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1. AGRICULTURAL SCENE UNDERSTANDING

Task 1, Agricultural Scene Understanding, consists of four sub-tasks
which have the common objective of increasing our understanding of the
energy-matter interactions in agricultural scenes. The tasks are: (A)
LACIE Field Measurements, (B) Thermal Band Canopy Modeling, (C)

Forestry Applications Project, and (D) Soil Classification and Survey.

A. LACIE Field Measurements

I. Introduction

Major advancements have been made in recent years in the capability
to acquire, process, and interpret remotely sensed multispectral measure-
ments of the energy reflected and emitted from crops, soils, and other
earth surface features. With the initiation of experiments such as the
Large Area Crop Inventory Experiment (LACIE), the technology is moving
rapidly toward operational applications. There is, however, a continuing
need for quantitative studies of the multispectral characteristics of
crops and soils if further advancements in the technology are to be made.
In the past, many such studies were made in the laboratory because of a
lack of instrumentation suitable for field studies. However, the appli-
cability of such studies is generally limited. The development of sensor
systems capable of collecting high quality spectral measurements under
field conditions has made it possible to pursue investigations which would
not have been possible a few years ago.

A major effort was initiated in the fall of 1974 by NASA/JSC with the
cooperation of the USDA to acquire fully annotated and calibrated multi-
temporal sets of spectral measurements and supporting agronomic and meteoro-
logical data. Spectral, agronomic, and meteorological measurements have
been made on three LACIE test sites in Kansas, South Dakota, and North Dakota
for three years. The remote sensing measurements include data acquired by
three truck-mounted spectrometers, a helicopter-borne spectrometer, two air-
borne multispectral scanners, and the Landsat-1 and -2 multispectral scan-
ners. These data are supplemented by an extensive set of agronomic and
meteorological data acquired during each remote sensing data collection
mission. The data collection program is illustrated and summarized in
Figure A-1.

The LACIE Field Measurements data form one of the most complete and
best documented data sets ever acquired for remote sensing research. Thus,
they are well-suited to serve as a data base for research to (l) quantita-
tively determine the relationship of spectral to agronomic characteristics
of crops, (2) define future sensor systems, and (3) develop advanced data
analysis techniques. The data base is undoubtedly the largest of its type
now available for research purposes. It is unique in its comprehensiveness



in terms of sensors and missions over the same sites throughout the growing
season. The calibration of all multispectral data to a common standard is
also unique. Finally, the kind and quantity of supporting agronomic and
meteorological data is impressive compared to most remote sensing experi-

ments.

During the past 18 months, several key milestones were reached. The
first of these was completion of data processing for the 1974-75 and 1975-
76 data. These data, