially generated from some thermal modeling work we are
performing over a forested site at Oak Ridge National Laboratory and we are
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capitalizing on the canopy structure data available for this site.
This work is in preliminary stages, but briefly our approach follows:

1. An adapted version of our Monte Carlo vegetation reflectance model
will be used to handle the multiple scattering calculations.

2. Probability of gap expressions are computed for photon interactions by
considering both micro (i.e. leaf angle distributions) and macro
(canopy height profile) structure. Specifically,

P,(e) = exp — LAT*g(6)*D(8) /h (3)

where g( & ) is the mean canopy projection in direction ©, ILAI is leaf
area index, and D( & ) is the geametric path length from the bottom of
a canopy later to the top profile in direction €, and h is the canopy
layer thickness.

3. Appropriate geometrical computational routines have been developed to
calculate D(B) for an arbitrary canopy height profile. We have
applied these routines to sample data transects from the Oak Ridge
Site. In practice, the canopy height profile data are first
"detrended" using least squares regression, and the the power spectra
computed for the detrended data in order to develop Fourier series
representations for the calculation routines. Figure 3 shows a sample
detrended height profile, and schematically illustrates the varying
path lengths through this canopy layer as a function of look angle.
Multiple voids in the canopy are correctly handled.

SIGNIFTCANCE AND NEXT MAJOR STEP

The main significance in our work is an increased understanding,
expressed via a variety of computational procedures, of terrain bidirec-
tional reflectance properties. To our knowledge, there were no macro soil
reflectance models for complex surfaces incorporating the complete multiple
scattering solution and acoounting for shadowing effects. Our calculation,
treatment, and utilization of canopy phase functions also appears to be
somewhat novel, although we have built upon the efforts of earlier workers.
Extensions could be made to our work to include, for example, the incor-
poration of media subelement models to account for physiological or polari-
zation properties.

In the eight months remaining of our third year of funding the final
step in our research focus will be to complete a tractable treatment of
complex vegetation surfaces amendable to our Monte Carlo canopy reflectance
modeling techniques. In addition, we will more gracefully complete several
loose ends in our completed work including the generation of orthogonal
expansions of our canopy phase functions and the utilization of the models
developed under this study to illustrate scil/vegetation/atmospheric
effects in such applications as AVHRR-derived vegetation index calcula-
tions.
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Figure 2a. Polar plot of bidirectional reflectance distribution
function from a row soil surface with partially speculavly
reflecting Fresnel Tacets. Sun is at 48 degrees with
azinuth perpendicular to rows. Llemental reflectance is
28% .

43



// B

i N

e

\

-
AN
"
AT
AN ]

f

Figure 2b. Polar plot of bidirectional reflectance distribution
function from a row soil surface with strictly
Lambertian elemental reflectance properties.



517

1

ot
T e e,
o,

Figure 3.

Detrended height profile for forest transect and probability
of gap calculation for path length as a function of Took angle.



N86-137g9g

BIDIRECTIONAL REFLECTANCE MODELING OF NON-HOMOGENEOUS PLANT CANOPIES

John M. Norman
University of Nebraska
Lincoln, NE 68583

Objective

The objective of this research is to develop a 3-dimensional radiative
tran:fer model for predicting the bidirectional reflectance distribution
function (BRDF) for heterogeneous vegetation canopies. The model (named
BIGAR) considers the angular distribution of leaves, leaf area index, the
locaticn and size of individual subcanopies such as widely spaced rows or
trees, spectral and directional properties of leaves, multiple scattering,
solar position and sky condition, and characteristics of the soil. The model
relates canopy biophysical attributes to down-looking radiation measurements
for nadir and off-nadir viewing angles. Therefore inversion of this model,
vwhich is difficult but practical, should provide surface biophysical
propertias from radiation measurements for nearly any kind of vegetation
pattern; a fundamental goal of remote sensing. Such a model also will help to
evaluate atmospheric limitations to satellite remote sensing by providing a
good surface boundary condition for many different kinds of canopies. Further
this model can relate estimates of nadir reflectance, which is approximated by
mogt satellites, to hemispherica? reflestance, which is ncccessry in the
energy budget of vegetated surfaces.

Technical Approach

The approach to this research requires development of the mathematical
equations and computer coding of the heterogeneous-canopy model, better
characterization of leaf and soil properties which are a serious limitation at
the present time, and finally comparison of medel predictions with field
measurements that are cobtained from other investigators. The Bidirectional
General Array Model (BIGAR) is based on the concept that heterogeneous
canopies can be described by a combination of many subcanopies, which contain
all the foliage, and these subcanopy envelopes can be characterized by
ellipsoids of various sizes and shapes. The foliage within an ellipsoid may
be randomly positioned or non-randomly positioned. Estimates of multiple
scattering are obtained by transforming each point of interest in a particular
ellipsoidal canopy to an equivalent one-dimensional canopy and solving the
radiative transfer equations for this simple case. The BRDF for individual
leaves has been measured so that appropriate leaf properties can be used in
the model. The BRDF for several soils has been measured and modeled with a
simple block-modeling approach to provide a reasonable lower boundary
condition for the canopy model. Field measurements of corn and soybean canopy
BRDFs are compared with -odel predictions.
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Research Results

The results of this study are three fold: 1) A simple soil BRDF model
tested with measurements, 2) laboratory measurements of leaf BRDFs for live
corn and soybean plants grown in the greenhouse and the field, and 3) the
development and validation of a 3-dimensional canopy BRDF model of
heterogeneous vegetation that combines soil, leaf, and canopy-architectural
information.

The simple scil BRDF model approximates a soil aggregate by a single
rectangular block placed on a fixed lot area with a fixed orientation relative
to the sun azimuth. The relative reflectance factor in any view direction is
computed from projections of block faces and the shadow of the block on the
horizontal. Fig. 1 contains a comparison of model results with measurements
in the solar waveband over a rough surface that was recently plowed from sod
with furrows approximately 15 cm deep. The RMS difference between the
surfaces is 2.2% in reflectance, The simple-black-model predictions fit
measurements from smooth (0.5-1 cm gravel) and medium rough (2 to 5 cm clods
from multiple tillages) even better with 1% RMS differences in reflectance.

Leaf BROF measurements were made at 3 source incidence angles (20, 45,
70) and about 50 view angles for intact corn and soybean leaves attached to
their respective plants. The distribution visible and near-infrared,
reflectance and transmittance factors is shown in Fig. 2 for a 45 degree
suurce incideuce augle. The leaf hemispherical reflecrance, which is
essential to all models of vegetation radiation exchange, was calculated from
the integral of the BRDF (Table 1). Clearly normal incidence valves which
currently are being used in other models may not be appropriate since mean
leaf-sun angles for most canopies are between 45 and 60 degrees and not near
normal incidence.

The 3-dimensional bidirectional reflectance general array model (BIGAR)
predictions have been compared to measurements on corn and soybeans that were
obtained from the Laboratory for Applications to Remote Sensing (LARS),
Purdue, University, West Lafayette, Indiana as part of the AGRISTARS program.
An example of how ellipsoids are used to represent a young corn canopy is
shown in Fig 3 and a comparison of measured and modeled results is in Fig. 4.
In general the model predictions agree very well with measurements considering
that soil BRDF measurements cannot be made for the same site as the vegetation
BRDF measurements.

& simple 3-term empirical equation has been derived to fit measured and
modeled, soil and canopy BRDFs over a wide range of wavelengths. The RMS
reflectance difference between the 3-term empirical equation and modeled or
measvred distributions (including view zenith angles from 0 to 60 degroes) is
about 0.2% in the visible and 2% in the near infrared for soybeans and several
soils} a remarkably good fit.
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Significance of Results

Significant research results from this study impact on vegetation remote
sensing in three ways: 1) relation of soil BRDF to roughness and sun angle, 2)
interactions between soil BRDF and canopy reflectance properties that lead to
confounding the discrimination of sparse vegetation using angle-of-view
observations, and 3) interpretation of leaf BRDF measurements to provide more
suitable leaf spectral properties for models of vegetation radiative transfer.

The very simple block model, which has beem verified with field
measurements, relates the soil BRDF to roughness. Unfortunately the roughness
is a relative roughness and thus not the same kind of "roughness" used by soil
physicists, Thus a disked field and a gravel lot can have similar relative
roughnesses (ratio of size to spacing) and BRDFs but represent very different
roughnesses to the soil physicist.

The BRDF of sparse vegetation is not as different from soil as is
desirable for discrimination based on view angle observations. However the
structure of sparse canopies may be distinguishable from each other or soil
backgrounds with zenith view angels of 60°. Unfortunately this is not
possible from satellites. 1In addition we now understand how a BRDF is
different for a eoil below a canopy than a soil in the open even though their
physical characteristics are identical., The 3-term empirical equation fits
soil and vegetation BRDFs so well that it may greatly simplify extraction of
canopy properties from off-nadir observations for natural surfaces so that use
of such daiae may becdne practical. Perhaps it may even reduce the nurber of
off-nadir angles needed for obtaining canopy properties from satellite
observations.

During this study we have measured leaf BRDFs for corn and soybean; a
rather formidable task that few have attempted. From this work we have
learned that models based on normal-incidence integrating sphere leaf spectral
properties, and to date nearly all leaf spectral property data is for normsl
incidence, are using underestimates of leaf reflectance and overestimates of
transmittance. Using the more appropriate leaf spectral properties may change
canopy reflectance by 5 to 15% of the reflectance value. The improved
estimates of leaf spectral properties will alsoc improve estimates of canopy
water use and photosynthesis. In fact the reduced water use of an isogenic
line of dense pubescence {dense hairs) soybeans could only be explained by the
leaf BRDF and not normal incidence integrating sphere measurements.

Future Work

Future research should emphasize the inversion of 3-dimensional
vegetation-soil bidirectional reflectance factor models and develop simpler
inversion algorithms from exercising these complex models. Both angular (view
direction) and wavelength information should be combined in the inversion
process to extract the maximum amount of information; perhaps imverting the
distribution of normalized-difference with view angle may hold promise. The
logical extension of this 3-D model is to include more complex canopoy
architecture such as conifer trees, and also extend the wavelength band to the
thermal.



Table 1. Hemispherical reflectance and transmittance of corn and soybean
calculated by integrating the results of leaf BRDF measuremsnts.

Incidence Visible KIR
Crop Angle Refl (%) Trans (%) Refl (%) Trans (%)
Corn 0 7.7 3.9 - -
20 9.1 4.2 34.6 39.3
45 9.3 3.4 33.0 3.4
70 14.2 3.9 45.2 45.0
Soybean 0 8.3 4.9 - -
20 9.3 4.3 41.7 30.9
45 9.6 3.7 44,9 33.2
70 15.3 3.1 51.6 32.0
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measured ard modeled for (a) is 2.2% and for (b) is 1.1%
in reflectance unite. Maximum zenith view angle is 60°
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UNDERSTANDING THE RADIANT SCATTERING BEHAVIOR OF VEGETATED SCENES

Daniel S. Kimes
NASA/GSFC

Fundamental knowledge of the physics of the scattering behavior of
vegetation as gained in this study is important. This growing body of
knowledge will ultimately serve the remote sensing and earth science
community in many ways. For example, it will provide (1) insight and
guidance in developing new extraction techniques of canopy characteristics,
(2) a basis for better interpretation of off-nadir satellite and aircraft
data, (3) a basis for defining specifications of future earth ohserving
sensor systems, and (4) a basis for defining important aspects of physical
and biological processes of the plant system. Such fundamental knowledge
is very important to the long term advancement of remote sensing and earth
science programs. The overall objective of the three-year study is to
improve our fundamental understanding of the dynamics of directional
scattering properties of vegetation canopies through analysis of field
data and model simulation data. The specific objectives were to (1) collect
directional reflectance data covering the entire exitance hemisphere for
several common vegetation canopies with various geometric structure (both
homogeneous and row crop structures), (2) develop a scene radiation model
with a general mathematical framework which will treat 3-D variability in
heterogeneous scenes and account for 3-D radiant interactions within the
scene, (3) conduct validations of the model on collected data sets, and
(4) test and expand proposed physical scattering mechanisms involved in
reflectance distribution dynamics by analzying both field and modeling data.

Using a Mark III 3-band radiometer, directional reflectance distributions
spanning the entire exitance hemisphere were measured of natural vegetation
canopies ranging from bare soils to complete with 100% ground cover. NOAA
7/8 AVHRR bands 1 (0.58-0.68 um) and 2 (0.73-1.1 um) were used in data
collection. The cover types reported were corn, soybeans, grass lawn,
orchard grass, alfalfa, cotton row crops, pine forests, hardwood forests,
plowed fields, annual grassland, steppe grassland, hard wheat, salt plain,
and irrigated wheat. A1l measurements were taken from the ground except
the forest canopy measurements which were taken from a helicopter. Leaf
area index, leaf angle orientation distributions, probability of gap functions,
leaf reflectance and transmittance, and soil reflectance were measured on
some of the canopies.

A three-dimensional radiative transfer model was developed (Fig. 1)
and is unique in that it predicts (1) the directional spectral reflectance
factors as a function of the sensor's azimuth and zenith angles and the
sensor's position above the canopy, (2) the spectral absorption as a function
of location within the scene, and (3} the directional spectral radiance as
a function of the sensor's location within the scene. It is one of two
existing models with such general three-dimensional capabilities. This 3-D
model was expanded to incTude the anisotropic scattering properties of
lTeaves as a function of the leaf orientation distribution in both the zenith
and azimuth angle modes. The model was applied to complete vegetation
canopies of various leaf orientations--erectrophile (mestly erect leaves),
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planophile (mostly horizontal leaves), spherical {equal probability of all
leaf orientations), and heliotropic (sun tracking leaves). The model was
also validated and analyzed for agricultural crop canopies, natural
grassland canopies and forest canopies. The model was used to explore the
radiative transfers that take place in these various scenes.

The analysis of the field data and model simulations yielded significant
information on the radiant scattering bhehavior of the vegetation canopies.
The results showed unique reflectance distributions ranging from bare soil
to complete vegetation canopies for agricultural crops and natural grasslands.
Physical mechanisms causing these trends were proposed based on scattering
properties of soil and vegetation, Soil exhibited a strong backscattering
peak toward the sun (Fig. 2). Complete vegetation exhibited a "bowl"
distribution_with the minimum reflectance near nadir (Fig. 3). Sparse
vegetation canopies showed shifting of the minimum reflectance off of
nadir in the forward scattering direction because both the scattering
properties of the vegetation and soil were being observed., In addition,
sparse canopies exhibited the strong backscatter peak of the soil at
relatively small solar zenith angles. The largest variations in reflectance
with changing view angle occurred at large solar zenith angles for canopies
with very Tow vegetation covers. As vegetation densities increased and
the solar zenith angle decreased, reflectance variations decreased. The
dynamics of the directional reflectance distributions were analyzed and
physical principles responsible for the observed dynamics were proposed.
Past studies have demonstrated that the normalized difference transformation
[AVHRR (Band 2 - Band 1)/(Band 1 + Band 2)] is useful in monitoring green
vegetation biomass. A difficulty in utilizing AVHRR data that scans out
to 56° is that the signal for any particular target can change significantly
with various view angles. It was demonstrated that this transformation
generally decreased the directional variation of the signal. However,
there were exceptions. For each remote sensing application the user should
be aware of these variations for the specific cover types being studied,
solar zenith angle and scanning direction of the sensor with respect to
the solar azimuth., It was found that complete canopies with different
leaf orientation distributions (erectophile, spherical, planophile, and
heliotropic) had unique reflectance distribution characteristics. The
dynamics of these distributions were physically explained by directional
scattering effects of two mechanisms. The first mechanism causes the
characteristics "bowl" shape of complete canopies that is--increasing
reflectance with increasing off-nadir view angle for azimuth directions.

It is caused by shadowing gradients and view projection gradients within
the canopy. The second mechanism is the primary directional scattering of
the leaves (phase function) due to leaf orientation, source direction, and
leaf transmittance and reflectance values. The combination of these two
mechanisms in the various canopies are responsible for the dynamics of the
overall shape of the directional reflectance distributions.

The results showed that the scattering behavior of relatively dense
forest canopies is very similar to the scattering behavior of agricultural
crops and natural grassiands. Only in more sparse forest canopies with
significant spacing hetween the tree crowns (or clumps of tree crowns) does
the scattering behavior deviate from homogeneous agricuitural and natural
grassland canopies. This clumping of vegetation material has two effects
on the radiant transfers within the canopy. (A) It increases the probability



of gap to the understory and/or soil layers which increases the influence
of the scattering properties of these lower layers and (B) It increases
dark shadows within the scene causing increased backscatter and decreased
forward scatter to occur relative to the homogeneous case. Both phenomenon
tend to increase backscatter relative to forward scatter. For typical
forest canopies, the peak backscatter reflectance can be increased as much
as 30% relative to an equivalent homogeneous canopy due to phenomenon A and
35% due to phenomenon B, The combined effect of phenomenon A and B can
cause typical increases of 65% or higher. It is hypothesized that these
phenomenon are especially important in sparse conifer forests such as the
boreal forest which account for 50% of the world's forest area.

The understanding of the radiant scattering behavior of vegetated
scenes gained in this studied can lead to intelligent techniques for
extracting canopy parameters from remotely sensed data. For example,
estimating the hemispherical reflectance (albedo) of terrestrial surfaces
is of great importance in studying biospheric and atmospheric processes.

It is proposed that satellite borne instruments represent the only practical
means of obtaining global estimates of surface albedo data at reasonable
time resolution; the problem being how to relate the nadir or directional
reflectance observations from such sensors to the integrated hemispherical
reflectance. This study investigated (1) the relationships between
directional reflectances and hemispherical reflectance and (2) the effect

of solar zenith angle and cover type on these relationships. The results
showed that errors in inferring hemispherical reflectance from nadir
reflectance can be as high as 45% for all cover types and solar zenith
angles. By choosing a solar zenith angle between 30°-40° the same error is
reduced to less than 20% in both bands. For both bands a view angle of 60°
off-nadir and +90° from the solar azimuth reduces this error to less than
11% for all sun angles and cover types. A technique using two specific view
angles reduces this error to less than 6% for both bands and for all sun
angles and cover types. These techniques may yield considerable dividends
in terms of more reliahle estimation of hemispherical reflectance of natural
surfaces.

These fundamental research efforts have improved our physical
understanding of radiant scattering in vegetation canopies. This has been
accomplished through the analysis of both model simulation data and field
directional reflectance data in the visible and near infrared wavelengths.
The directional scattering behavior of vegetation has been described and
explained for various solar zenith angles, and various canopies with
different densities, leaf orientation distributions, and optical properties.
The work has been in response to providing an intelligent basis for defining
specifications of earth observing sensor systems and for inferring important
aspects of physical and biological processes of the plant system.

56



LS

Z

,

1L

ENANAN

JR

4 4

/

“~CELL(1,1, 1)

Figure 1.

Three dimensional framework of the model showing the cell matrix, cell
coordinate system, diffuse solar sources (only cne is illustrated), and
the direct solar source. The diffuse and direct solar sources are ex-
tended down to the surface of each cell on the top surface of the cell
marrix., Any 3-D scene can be represented by "filling" the cells with
various materials with different densities and scattering properties.
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Polar plots cf isolines of percent directional reflectance in the visible band for bare spil. The distance
from the origin represents the off-nadir view angle of the sensor and the azimuth angle represents the
sensor's azimuth, The solar azimuth is always 180°. A sensor with 0° azimuth looks into the sun, the dashed
lines represent 15° increments of off-nadir view angle (0°~90°). The solar position is'shown as a small

starred circle on each plot.
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MEASUREMENT AND MODELING OF THE OPTICAL SCATTERING
PROPERTIES OF CROP CANOPIES

V. C. Vanderbilt

Laboratory for Applications of Remote Sensing
Purdue University

I. Justification of Research

The amount of sunlight specularly reflected by such plants as sunflower,
corn, sorghum, wheat, and grass is often so large that canopies of these plants
appear white instead of green when viewed obliquely toward the sun.

Specular reflections from the shiny leaves of plants originate at the
interface between air and the cuticle wax layer. Unlike the diffuse portion of
tre light reflected by a leaf, the specular portion of the reflected light is
reflected at the first surface it encounters; it never enters the leaf. From
the Fresnel equations of opties, the light reflected by such a shiny surface is
poiarized. The polarized portion of the reflectance may be species dependent
and related potentially to ihe physiological status and development stage of the
canopy - to such botanical variables as leaf age and plant water status and
temperature regime.

All of this suggests that remotely sensed polarization measurements of a
plant canopy will contain information about the leaf surfaces -- information
independent of that already identified in the light reflected from the interior
of the leaves measured in the various spectral regions. The information is
independent because the polarized portion of the reflected light does not enter
the leaf to interact with cell pigments, walls or water.

Polarization measurements, although certainly a potential source of useful
information about the earth, have never been acquired routinely by satellite-
borne imaging sensors as part of earth observation research. The reason is
simples the research area is virgin. Hard evidence in the form of physically-
based theories supported by actual data has only recently begun to demonstrate
the actual -~ not merely potential -~ information in such data. More evidence
is needed before a dedicated satellite-borne sensor system would be justifiable.

II. Resgearch Objectives

The overall objective is to investigate the potential information in the
polarization data of both single leaves and plant canopies. This research is
measuring, analyzing, and mathematically modeling the specular, polarized, and
diffuse light scattering properties of several plant canopies and their
component parts {leaves) as a function of view angle and illumination angle.
The potential of these bidirectional radiation properties for ground cover
discrimination and condition assessment is being evaluated.

III. Approach

The research approach has proceeded in both empirical and theoretical
directions. Measurements performed at our laboratory demonstrate the
relationship between polarization data and various optical and botanical
properties of both pieces of foliage and plant canopies. The data provide a
basis for gaining fundamental understanding of how light is scattered and
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polarized by a plant canopy. A mathematical model has been developed for
predicting the specular and polarized light scattering properties of plant
canopies. By exercising the model we have developed better understanding of the
potential information in polarization data.

The empirical part of the approach has involved demonstrating our new
technique for determining specular, polarized, and diffuse components of the
reflectance factor of both leaves and plant canopies. Applying this new
technique to our field measurements, we have determined the specularly scattered
and polarized light from a plant canopy as a function of view and illumination
directions. To these reflectance data, we have appendnd the ancillary data of
the plant canopies for use by ourselves and other investigators developing and
testing light-canopy interaction models, such as our specular
reflection/polarization model.

A polarization photometer was developed to investigate the potential
information in the mean and standard deviation of the polarized/diffuse
components of the reflectance factor of leaves. wezasure¢ individually in vivo at
six wavelengths at the Brewster angle. Measurwmerts ware made (1) in a survey
of plant species and varieties representing crops, {nrests, "weeds," and
horticulture, including as factors (when appropriate) .zaf pigmentation,
development stage, position of leaf on plant, and position of instrument on
leaf, (2) of a corn canopy as a function of its moisture stress, and (3) of a
greenhouse-grown wheat innoculated with wheat rust.

IV. Results

We present three results of our research, (1) a theoretical model of the
specular~polarized light scactered by a plant canopy, (2) data demonstrating a
linear relationship between the relative water content of a leaf and its non-
polarized reflectance, and (3) data demonstrating the importance of the
variable, angle of incidence, in explaining the polarization of light scattered
by plant canopies.

A. Theoretical Model

A model was developed for predicting the amount of light specularly
reflected and linearly polarized by the leaves of such plant canopies as wheat,
corn, and sorghum. The model is based upon the morphological and phenolegical
characteristics of the canopy and upon the Fresnel equations which describe the
light reflection process at an optically smooth boundary separating two
dielectries.

The theory demonstrates that, potentially, measurements of the linearly
polarized light from a plant canopy may be used as an additional feature
discrimination. Examination of the model suggest that, potentially, satellite
polarization measurements may be used to monitor plant development stage, leaf
water content, leaf area index, hail damage, and certain plant diseases. The
modeling results show that the angles of the polarization analyzer on a
radiometer or satellite-borne sensor measuring a ground scene may be predicted
from the view and illumination directions.

Applicability of the model of the canopy specular reflectance should extend
to many species because leaves - which specularly reflect sunlight - are
ubiquitous, unconfined by geography or climate.

The modeling results, Fig. 1, show that for the predictions from the model
the single variable, angle of incidence (on the leaf) of the sunlight specularly
reflected to the sensor, explains much of the variation, as a function of view
direction (both zenith and azimuth), for a plant canopy with a uniform
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(spherical) leaf angle probability density function. For example, at any
specific angle of incidence, 30 degrees, for example, the predicted R., Fig. 1,
changes little for zenith view angles less than about U0 degrees, only changing
significantly for angles approaching 90 degrees. The physical interpretation of
this prediction, Fig. 1, is that at any given angle of incidence there are more
specularly reflecting leaves in the field of view of the sensor at large zenith
view angles near 90 degrees than near 0 degrees. For example, for the sun on
the horizon in the east and for view directions varying from O degrees up to the
horizon to the north, the angle of incidence will be constant at Y45 degrees in
all these view directionsj however, the number of specularly reflecting leaves
in the field of view of the sensor will be least at 0 degrees zenith view angle
and greatest at the horizon.

B. Leaf Moisture vs. Reflectance

To investigate if relationships exist between reflectance and moisture-
stressed vegetation, measurements were acquired on the leaves of corn, grown in
a field under moisture-stressed conditions. (A physiological disturbance of a
plant usually results in an increase of reflectance in the visible portion of
the spectrum.) Twenty-four hours prior to reflectance measurements, a portion
of the field was flood irrigated. Leaves for reflectance measurements came from
(a) this irrigated treatment, (b) the field-grown, stressed conditioas, and (e)
leaves excised from plants subjected to rapid desiccation. The water status of
each individual leaf was quantified by measuring the relative water content of
each leaf sampled for leaf reflectance measurements.

Fig. 2 depicts the reflectarne in cthe red wavelength band (650 nm) as a
function of relative water con* © "), The results, Fig. 2a, show that when
the RWC of these corn leaves i .- y thie reflectance factor, R, tended to
decrease. But within this range of relative water contents sampled (between 50%
and 100%), the variaton in the reflectance factor is great - making the
usefulness of the reflectance measurements for predicting the relative water
content slight. Fig. 2b shows there is no relationship between the polarized
component of the reflectance factor, R,, and relative water content.

But there is a relationship betweern the non-polarized component of the
reglectance factor and relative water content, Fig. 2c, which increases linearly
(R™ = 0.77) with decreasing relative water content. This relationship appeared
valid even for relative water contents greater than 80%, a moisture regime for
which other investigators have found hemispherical leaf reflectance %5 be a poor
estimator of relative water content. The ron-polarized component of .
ref'lectance factor thus appears to be a better predictor of relafive water
ccentent than the reflectance factor.

C. Plant Canopy Angle of Incidence

In field experiments designed to provide comparisons between the model
predictions and polarization data, we measured two plant canopies, each in a
variety of view directions as the sun moved, providing illumination in a
continuum of directions. More than 200 spectra were acquired on two wheat
canopies in the boot (preheaded) and dough (headed) stages of development, and
on each date in each of 33 view directions.

The degree of linear polarization (Fig. 3) at a wavelength of 0.66 um is
plotted for 19 June and 17 July for four view zenith angles and angle of
incidence, gamma. Ragardless of zenith or azimuth view angles, the data points
for June 19 fall within a narrcw region defining an nre. On July 17 the scatter
in the data_is generally greater, although those data acquired at a view zenith
angle of 60° define a fishhook-shaped curve.
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Fig. 3 shows that most of the variation on June 19 in linear polarization as
function of the two variables, view zenith and view azimuth angles, is explained
by the single variable, angle of incidence, a prediction of the
specular/polarization model. The angle of incidence is computed knowing that a
small area of shiny leaf must be uniquely directioned to specula.,ly reflect
sunlight to an observer. For the headed wheat of JUly 17, the ungle of
incidence explains the variation in the linear polarization at a zenith view
angle of 60° (albeit the arc-shaped relationship of June 19 is a fishhook on
July 17) but less well at smaller zenith view angles. The decrease in the
degree of linear polarization at large angles of incidence for 60° zenith view
angles on July 17 {(the hook of the fishhook) is due to the heads (poor specular
reflectors) decreasing the visibility of the flag leaves to the radiometer.

V. Conclusions

The specular reflection process has been shown to be a key aspect of
radiation transfer by plant canopies. Polarization measurements have been
demonstrated as the tool for determining the specular and diffuse portions of
the ceanopy radiance. The magnitude of the specular fraction of the reflectance
is significant compared to the magnitude of the diffuse fraction. Therefore, it
is necessary to consider specularly reflected light in developing and evaluating
light-canopy interaction models for these two wheat canopies. Models which
assume leaves are diffuse reflectors correctly predict only the diffuse fraction
of the canopy reflectance factor. The specular reflectance model, described
here, when coupled with a diffuse leaf model, would prediect both the specular
and diffuse portions of the reflectance factor. The specular model predicts and
the data analysis confirms that the single variable, angle of incidence of
specularly reflected sunlight on the leaf, explains much of variation in the
polarization data as a function of view-illumination directions.

Design of hardware to remotely sense the polarization of the light reflected
by a canepy under a clear sky is simplified by the results of this research.
First, the lack of fine structure in wavelength in the polarization spectra
suggests that a design with a single wavelength band covering the entire visible
wavelength is a possibility. Second, the angle of the polarization analyzer on
the polarization sensor does not depend on the data but solely on
view/illumination directions and can be set prior to data acquisition.
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GEOMETRIC-OPTICAL MODELING OF A CONIFER FOREST CANOPY

Alan H. Strahler
Principal Investigator

Hunter College
City University of New York

The primary objective of this research is to explore
how the geometry of trees in forest stands influences the
reflectance of the forest as imaged from space. Most plant
canopy modeling that has been carried out thus far views the
canopy as an assemblage of plane-parallel layers on top of a
soil surface. For these models, leaf angle distribution,
leaf area index, and the angular transmittance and reflec-
tance of leaves are the primary optical and geometric param-—
eters. Such models, and their derivatives, are now suffi-
ciently well developed to explain most of the variance in
angular reflectance measurements observed from homogeneous
plant canopies. However, forest cancpies as imaged by air-
borne and spaceborne scanners exhibit considerable variance
at quite a different scale. Brightness values vary strongly
from one pixel to the next primarily as a function of the
number of trees they contain. At this scale, the forest
canopy is nonuniform and discontinuous.

This research focuses on a discrete-element, geomet-
ric-optical view of the forest canopy. Trees are considered
to be solid objects casting shadows on a contrasting plane.
The brightness of a pixel is then a function of the back-
ground brightness, the number of trees in the pixel, the
size and shape of the trees and the individual shadows they
cast, and the chance overlapping of shadows and tree crowns
that occurs when trees fall close together. This model of
the forest canopy presents an alternative approach to canopy
modeling that is well suited to applications of multispec-
tral imaging by aircraft and spacecraft.

The primary objectives of this research are: (1)
mathematical formulation of a discrete-element, geometric-
optical model to explain the mean and pixel-to-pixel vari-
ance in reflectance of sparse to dense forest canopies; (2)
testing of the formulation through Monte Carlo simulations
and real image data; and (3) development of an inversion
procedure to allow remote estimation of size, shape and
spacing of trees from imagery when the imagery is too coarse
to permit identification and .seasurement of individual
trees.

As developed, the model considers conifers as cones
(Fig. 1). Parallel-ray geometry is used to describe the
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illumination of the three~dimensional cone and the shadow it
casts on the background. Cones are assumed to be randomly
placed and freely overlapping; their heights are assumed to
be ognormally distributed. Both these assumptions are sup-
ported by literature studies and field work. For the ini-
tial model, the cones are assumed to be of a fixed shape
determined by the apex angle; however, in application, the
apex angle is allowed to vary and an effective apex angle is
determined for the stand as a whole.

The research has been carried out in four overlapping
phases, all of which are nearly complete. The first phase
involved development of the basic mathematical model
explaining the distribution of reflectance values expected
for stands with given size, shape, and spacing parameters
under fixed conditions of illumination. This phase included
the development of an important general theorem in geometric
probability describing the expected variance in random over-
lapping of shapes in the plane.

The second phase utilized Monte Carlo simulations of
forest stands both to confirm the general theorem and empir-
ically calibrate some parts of the model. As one part of
the Monte Carlo modeling effort, the bidirectional reflec-
tance of a pixel consisting of Lambertian cones on a back-
ground was simulated. The result (Fig. 2) showed many of
the features of bidirectional reflectance distribution func-
tions that have been observed for real forests.

The third phase invelved assembling Landsat 80-m and
SPOT simulation 10-m digital imagery for two test sites in
northern California, and visiting the sites to collect
ground data for model calibration and verification. The two
sites contrasted a rather open stand of smaller, broader
trees {pinesg) with a dense stand of taller, more narrow
trees (red firs). Field measurements included recording the
diameter and location of every tree within 12-16 circular
subplots arranged on a grid at each site, as well as the
collection of accurate heights and apex angles for a random
subsample of trees within each subplot.

The fourth phase included the development of an inver-
sion procedure to estimate stand parameters of tree size,
shape, and spacing remotely through the observed distribu-
tion of brightness values for a stand, as well as the check-
ing of the results against the field observations. For the
two stands tested, the inversion procedure yielded good
results. The 80-m imagery was less accurate for the denser
of the two stands, whereas the 10-m imagery was generally
better. The contrasts between the two stands emerged
strongly at both resolutions in spite of some differences in
observed and calculated parameter values.

SRAEC Report 1/29/85
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The significance of this research is twofold. First,
it establishes firmly that the three-dimensional geometry of
ground scenes alone can explain much of the variance in
digital imagery seen at resolutions typical of present and
planned sensing instruments. This observation is widely
applicable beyond forests to many other types of natural
plant communities, as well as to any other scenes iImaging
three-dimensional objects, such as urban areas, suburban
developments, etc. Second, it provides a method to directly
parameterize the shape, size, and spacing of ground objects
remotely even when such objects are below the level of raso-
lution of the sensing instrument. The most obvious example
is the remote estimation of forest biomass, which is a
direct function of the shape, height, and density of the
trees. Used in conjunction with quantitative relationships
between spectral reflectance and leaf area index/standing
biomass now being developed by other researchers, as well as
with a stratified sampling procedure, this technique could
greatly aid global understanding of carbon flows and cycles.

The future development of this research will have two
main thrusts. First, more mathematical modeling is neces-
sary to incorporate new crown shapes and mixtures of shapes,
as well as to account for terrain effects. Second, more
field testing is necessary to confirm the utility of the
inversion procedure and extend the technique to vegetation
types beyond conifer stands. These developments will not
only improve our basic understanding of remotely sensed
scenes, but also allow the direct extension of that improved
understanding to relevant problems in remote sensing and
glebal habitability.

SRAEC Report 1/23/85
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CROP CHARACTERISTIC RESEARCH: G. D. Badhwar
GROWTH AND REFLECTANCE ANALYSIS Johnson Space Center
Houston, TX 77058

Justification, Goals, and Objectives

Much of the early research in remote sensing follows along developing
"spectral signatures" of cover types. It was, however, found that a
signature from an unknown cover class could not be matched to a catalog
value of known cover class. This approach was abandoned and “supervised
classification” schemes followed. These were not efficient and required
extensive training. It has been patently clear that data acquired at a
single time could not separate cover types.

A large portion of the proposed research has concentrated on modeling the
temporal behavior of agricultural crops and on removing the need for any
training data in remote sensing surveys--the key to which is the solution
of the so-called "signature extension" problem.

A clear need to develop spectral estimaters of crop ontogenic stages and
yield has existed even though various correlations have been developed.
Considerable effort in developing techniques to estimate these variables
was devoted to this work.

The need to accurately evaluate existing canopy reflectance model(s),
improve these models, use them to understand the "crop signatures,” and
estimate leaf area index was the third objective of the proposed work.

The next section gives a synposis of this research effort.

Technical Approach

The technical approach consisted of first developing an accurate model that
would describe the temporal development of various spectral transforms with
time, henceforth called a profile, that would depend primarily on crop
characteristics. It would thus permit features to be extracted from real
spectral data that describes a specific crop and would not depend on external
variables such as row direction, sun zenith angle, the atmospheric state,
etc. Having extracted a very small set of features use the canopy reflectance
model(s) to gain (a) better understanding and limitations of existing canopy
models, (b) use the model (s} to accure a deeper physical understanding of
why these features permit crop separation and develop method(s) of deciding,
a priori, what features would permit crop separation, and (c) explorate the
applicability of these models to natural forest communities.
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Results

The current research effort has shown that the Kauth-Thomas (K-T) greenness,
in the spectral space of both the multispectral spectral scanner or the
thematic mapper, can be described by a model of the form,

a2
2Re a 5
p(t) = oo * (o - 0g) | —— ) (t -ty) Exp [-8(t - t)2 (1)
o

where p(t) the K-T greenness as a function of time, pp, the maximum value of
greenness reached at time of peak greenness

t "t0= —_—
p 28 )

po the value of soil greenness at times at and before emergence, ty, and o
and B are two crop and condition specifics constant. These two constant are
related to the inflection points of the profile

1/2
(20 +1) =/8a + 1
t] "'to =
L 48
1/2
(20 + 1) +V8a + 1
tz "'to =
L 4

This research effort has established that the peak greenness above the soil
line, Gmax = ey = Pg» the separation

1/2. 1/2
1 a 1
—_—t— |1 - (1 - =

o

o=ty -ty >

and the time of peak greenness, tp, are three characteristics or features
that carry 95% of all information (Fisher information criteria) availabie
in both spectral and temporal data and has led to a drastic reduction in

the number of variables and a simplification of classifier design.

Figure 1 shows the power of these features in separating two summer crops,
corn/soybeans, based on data extracted from the tnematic mapper. The axis

out of the plane of paper is the number of pixels, the other two axes being
Gmax and o in days. The distributions are more or less gaussian and provide
excellent separability. MNot only has it been shown that these features (Gpazxs,
o, and t,) are applicable to different sensor systems but are truly

“signature extendable" over vast areas in the United States and, for the

first time ever in remote sensing, to areas in Argentina. In particular,

it has been found that, (i) Gpgx (soybeans) > Gpay (corn), (ii) o (soybeans) <
o (corn), and (iii) tp (soybeans) > tp (corn).
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It has been shown that the cardinal points ty, t,, and tp are related to
three specific ontogenetic stages of a crop. This has been shown to be

case for wheat, barley, corn, and soybeans and appears to be true for

rice also. This, then permits, a priori, caiculation of these stages from

an agrometeorological model and in complete automation of crop classification.

It has also been shown that integral,

tp
S p(t)dt:
t

which acts in a manner very similar to the leaf area duration, is strongly
correlated to yield in the case of both corn and soybeans. More research

in this direction is called for; however, the potential of a true integrated,
automatic, and objective crop production system applicable to global corn

and soybean:¢ areas seem within grasp.

In order to understand the reasoning behind why Gpax (soybeans) > Gpax (corn)
almost universely, the existing canopy reflectance models were used. Figure
2, shows a two dimensional histogram of the Gpax and leaf area index,
calculated using the SAlL model. The distribution for each crop was obtained
by varying soil types (12 covering the world soil reflectances) and fourteen
different leaf angle distribution for a total of 168 different calculations
in each distribution. These calculations show that if the leai area index

of these crops is greater than about 4, the primary reason of their
separability is because corn is C4 plant and soybeans is C3 plant and their
Teaf reflectance and transmittance are intrinsicaily different. Differences
in soil type and leaf angle distribution simply require a somewhat larger
difference in the two leaf area indices to get the same separation. These
results have also established that if the input to the canopy model such as
ieaf optical properties, soil reflectance, etc. for two crops is known, a
transform and optimum observation period to provide a given level of
separability can be caiculated, a priori.

The existing canopy reflectance models had not been subjected to a good
test, particularly for off-nadir view angle. In order te acquirz » degree
of confidence in the models and their predictions, the homogenous SUITS,
SAIL, and CUPID canopy reflectance models wr=e very carefully evaluated for
canopies of corn and soybeans. Al1 of these models captured the salient
features of the canopy reflectance, with the SAIL model showing the best
overall performance. However, it was found that it is necessary to include
the specular directional characteristics of leaves into these models.
Figure 3 shows the performance of the SAIL model before and after the
inclusion of leaf specular reflectance systematic angular deficiencies of
this model are substantially removed. This should improve ‘e usefulness
of these models, to evaluate key biophysical parameters, » < as leaf area
index. Considerable effort has been devoted in evaluating :%¢3z models for
coniferous canopies such as Black Spruce, Jack Pine, Red Pine, White Pine,
and Ponderosa Pine with Tittle success, partly due to lack of input data on
key input parameters; however, their performance on Aspen and Birch canopies
appear to be much better. We have also found that the temporal profile of
an Aspen canopy can be adequately represented by an equation of the form
(1). The meaning of the ty, tp, and o would of course be very different.
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Significasce

(1) For the first time in remote sensing, crop features have been found
that are truly "signature extendable." In case of corn and soybeans
they have been shown to be applicable to vast geographic regions of
the United States for four years 1978, 1979, 1980, and 1982 and are
extendable to Argentina. Based on SAIL canopy reflectance model, the
reasons for this applicability have been understood.

(2) It has been shown that critical ontogenetic crop stages can be estimated
from spectral data. Based on this work and more detailed work, it is
suggested that it may be more accurate to estimate crop phenology
using spectral data than current methods.

(3) Preliminary evidence suggests that the area of greenness profile from
t1 (when new leaf develupment stops) to t2 (dent) is strongly correlated
to yield.

The above three results have made it possible to seriously consider an
automatic and objective crop production sys*em.

(4) An improved canopy reflectance model has been developed that includes
the Teaf specular component.

(5) The effectiveness of these models in estimation of leaf area index
of wheat, corn, and soybeans and recently in study of forest species
separation and aspen leaf area estimation has been demonstrated.

Future

Most of the current work on feature extraction, ontogenetic stage and yield
has been done on corn and soybean. Some start was made on wheat, barley,
and oats. The work on spring grains should be intensified. Currently,

no technique exists to separate the three crops. Additional work on
ontogenetic stage and yield of corn and soybeans still needs to be done.

The performance of existing canopy models on forest canopies has been found

to be sadly lacking, much more so for coniferous forest than for decidous
forast., Major improvements in these modeis are called for and a corresgonding
adequate input data set must be collected. Techniques to estimate leaf

area index or phytomass of vegetation cannot be developed realiably without
such an effort.
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GROUND REFLECTANCE MEASUREMENTS FROM THEMATIC MAPPER DATA

J7-wes E. Conel
Jet Propulsion Laboratory
Pasadena, California 91109

1. Background -~ Satellite radiance data are measures of solar radiation
that has been reflected by the Earth’s surface and scattered and absorbed by
atmos pheric gases and aerosols. Of concern to geologists are the surface
reflectance and the degrading effects on surface resolution and albedo
contrast introducad by atmospheric phenomena. The objects of the presently-—
described research have been to: (1) provide an empirical relationship
between scanner radiance and ground reflectance allowing interpretation of the
satellite data in terms of the surface parameter, (2) assess the precision
with which surface spectral reflectance may be recovered from Landsat-4 T™M
data in the presence of perturbing atmospheric and instrumental factors. Our
approach is field-oriented, and utilizes ground observations of surface
spectral reflectance with portable spectrometers and radiometers to develop
the required empirical relationships.

2. Method ~ For a satellite scanner system over locally uniform ground
with homogeneous atmosphere above the upward directed radiance is given by
(Chandrasekhar, 1960; Gordon, 1976; Pearce, 1977).

= R__
I=hL*1i& b (1)

where the first term (I;) represents radiation from the atmosphere alone, and
the second term radiation that interacts both with the atmosphere and the
surface. R is the uniform Lumbertian surface reflectance, s is a parameter
describing the overall probability of backscatter from the atmosphere after
reflection by the ground, and I, the overall probability of transmission by
the atmosphere after reflection by the ground. All quantities in (1) are
functions of wavelength. The determination of R from equation (1) requires
measurement of the functions I,, I,, and s. In principle this may be carried
out by theoretical study of model atmospheres, provided information is
available on concentration and distribution of aerosols as well as the
absorbing gas species present. These dataz are not however generally available
for the times and places of satellite data acquisition.

We illustrate here an alternative method wherein the required parameters
of equation (1) are determined empirically using ground-~based measurements of
spectral reflectance. The image data set used is the T™ scene for Wind River
Basin, Wyoming (acquired November, 1982). The scene covers an area of 32,400
km2 of central Wyoming. The atmosphere is largely free of clouds and haze,
which is typical of scenes ordinarily used for geologic remote sensing. Snow
blankets higher parts of mountains surrounding the basin.

3. Results for Surface Spectral Reflectance - TField spectral
measurements of surface bidirectional reflectance were made for selected
targets throughout the Wind River TM scene using a portable reflectance
spectrometer (Conel, et al., 1985). Image radiance values, expressed in
digital number (DN) were determined for each of the field sites. Scatter
plots of image DN versus surface reflectance averaged over bandpasses of the
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™ were prepared and are shown in figure 1. After conversion of the DN to
energy units the term I, is obtained as the intercept value at R = 0, and the
value of I, from the slope. These plots are found to be linear with
correlation coefficients of 0.96 or greater for all channels of the TM. TIt is
also possible to obtain good fits using parabolic equations. Quasi-parabolic
functional beliavior would indicate a contribution to the radiance from the
multiple reflection factor 1/(1-Rs) and would provide a means for
determination of s directly from the curvature term, Based on statistical
analysis of these various possible fits to the data, the presence of nonlinear
terms in equation (1) cannot be established. For the atmospheric conditions
prevailing during time of satelilite data acquisition we conclude that the term
s 1is negligible compared to unity, and that the linearized form of equation
(1) is appropriate.

To illustrate application of the method for recovery of ground
reflectance outside the calibration areas we present a comparison between
image-derived spectra and measured field reflectance spectra for five areas
throughout the Wind River T scene (Figure 2). The chronology of events for
gathering the data was as follows: (1) the original TM scene was obtained in
November, 1982, (2) field measurements were obtained in November of 1983 and
used to construct the calibration lines of Figure 1, (3) field measurements
using portable spectrometers and a hand-held broadband radiometer of the
additional "unknown" areas were obtained in July, 1984. Thus the comparisous
involve measurements spanning a period of approximately two years. Agreement
between the two sets of observations is excellent to good. It is expected
that the comperisons could be improved if the time interval between satellite
and field measurements could be shortened. Two additional factors undoubtedly
contribute to the differences observed. First, field sites were chosea that
were homogeneous and (except for Riverton High School lawn) unvegetated.
Despite precautions the best natural targets are always inhomogeneous at the
level of a few percent reflectance, and we must rely upon a limited sampling
to provide representative reflectance data. Second, snme targets are small
and it is often difficult to locate them accurately in the images. Factors
that are likely to contribute second order effects include those of so-called
adjacency effects, vphare effects 1in the surface reflectance, and the
comparison of  bi-directional versus Lambertian surface reflectance
functions. Adjacency effects reduce contrasts between contiguous areas of
differing surface reflectance. Kaufman and Joseph (1982) have provided some
numerical examples. ‘These problems can be minimized by making measurements
far from the edges of large areas of differing albedc, but this is not usually
possible in practice. For optically thin conditions (optical depth on the
order of 0.2 or lese) the effects may amount tn a relative change in
brightness of a percent (see Kaufman and Joseph, 1982). Relative effects of
this magnitude will be difficult to detect (see below) let a.one correct for
in image data. These effects may influence both the calibration relationships
as well as the determined brightness values for isolated pixels in the
scene. Phase effects In the surface reflectance can be minimized by taking
field measurements at the same phase angle and solar elevation as characterize
the satellite observations. The third problem of interpreting satellite-~
determined reflectance as bi-directional 1is not considered serious for the
present observations since the atmosphere, especially at longer wavelengths,
was optically thin.
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Considering the possible complications, agreement between measured and
satellite~determined reflectance properties is remarkably good. This 1lends
support to the assumption, implicit in Equation 1, of homogeneity of the
atmosphere over large areas of the scene during the time of satellite data
acquisition. The measured surfaces also appeared to have been stable over the
time span of satellite and field data acquisition.

4 Sensitivity of the TM-derived measurements of reflectance - By
differentiating Equation (1) with respect to R (Gordon, 1976) a basis is
provided for determining what differences in spectral reflectance AR may be
obtained from TM scanner data, including effects of both atmosphere and
precision of scanner irradiance measurements Al. The TM system signal-to-
noise ratio (i.e., I/AIy for all visible and near infrared bands can be
expressed as a linear function of the irradiance I (Barker, et al., 1983),
i.e., I/AIN = A + BI where the A and B are known constants, and ALy is the
noise~equivalent irradiance of the scanner. An expression for AR including
the signal/noise ratio can then be written down. Figure 3 shows the results
of calculations for such noise-limited reflectance differences for all bands
of the T scene of Wind River Basin. The values of I; and I, are derived from
the data given in Figure 1. Based on these calculations, the intrinsic
sensitivity of the T system to detection of changes in reflectance everywhere
in the scene less than about 17%.

The actual detectable reflectance differences may be limited by
instrumental gain. These differences AR’ are given by AR’ = 1/(dDN/dR), which
is the reciprocal slope of a calibration line in Figure 1. The values of AR’
obtained in this way for the calibration data in Figure 1 are comparable to
those obtained accounting for the measured pre—-flight signai/noise ratio of
the T system together with the atmospheric attenuation factors (Figure 3).
The present gain settings of the T system are thus consistent with the actual
noise characteristics of the TM.

5. Significance of Results — We have employed an approximate analysis of
the real terrestrial atmosphere and surface (embodied in Equation 1) to
investigate the question of recovering surface reflectance from TM radiance
data, and to estimate the uncertainties present in such determinations. It
was shown that the surface reflectance could in the best examples be recovered
to within a few percent, and it 1is expected that these estimates could in
principle be improved by better sampling procedures. The theoretical limit on
such determinations was shown to be about a percent for the TM system.
Equation 1 and its empirically determined constants can be used in conjunction
with sharp edges in the image to estimate the atmospheric portion of the
system modulation transfer function (MTF). Il and 12 in Equation 1 can be
thought of as functions of the optical depth and phase function for a
homogeneous model, and the numerical values obtained as slope and intercept
used to estimate these parameters for an optically thin atmosphere. These
determinations have been made for the present data set, but space has not
permitted a discussion of the results. They along with other results will be
set out in forthcoming papers. It also appears possible to provide
independent estimates of optical depth and scattering albedo using the so-
called '"two-halves" method of Kaufman (1982), which will provide an
interesting comparison with the present results.
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6. Future Research - Despite empliasis placed on interpretation of
satellite~acquired scanner data, aircraft scazuner systems like TMS and AIS
continue to provide essential data sets for the study of many geologic and
geobotanical problems. The aircraft observations provide useful high spatial
resolution and (for TMS) encompi:. 2 wide range of surface viewing
directions. We will study the grobi:am of ceorrecting aircraft data for
atmos pheric effects, and provide metho”: for looking at directional properties
of the surface independent of the atunsphere for one or two test sites. The
approach will emphasize '"field" deternination of atmospheric parameters along
lines indicated above, together with observation of directional atmospheric
scattering from the aircraft data themselves as inputs to modeling programs.
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8. Figure Captions

Figure 1: DN vs. Reflectance Calibration Curves. TM~4, Wind River Basin,
Wyoming, Nov., 1982.

Figure 2: Comparison of TM-4 and Field Spectra, Wind River Basin, Wyoming.

Figure 3: Noise-Limited Uncertainty MR Derived from tM-4, Wind River Basin,
Wyoming.
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Thermal Infrared Geologic Remote Sensing Research
at the Jet Propulsion laboratory

Mary Jane Bartholomew and Anne B. Kahle
Janwary 29, 1985

JUSTIFICATION

Remotely sensed thermal infrared spectral data have great potential to
improve rock type discrimination if the factors that control thermal infrared
spectral reflection and emission can be better understood. Improved rock type
discrimination in turn leads to better and more efficient geologic mapping
which i1s carried out 1in the exploration, assessment and documentation of
mineral resources and geologic hazards. Geologic maps also contribute
significantly to the understanding of the natural history of the earth and
neighboring planetary bodies.

OBJECTIVES

The particular goal 1s to study the spectral emission and reflection
behavior of rock materials (rocks, rock weathering products and soils) as a
function of earth-like environment and occurance. Some of the important
environmental variables that influence the earth’s near surface thermal regime
and hence 1its thermal emission are sky temperature, sky field of view,
microclimatology, time of day and season of the year. 1In addition, chemical
and physical factors, mineralogy, particle size, surface roughness, presence
of desert varnish and rock weathering, play a role.

APPROACH

The approach involves both field and laboratory investigations. The
field work is divided between airborne and ground based studies. Remotely
sensed mid-infrared spectral data of the earth can be acquired by the airborne
Thermal Infrared Multispectral Scanner (TIMS) (Kahle and Goetz 1983; Palluconi
and Meeks, 1985). TIMS measures normal spectral radiance of the earth’s
surface. It has six channels from 8 to 12 im and is flown in a NASA lear
Jet. (Within this range the transmission of the earth’s atmosphere is good
and intense absorption features are present in surface silicate materials.)
Computer 1image enhancement research is a significant part of TIMS
investigations.

The ground based field work is carried out with the Portable Field
Emission Spectrometer (PFES) which is used to make normal spectral radiance
measurements from 3 to 14 im. This JPL~built instrument is mounted and
carried by backpack. The PFES has a spectral resolution of approximately
.2 im which makes it an important tool that can be used in interpw. ting TIMS
data.

However, some scientific questions in this subject require the kind of
experimental contrel that can only be provided in the laboratory. For
example, the influence of earth-like near surface thermal gradients, desert
varnish, rock we "hering, particle size and surface roughness on the spectral
emission of rock materials needs to be understocod and can only be studied in



an environment that 1is free from wvariations 1in sky temperature,

microclimotology, and sky field of view aund uneffected by the season of the
year or the time of day.

Therefore, we are developing th~ capability to measure in the laboratory
the normal 3>pectral radiance or rock materials at ambient temperatures (-~
20°¢C). This 1involves the careful design and construction of a sample
accessory, called the emissivity cold box, for a commercial Fourier Transform
infrared spectrometer that allows control and stabilization of sample
temperature while shielding it from background radiation, {Brown and Young,
1975; Arcnson and Enslie, 1973; Logan and Hunt, 1970; Conel, 1969; Low and
Coleman, 1966; Lyon, 1965). A schematic diagram of the sample accessory is
shown 1in Figure 1.

Liquid nitrogen will be used to control the temperature of the walls of
the cold box and dry gaseous nitrogen will control the sample temperature.
The temperature of the gaseous nitrogen will be controlled by a liquid bath.
A separate liquid bath will be used to control the temperature of gaseous
nitrogen that purges the spectrometer’s optic bench.

The cold box will take the place of the spectrometer’s source mirror
during the measurement of sample radiance. Modifications to the spectrometer
that allow this are already complete, Furthermore, the spectrometer’s
standard pyroelectric detector has been replaced by a more sensitive liquid
nitrogen cooled mercury-cadmium~telluride detector.

With this configuration the sample radiance at the detector can be
characterized as

LOMT) = RO [e(h) WOXT) + RO + S(N)) (1)
where L(A,Ty) = radiation at detector
T = temperature of sample
(A = instrument resonse function
e(A) = emissivity of sample
W(A,Tl) = black body radiation at temperature Ty
R(A) = radiation reflected by sample
S(X) = background radiation

then by making these additional measurements,

L(X,To) = KD [e(X) WA, T + RN + S(N] (2)
BOA,T) = K(O)IWA,T) + s(N)] (3)
B(A, Try2) = K(X) s(N) (4)
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where Ty = temperature of sample different from Ty
TiN2 = temperature of liquid nitrogen
B(A,Tl) = radiation at detector from blackbody at

temperature T;

the sample emissivity can be calculated as follows.

- ’ - (5)
B()\,Tl) BT o) W(X,Tl) W(A,’I‘2)

e(A) =

A1l values in equation 5 are either measured or calculated from Plank’s Law
once the temperature of the sample is known.

Two techniques will be used to determine the sample’s temperature.
First, thermocouples will be located on or near the top and bottom surfaces of
the sample. Second, the surface temperature will be computed from the
radiance at the sample's Christiansen frequency (Conel, 1969; Arenson et al.,
1969).

RESULTS

An example of TIMS data from Death Valley, California is given in Figure
2. These images show variation in emittance across part of the Panamint
Mountains, valley floor and part of the Funeral Mountains. The light areas
indicate high emittance and the dark low emittance. The values upon which the
images are based were calculated from Plank’s law and TIMS data. These data
have been used to make lithologic maps of bedrock and alluvial fans in Death
Valley (Kahle and Goetz, 1983; Gillespie, Kahle and Palluconi, 1984).

Figure 3 shows PFES data from Death Valley. The silicate absorption
doublet from 8 to 10 mm can be clearly seen in the quartzite spectra. This
feature is only hinted at in the spectra of the volcanic rocks. The presence
of the absorption features at 6.5 and 11.5 um clearly indicate the carbonate
nature of the dolomite example.

FUTURE PROSPECTS

We will evaluate the geologic utility of multispectral thermal infrared
data using TIMS, and we will determine the lithologies that can be effectively
discriminated on the basis of TIMS measurements, either alone or in
combination with other remotely sensed data sets. Our laboratory studies will
be directed towards understanding the spectral emission behavior of Earth
surface materialc so as to optimize the interpretation of TIMS data.
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Fisure 2. VARIATION IN GROUND SURFACE EMITTANCE In DeatH VaLiey,
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1. Justification and Objectives

Among the tools used in passive remote sensing of Earth resources in the visi-
ble and near—infrared spectral regions are measurements of spectral signature and
bidirectional reflectance functions (BDRFs). Determination of surface properties
using these observables is complicated by a number of factors, including (a) mixing
of surface components, such as soil and vegetation, (b) multiple reflections of
radiation due to complex geometry, such as in crop canopies, and (c) atmospheric
effects. Differences in surface conditions, spectral coverage, viewing and illumi-
nation geometry, and atmospheric conditions make comparison of observations obtained
in the laboratory, in the field, and from aircraft and spacecraft extremely diffi-~
cult. In order to bridge the diversity in these different approaches, there is a
need for a fundamental physical understanding of the influence of the various effects
and a quantitative measure of their relative importance. In particular, we consider
scene complexity effects using the example of reflection by vegetative surfaces.
The interaction of sunlight with a crop canopy and interpretation of the spectral
and angular dependence of the emergent radiation is basically a multidimensiona.
radiative transfer problem. In the first step of the radiation history, sunlight
is directly and diffusely transmitted downward through the Earth's atmosphere. The
downward radiation field then interacts with the plant canopy. Each element of the
canopy (leaves, stems) reflects (and transmits) light according to its intrinsic
bidirectional reflectance (and transmittance) properties. The complex canopy geo—
metry, underlying soil cover, and presence of diffuse as well as collimated illumi-
nation will modify the reflec-ance characteristics of the canopy relative to those
of the individual elements. Finally, upwelling radiation emergent frum the canopy
will be directly and diffusely transmitted by the atmosphere to space, and some
contamination of the spectral signature with radiation reflected from neighboring
surface regions will occur due to scattering associated with the adjacency effecte.
The intent of this research program is to develop some of the tools needed in order
to achieve a quantitative understanding of such phenomena, using a combination of
experimental and thecretical methods.

2. Technical Approach

The tools which are needed in order to study this radiative transfer problem
include (a) knowledge of the bidirectional scatteriag properties of individual
canopy elements, primarily leaves, as well as of the canopy as a whole, (b) a
model describing the interaction of radiation with the canopy, and (c) a radiative
trausfer algorithm for describing the interaction of a nonuniform radiation field
with the atmosphere. 1In order to obtain realistic leaf bidirectional reflectance
functions for incorporation into canopy and scene wmodels, we are using laboratory
spectrogoniometry to study the intrinsic scattering properties of individual leaves.
These measurements provide a data set which obviates the need for nonphysical model
assumptions, such as Lambertian leaf BDRFs. We have been using a goniometer located
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at the llniversity of California, Los Angeles to obtain spectra of individual leaves
for a variety of illumination anéd viewing geometries. The instrument operates in
the spectral range 0.4 to 2.5 ym. The 1illuminating source may be placed at an
inclination of 0 to 90° relative to che surface normal and essentially the entire
range of emission and azimuth angles may be measured, including near-zero, grazing,
and high phase angles. An important attribute is the ability obtain data out o.
the principal plane of scattering. The leaf BDRFs obtained in this manner will be
made available to other researchers for incorporation into canopy models. With
regard to atmospheric effects, including extinction (absorption and scattering);
addition of path radiance; multiple reflections between atmosphere and ground; and
adjacency effects (whereby iradiation reflected from surface regions not in the
field of view are scattered into the line of sight), we have been developing compre-—
hensive computational tools for solving multidimensional radiative transfer prob-
lems. Our technique incorporates a two dimensional spatial Fourier transform of
the radiative transfer equation, and the resulting expressions for each Fourier
component of the radiation fileld are computed. The full 3-~D intensity field is
then reconstructed using the inverse Fourier transform. The mathematical descrip-
tion is of general form so as to include consideration of non-Lambertian BDRFs.
Our technique has been specifically designed to overcome some of the approximations
employed in previous methods and has been implemented on a minicomputer. The method
is nearly as general as Monte Carlo but has the advantage of providing deterministic
solutions for the upwelling and downwelling radiations fields at many altitudes,
zenith arngles, and azimuths from a single computer run.

3. Research Results

Experimental data have been acquired using the UCLA goniometer on camellia,
cucumber, and cauliflower leaves. 1In order to monitor the effect of using cut leaves
versus leaves still attached to the plant, the reflectance of a cucumber leaf was
monitored for several hours following clipping. Reflectivity at 0.98 ym increased
during this period, indicating water stress and a decrease in the strength of the
water band. To study spectral Jdependence of leaf BDRF, we obtained spectra of a
camellia leaf at view angles of 0 and 30 degrees for illumination at normal inci-
dence. The ratio of these spectra in the 0.4 - 0.9 pm region is displayed in Fig.
1. The increased noise level at the short wavelength end is due to lower detector
response and decreased source 1light levels. This plot shows that the leaf BDRF
deviates markedly from Lambertian behavior in a spectrally dependent fashion. The
greatest departure from Lamber-ian reflectance is observed in the 0.68 um chloro-
phyll absorption feature, possibly as a result of a decrease in the amount of
multiple scattering within the leaf.

As an example of the sucress :f our multidimensional radiative transfer algo-
rithm, we consider the albedo step function problem, in which two semi-infinite
fields of differing albedo are adjacent to one another. This model is useful in
that it provides (a) an evaluarion of :he diffusion of radiation across the sharp
albedo boundary separating the two regions, and (b) the ability to verify that the
solution asymptotically approaches the correct result for a homogeneous surface at
large distances from the boundary. This surface model may be considered to repre-
sent a coastal boundary, in which 2 large expanse of low albedo water borders a
broad land area of higher reflectivity. We compare results obtained using the
Tourier transform method with Mounte Carlo results for an atmospheric model consist-—
ing of 2 clear atmospherz with a scale height of 8 km and an optical depth of 0.189,
corresponding to Rayleigh scattering at 0.47 pym. The two half-planes are Lambertian
with albedos of 0.0 and 0.6, and the solar zenith angle is 40°. This set of condi-
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tions 1is referred to as Model 1. Figure 2 shows the ‘~j;ults of calculations for
Model 1 using the Fourier transform technique, along wita selected points from the
Monte Carlo results. The total upwelling intensities are shown as the sum of the
diffuse (multiply scattered) radiation field and the direct field, which consists
of photons transmitted to space without being scattered. The agreement between
the two methods appears to be excellent. We also show at large distances from the
boundary the intensities calculated using the one-dimensional matrix operator
method for uniform albedos of 0.0 and 0.6, demonstrating that the Fourier transform
results approach the expected values away from the boundary. In the vicinity of
the boundary, the adjacency effect 18 apparent. Due to scattering within the atmo-~
sphere, the upwelling intensities on either ~ide of boundary are affected by photons
reflected from thie surface on the opposite side of the boundary and then scattered
into the line of sight. 1In effect, the atmosphere “blurs” the boundary with a point
spread function whose width is a few kilometers. The Fourier transform technique
is useful in that its underlying mathematical formalism demonstrates how the atmo-
sphere filters high spatial frequency information from the upwelling radiation
field. This filtering can be described by the computation of atmospheric modulation
transfer functions (MIFs). Figure 3 is a comparisou of MIFs calculated using our
technique for a Rayleigh atmosphere and an aerosol laden (hazy) atmosphere, each
of total optical depth 0.3 and 5 km scale height. These MTFs indicate that the
more highly forward scattering haze phase function results in a greater observabil-
ity of the adjacency effect.

Another area in which the 3-D radiative transfer algorithm 1s proving useful
is in the development of a technique for determining atmospheric transmittance
from surface images acquired at off-nadir view angles. The basis of the methcd is
as follows: As shown in Fig. 2, the total upwelling radiance is the sum of a direct
and diffuse cowmponent. Radiation directly transmitted to space is proportional to
the surface albedo distribution, and a sharp discontinuity in the surface albedo
gives rise to a similar discontinuity in the direct field. The diffuse field, on
the other hand, while exhibiting a qualitative similarity to large scale varilatious
in surface albedo, exhibits a much smoother character, owing to the filtering effects
of the atmosphere, as discussed above. The direct fleld, which is also proportional
to atmospheric transmittance exp{(-t/u), where v is the optical depth and y is the
cosine of the view angle, thus has a very different spatial character from the
diffuse field. If we compute the spatial Fouriler transform of upwelling radiances
within an image, the spatial "smoothness” of the diffuse field means that it will
make a negligible contribution at high spatial frequencies. Thus, if we eliminate
iow frequency Fourier components we are left with a measurement that is directly
proportional to the atmospheric transmission factor exp{(~t/u). By obtaining images
of the same surface regioun at several view angles, it should in principle be possible
to solve for 1, provided non-Lambertian surface effects can be minimized. Our cal-
culations suggest that acquisition of images in the vicinity of 60° off-nadir should
be sufficient to accomplish this and recover atmospheric transmittance with an accu-
racy of 5-10Z.

4. Significance of Results and Future Directions

Many investigators have studied the spectral properties of a wide variety of
crop samples. The spectral reflactance of the foliage 1is modified by changes in
the internal structure of the leaves associated with various forms of stress, such
as water or mineral stress. The specularity of the reflected radiation increases
at wavelengths where increased absorption occurs, presumably due to reduced depth
of penetration of the incident radiation into the leaf resulting in fewer multiple



reflections between layers. Therefore, we expect changes in leaf structure result-

ing from stress to affect the angular as well as spectral reflectance properties.

Thus, it 1s important to incorporate realistic (non~Lambertian) leaf bidirectional

reflectance functions 1into canopy and scene models. The spectrogoniometric leaf
measurements will provide such data.

The Fourier transform radiative transfer algorithm which we have developed is
a useful tool for studying the effect of the armosphere on high spatial resolution
imaging of the Earth's surface. As discussed above, the sharpness of the adjacency
effect in the vicinity of albedo boundaries is dependent upon the vertical distribu-
tion of the atmospheric scattz2rers. We are using our radiative transfer method to
perform a systematic study of the variation of atmospheric point spread functions
with aerosol vertical distribution, phase function, single scattering albedo, and
optical thickness. The results of such calculations will permit evaluation of the
possibility of observing atmospheric blur directly in high resolution images of
the Earth's surface, with the goal of determining aerosol properties. Conversely,
these calcuilations will lead to techniques for removing spectral contamination
associated with the adjacency effect.

Further work is necessary in order to demonstrate the feasibility of implement-
ing the multiple view angle optical depth retrieval technigue on a space platform.
The major uncertainty at present is the manner in which the unknown angular reflec-
tance properties of the surface should be taken into account. For the model BDRF we
used in our simulations, off-nadir imaging near 600 appears appropriate to compensate
for lack of a priori knowledge of the shape of the surface BDRF. Whether this range
is appropriate for natural surfaces can only be determined by experimentation in the
field. A number of portable field spectrometers are available for obtaining BDRF
measurements. The success of this technique would be significant because it provides
a means of monitoring tropospheric opacity, which is important not only for atmo-
spheric studies but also because it is one of the most important parameters govern—
ing the effect of the atmosphere on surface images. An extension of the optical
depth retrieval technique is to near infrared spectral regions where water vapor
absorption occurs. In its current form, the technique relies on the assumption that
atmospheric transmittance variesias exp(-t/y). In the water vapor bands, any finite
bandwidth spectral channel will incorporate many individual lines and this law may
not be followed. In order to study the view angle dependence of transmittance in
such regions, we are developing a radiative transfer algorithm which permits calcu-
lation of broadband radiances for channels containing many absorption lines in the
presence of aerosol scattering.

Finally, we plan to investigate the applicability of our 3-D radiative trans-
fer method to scattering in plant canopies. In principle, our algorithm 1is appli-
cable to heterogeneous media and has the advantage of providing a true solution
to the multidimensional radiative transfer equation. 1In addition, solutions are
obtained at many view and illumination angles and azimuths, thus providing the
full canopy BDRF. Variation of the BDRF of the individual leaves will permit
study of the effect of changing reflectanc= oj»roperties of the individual canopy
a2lements on the canopy angular and spectral reflectance as a whole. Such calcula-

tions will mesh nicely with the goals of the experimental portion of this investi-
gation.

96



L6

REFLECTANCE RATIO

CAMELLIA LEAF

| | |

INCIDENCE ANGLE = 0°

| 1 (29,79
I (00

l |

1
Q4 0,53 0, 67 0.8
WAVELENGTH (MICRONS)
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I. INTRODUCTION

The Earth's atmosphere has a significant bearing on the quality of images of the Earth’s
surface as observed from space by reflected sunlight. This atmospheric effect is caused by absorp-
tion and scattering of sunlight by molecules and aerosols. The molecular effects can be accounted
for, but the aerosol effects are variable and poorly known during satellite observations. The op-
tical parameters used to compute the atmospheric effects are: its optical depth to determine the ex-
tinction of light; the single scattering albedo, which is the fraction of light scattered from total ex-
tinction; and the scattering phase function giving the probability of scattering in a particular
direction.

The atmosphere tends to make dark surfaces appear brighter and bright surfaces darker, but
the resultant effect depends on the surface reflectance pattern itself. Atmospheric scattering dif-
fuses the boundaries between adjacent fields. This effect, called the adjacency effect, is due to
light reflected from the ground surrounding a sensor’s field-of-view and then scattered into the
field-of-view. The adjacency effect depends on the above mentioned opticai parameters and on the
depth of the aerosol layer.

Theoretical analyses of atmospheric effects, ground-based measurements of atmospheric
parameters, and analysis of satellite data are reported on here. This work occurred during the
period 1982-4.

2. JUSTIFICATION, OBJECTIVES, AND APPROACH
2.1. Justification

Recently developed theoretical models of radiative transfer in the atmosphere can be used to
perform atmospheric corrections for known aerosol characteristics. The development of correction
algorithms requires testing the models against measurements to investigate the main atmospheric
characteristics that affect certain remote sensing techniques, and to develop methods to measure
these characteristics from ground and from space.



2.2. Objectives

To study the atmospheric effect on remote sensing by theoretical modeling and to measure
this effect. To relate the effects of the atmosphere to the aerosol characteristics in order to deter-
mine which are the main characteristics that affect a given remote sensing function. The specific
goals are:

a. Laboratory simulation and analysis of field measurement of the atmospheric effect to study
the effect and to validate theoretical models.

b. Development of a theoretical model that can simulate the atmospheric effect over any variable
surface.

¢. Study the atmospheric effect on the spatial resolution of satellite images of the surface and on
classification of surface features.

d. Analyze the relative importance of aerosol scattering and absorption on remote sensing of the
surface in order to determine if atmospheric corrections based on the optical thickness alone
are feasible.

e. To measure the atmospheric characteristics that are important for atmospheric corrections: op-
tical thickness, path radiance, scattering phase function, and single scattering albedo, and find
the relations between them in order to establish the minimum information required for at-
mospheric corrections,

2.3 Approach

a. In order to measure the atmospheric effect and test theoretical models, a field and controlled
laboratory experiments are performed in the presence of nonuniform surface reflectance.

b. The simulation of the atmospheric effect over a general varying surface reflectance is perform-
ed by the calculation of the atmospheric Modulation Transfer Function (MTF) and application
of two-dimensional Fourier Transforms for the calculation.

c. Analyze the aerosol effect on spatial reduction and classification by means of the atmospheric
MTF and application of the 2-D Fourier Transform technique.

d. Radiative transfer computations are used to derive the relative importance of aerosol scattering
and absorption on remote sensing of the surface albedo, vegetation index, and classification.

e. A system is developed to measure simultaneously from the ground the optical thickness, the
path radiance, the scattering phase function, and the single scattering albedo. The covariance
between these parameters is studied. Inversion procedures are developed to derive from the
observations the aerosol optical-thickness, scattering phase function, and absorption.
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3. RESEARCH RESULTS
3.1. Measurement of the atmospheric effect

A laboratory experiment [6] was conducted in which a half white, half black plate repre-
sented the nonuniform surface and a dish with hydrosol of latex spheres represented the hazy at-
mosphere. A solar simulator irradiated the dish and a detector scanned the upward radiance across a
line perpendicular to the border between the white and black area. Fig. 1A shows an example of
the measured radiance and the theoretical fit [1] as a function of the distance from the boundary
X (normalized by the hydrosol height H). In this experiment the adjacency effect (the effect of a
bright object on the radiance above a nearby dark object) was measured as a function of hydrosol
optical thicknesses for nadir and off nadir observation directions. Good agreement was found be-
tween theory and experiment. The measured adjacency effect had an amplitude 20% higher than
the theoretical one, and a range 25% shorter than in theory.

A field experiment was also conducted [8] in which the upward radiance above and below the
haze layer was measured simultaneously with ground and airborne measurements of the at-
mospheric characteristics. Fig. 1B shows an example of the upward radiance from the nadir below
and above the base. The radiances are measured over the dark water as a function of the distance
from the bright vegetated land (the wavelength is 773 nm). The reflectance of the vegetated surface
was approximately 0.35. A comparison with theory shows similar good agreement as in the
laboratory study, with the adjacency effect somewhat stronger and narrower than in theory (as
was found in the laboratory study). This difference can be due to the approximations in the theory
and due to errors in accounting for very large particles.

3.2. Resolution and classification

The experimental verification of the radiative transfer theory and the application of Fourier
Transform (7] to generalize the theory so that the upward radiance can be simulated for any 2-D
varying surface, enables the application of the theory to study the atmospheric effect on spatial
resolution and classification of surface features [3], [S] and [7]. It was found (see Fig. 1C) that the
atmospheric effect reduces the spatial resolution substantially. For the Thematic Mapper (TM) the
spatial resolution of 30m (defined for Modulation transfer value of 0.35) is reduced to 100m by a
hazy atmosphere (aernsol optical thickness=0.5, A= 550nm). An atmospheric correction that ig-
nores the adjacency effect can correct the resolution to 50m. Similarly, significant effects were
found on classification of surface features [3] and on separability between field classes {7].

3.3 Scattering versus absorption

A theoretical study was conducted {9, 12} to test the common hypothesis that the atmospheric
effect depends mainly on one atmospheric parameter—the optical thickness (7,). An increase in
the amount of aerosol tends to brighten dark surfaces and darken bright surfaces (see Fig. 2A). in
the brightening process aerosol scattering has a dominant effect and absorption is of secondary
importance; but in the darkening process the absorption has an important role. For a given bright
surface the atmospheric effect can be of brightening or darkening depending on the ratio of
aerosol scattering and extinction optical thicknesses (w_ ). A reliable estimate of such effects can
not be made until more is known about atmospheric absorption and i¢s variability. However, Fig.
2B shows that remote sensing of contrast such as vegetation index is weakly affected by absorp-
tion, but still affected by changes in the optical thickness. The vegetatioz: index is a function of the
slope of a line in this figure and thus does not change appreciably with absorption (from model |
to 2 and from model 3 (o 4). Figure 2B also shows how the reflectance of the earth-atmosphere
system is altered by the atmosphere.
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3.4 Ground-based experiment

In order to learn about the optical characteristics of the atmopshere as they affect remote
sensing, a ground experiment is being performed in order to collect and analyze a substantial data
base. Simultaneous measurements in the visible and near infrared spectrum are made of the solar
transmission, the sky radiance in the direction of the North Star and also in the almucantar
through the sun and the degree of polarization of the skylight. The aerosol optical thickness is
derived from the solar transmission. The path radiance is measured in the direction of the North
Star in order to minimize geometric effects and observe changes associated with aerosols. During a
day the angle between the observer, sun, and North Star is essentially constant.

Attempts have been made to relate atmospheric corrections to only one parameter—namely
the aerosol optical thickness, in only one spectral band. Figure 3A shows the strong correlation
between path radiance (at 870nm) and optical thickness (at 610nm). 94 percent of the radiance
variance is associated with optical thickness variance for these wavelengths. The correlation bet-
ween the radiance at 870nm and the optical thickness at 610nm was bigger than the correlation
with optical thickness at 870nm. This is due to a different size dependence of the radiance and the
optical thickness. The correlation between path radiances in two spectral bands (Fig. 3B) shows
the accuracy of estimating the path radiance in one band from that "~ another band. The radiance
at 870nm can explain 74 percent of the radiance variance at 480n:  .nd 62 percent of the radiance
variance at 1670nm.

The aerosol scattering phase function is derived from the radiance of the skylight in the solar
almucantar. The inversion proceeds by an iterative method to account for molecular and multiple
scattering. An inversion of radiances computed for a model atmosphere is shown in Fig. 3C. The
true aerosol phase function of scattering angle is given by P,. P would be the estimated phase
function derived from the radiance, if only molecular scattering was accounted for. P is the first
guess of the aerosol phase function, which is used to estimate the radiance of multiple scattering.
This value is subtracted from the measured value to obtain the P-estimate of the aerosol phase
function. The procedure is repeated with this new value of the phase function (P,). After two
more such iterations, the curve P, is obtained, and it is nearly identical to the true value (P,).
Although the simulated radiances are free of errors, an analysis of the error budget has been
made. This inversion method has been applied to measured radiances. Eventually, these functions
will be compared with those derived from solar transmission data.

5. CONCLUSION

Radiative transfer theory (RT) for an atmosphere with a nonuniform surface is the basis for
understanding and correcting for the atmospheric effect on remote sensing of surface properties.
In the present work the theory was generalized and tested successfully against laboratory and field
measurements. There is still a need to generalize the RT approximation for off-nadir directions
and to take into account anisotropic reflectance at the surface.

The adjacency effect results in a significant modification of spectral signatures of the surface,
and therefore results in modification of classifications, of separability of field classes, and of
spatial resolution. For example, the 30m resolution of the Thematic Mapper is reduced to {00m by
a hazy atmosphere. The adjacency effect depends on several optical parameters of aerosols: optical
thickness, depth of aerosol layer, scattering phase function, and absorption. Remote sensing in
general depends on these parameter, not just adjacency effects, but they are nct known well
enough for making accurate atmospheric corrections. It is important to establish methods for
estimating these parameters in order to develop correction methods for atmospheric effects. Such
estimations can be based on climatological data, which are not available yet, correlations between
the optical parameters and meteorological data, and the same satellite measurements of radiances
that are used for estimating surface properties. OQur knowledge about the atmospheric parameters
important for remote sensing is being enlarged with current measurements of them.
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A - Laboratory simulation for optical thickness 0.3, nadir observation. The
theoretical fit (....) and the surface reflectance (- - -) are indicated. X is

the distance from the bright area and H the hight of the scattering medium.

B - Field measurements for aerosol optical thickness 0.5. The aircraft measurements

{—~——) and theory (....) are indicated.

C - The atmospheric effect on spatial resolution of the Landsat Thematic Mapper (TM).
The modulation transfer functions for the TM{—) alone, with atmospheric effect (....)
and with correction that ignores the adjacency effect (- - -) are shown. The original

resolution (30m) is reduced to 50m by the adjacency effect and to 100m by the total

atmospheric effect.
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Fig. 3: Example of andlysis of ground measurements of the sky radiance.

A - The relation hetween the optical thickness 1, at(610nm) and the sky radiance (at 870nm)
in the direction of the North star. Each symhbol represents a different ohservation day.

B - The correlation between the sky radiance at 480nm and 870nm; and 870nm and 1670nm,

C An example of inversion of the almucantar simulated radiances for the aerosol scatterina

phase function.
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THE CHARACTERIZATION OF SURFACE VARIEGATION EFFECTS
ON RFMOTE SENSING

William A. Pearce
EG&G Washington Analytical Services Center, Iac.
5000 Philadelphia Way
Lanham, Maryland 20706

Improvements in remote sensing capabilities hinge very directly
upon attaining an understanding of the physical processes contributing
to the measurements. In order to devise new measurement strategies and
to learn better techniques for processing remotely gathered data, we
need to understand and to characterize the complex radiative
interactions of the atmosphere-surface system. In particular, it is
important to wunderstand the role of atmospheric structure, grouand
reflectance inhomogeneity and ground bidirectional reflectance type.
Our goals, then; are to model, analyze, and parameterize the observable
cffects of three dimensional atmospheric structure and composition and
two dimensional wvariations in ground albedo and bidirectional

reflectance.

To achieve these goals, we employ a Monte Carlo radiative
transfer code to model and analyze the effects of many of the
complications which are preseunt in nature. We can, for'example. treat
finite clouds as well as vertical atmospheric structure. We can model
the effects of two dimensional structure in ground albedo and
directional reflectance, We can examine alternate data acquisition
strategies perhaps involving variations in detector viewing direction,
solar 1illumination direction, or polarization sensitivity. Most
importantly, for the purposes of analysis and characterization, we can
divide the detected radiance into components. The radiance transmitted

directly through the atmosphere from the ground to the detector is the
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component which carries the most significant information about the
character of the surface. The radiance arising solely from atmospheric
scattering is a term which, in effect, should be subtracted from the
data as it has no bearing on the surface character., Lastly, there is a
ground diffuse component comprised of radiation which, having scattered
from the ground, is atmospherically scattered prior to detection. This
last term is responsible for non-local adjacency effects. Its influence

on the data usually may be described by an atmospheric spread function.

Specifically, the objectives of the present study are to
investigate the sensitivity of the radiance components and the
atmospheric spread function to: variations in the vertical aerosol
profile; variations in the aerosol size distribution (and, hence, its
scattering distribution); variations in the detector look direction and
solar illumination direction; variations in ground reflectance type and
bidirectional reflectivity; the presence of clouds in the vicinity of

the point of view.

RESULTS

As the modal radius of the atmospheric aerosol size distribution
increases, the associated scattering phase function is enhanced both in
the forward and backward directions. For remote sensing, it is the
changes in the forward scattering peak which are more important. Our
simulations show significant sensitivity in the inner rvegions of the
spread function (within 250 meters of the point of view). Figure 1}
illustrates this, showing the atmospheric modulation transfer function,
or MIF (the Fourier transform of the atmospheric line spread function)
for three log—normal size distributions with modal radii of 0.13, 0.26,
and 1.04 micrometers (bottom curve, middle curve, and top curve,

respectively).
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For Lambertian ground reflectance, there is relatively little
sensitivity to detector nadir angle for unadir angles less than about
40 degrees. For larger nadir angles, however, the atmospheric 1line
spread function becomes asymmetric and depends upon the illumination
angle. Figure 2 shows the atmospheric 1line spread function for a
detector nadir angle of 50 degrees (detector pointiag roughly into the
sun), while the dashed curve is for 180 degree receiver azimuth. The
solar zenith angle for both cases is 47 degrces. The line spread
function here is computed from the gradient of the intensity in a scan
across a fixed albedo boundary. The asymmetry is due primarily to the

forward—backward asymmetry of the aerosol scattering phase function.

Variations in the form of the vertical aerosol density profile
tend to scale the range of the atwmospheric spread function. This

scaling appears to be roughly linear in the average aerosol altitude.

Clouds in the vicinity of the point of view can influence the
detected radiance. In particular, the shadow of a cloud produces much
the same intensity gradient when scanuning across its edge as is obtailned
for a high contrast ground albedo boundary. Figure 3 shows a detailed
comparison of the radiance components for two cases. The solid lines
show (from top to bottom on the right side of the figure) total
radiance, ground direct radiance and atmospheric radiance as detected
from nadir while scanning across a Lambertian albedo boundary (albedos
0.4 and 0.07). The symbols correspond to a similar scan across a cloud
shadow boundary (the ground albedo is 0.4, the solar zenith angle is
47 degrees, and the altitude of the cloud top is 7 km.). The pluses
indicate total radiance; the solid squares show the ground direct
radiance; the open squares show the ground diffuse component; and cthe
crosses mark the atmospheric radiance. Here, the atmospheric component
varies because the cloud shades the scattering atmosphere as well as the
ground. The ground direct radiance varies less abruptly on the dark

side of the shadow due to cloud transparency and translucence. The
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swerall effect for the fwe csses s cewsrkaebly siwllar even though the
components contribabing o the tobtal behave vather differently.  Mote
that the rasge of phe effect of the shadow on the detected inteasity ds

sdpgnificantly large.

SEIONTFICANOE AND VHOURE WoRE

Gur aimulations have shoun that the form of the aerossl seattering
phasze funotion iz an  laportant determinant of he atmospheric spread
Puneiiof. For nadlir obgeprvatlion, the centvral peak of the Epread
funetion Is prisagrvily sffegred. For abassvvabions well away from nadir,
the spresd Fonctlon can become asympetric sven though ground reflectancs
is Lambertian. The shspe of the spread function is nol very sensitive
toy the weviloal profile of the asrossl. We have found that she shadows
af high, desse olouds produce changes in the total detegtsd padiance
guite siellar in range and magnitade with these associated with a bigh
contrast ground albeds boundary. The radiance componesnts, bowever, are

ot ¢ similar.

The nexi major eariable te be sPudied i the sengitiviity of
ohasryed radianess Lo wvariations in grousd Bidirectionasl refledtance and
to two-dimentionsl patiterns of  vayyisg reflecrance  LVEe, We  wish
ewapecially Lo undersvand Lo what esxtent warfacions in bidirvecoional
el idctan-e can b used Lo leprove olassification and ldearification of
surfage areas. Wo wish o #tudy the erilicy of polarization sensitive
detectors. We will estend ouv study of the effects of cliouds, logking
bisph abt bhigh thin clovds and 2t the dwtaliied sffects associated with low

ehick clouds.
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MULTIDIMENSIONAL MODELING OF ATMOSPHERIC EFFECTS
AND SURFACE HETEROGENEITIES ON REMOTE SENSING

S.A.W. Gerstl, C. Simmer, and A. Zardecki

Theoretical Division
Los Alamos National Laboratory

The overall goal of this project is to establish a modeling capability that
allows a quantitative determination of atmospheric effects on remote sensing
including the effects of surface heterogeneities. This includes an improved
understanding of aerosol and haze effects in connection with structural,
angular, and spatial surface heterogeneities. One important objective of our
research is the possible identification of intrinsic surface or canopy charac-
teristics that might be invariant to atmospheric perturbations so that they
could be wused for scene identification. Conversely, an equally important
objective is to find a correction algorithm for atmospheric effects in satel-
lite-~sensed surface reflectances.

Our technical approach 1is centered around a systematic model and code
development effort based on existing, highly adva~ced computer codes that weore
originally developed for nuclear radiation shielding applications.
Computational techniques fox the numerical solution of the radiative transfer
equation were adapted on the basis of the discrete-ordinates finite-element
method which proved highly successful for one- and two-dimensional radiative

transfer problems with fully resolved angular representation of the radiation
field.

Results of the initial phases of our research project, namely, the
implementation and verification of computer codes and modern atmospheric data
bases, have been published and proved highly successful. In the next step, a
coupled atmosphere/canopy model was developed that allowed us to perform a
sensitivity analysis and to quantify how satellite-sensed spectral radiances are
affected by increased atmospheric aerosols, by varying leaf area index, by
anisotropic leaf scattering, and by mnon-Lambertian soil boundary conditions!
Our numerical results allow the following conclusions:

1. Atmospheric perturbations are the major contributors to
Landsat MSS bands 1 and 2 (visible), while they play only a
minor role in MSS bands 3 and 4 (near-IR) for remotely
sensed images of vegetative surfaces. The Kauth-Thomas
greenness parameter is found nearly proportional to the
atmospheric optical depth over uniform vegetative surfaces.

2. The inclusion of anisotropic leaf scattering character-
istics in our canopy model 1is significant to explain
reflectance measurements directly above the canopy but
produces only negligible effects on satellite-measured data
above the atmosphere at nadir.
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3. Non-Lambertian and specular surface reflectance charac-
teristics (BRDF) affect satellite measurements at nadir only
insignificantly but can make large differences for off-nadir
observations.

The details of these results are also published and led us to our most recent
investigations of how typical non-Lambertian angular canopy reflectance charac-
teristics may be used for scene identification.

Identifiers for horizontally homogeneous vegetated surfaces that may be
used in remote sensing are the spectral distribution and the angular

distribution of radiances above the canopy. The spectral distribution is
determined by the optical properties of the constituents of the particular
canopy, e.g., leaves and stems, while the angular distribution is created mainly

by the canopy architecture. While the spectral characteristics of most canopy
components are very similar for most plants, the canopy architecture aay be most
dissimilar. This fact leads to intrinsic canopy angular reflectance patterns
that may be typical for certain classes of plant canopies. Thus, the
atmospheric perturbations of the angular reflectance pattern of a Lambertian, a
mixed Lambertian/specular surface, and of the measured BRDFs of savannah and
coniferous forest canopies were studies using aerosol-free and polluted
atmospheres.

Two typical results of our calculations are shown in Figs. 1 and 2, where
measured angular reflectance patterns above real canopies are computationally
"transported" through a mildly aerosol-loaded atmosphere to a hypothetical off-
nadir satellite sensor. These results show that maxima, like the canopy 'hot
spot'" (a dominant peak when viewing in the direction of the sun with the sun at
observer's back)}, are still detectable above the atmosphere even if observed
through heavily aerosol-loaded atmospheres. It appears that especially those
patterns that vary with the azimuth angle are better preserved than variations
with view zenith angles. Note, in particular, how the shape of the reflectance
pattern along the 180° azimuth changes when transported through the atmosphere,
while wvariations with the azimuth along the 30° zenith remains basically the
same. The underlying cause for this effect 1is obviously the <constant path
length through the atmosphere for all directions with the same view zenith
angle. Thus, strong azimuthal variations typical for any surface or canopy
reflectance pattern wundergo only minor perturbations by the atmosphere, while
the angular patterns for varying view zenith angles are much more perturbed by
atmospheric effects. This finding suggests that off-nadir satellite
observations with varying view azimuth angles may contribute significant new
data that is expected to be valuable for crop identification.

In our search for an effective new atmospheric correction algorithm, we are
presently performing exploratory calculations with the objective of recon-
structing, from radiance distributions above the atmosphere, a typical angular
reflectance pattern as measured directly above a canopy. Figs. 1 and 2
demonstrate clearly the severe atmospheric perturbations that are cumulatively
added to the wupwelling radiance distributions, especially in the visible
wavelength region and for large view zenith angles. However, we show in Fig. 3
the result of a simple correction algorithm applied to the coniferous forest
data (see also Fig. 1) for an aerosol-polluted, rural atmosphere of horizontal
visual range of 23 km, equivalent to vertical optical depth at 0.55 pum of 0.45
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for the entire atmosphere. The top half of the iso-radiance contour plots give
Kriebel's measured data directly above the forest canopy while the bottom half
shows our reconstructed radiance distributions from values above the atmosphere
but corrected for atmospheric perturbations. This correction is based on a
simple subtraction of the atmospheric path radiance component as determined from
an independent additional radiative transfer calculation assuming purely
Lambertian surface reflectance but with the same albedo as that of the real
canopy. For our forest canopy, we have o = 11% at 0.85 pym. The comparison in
Fig. 3 shows an agreement within approximately 10% between the measured and re-
constructed radiance distributions for view zenith angles lower than 60° and all
view azimuth angle<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>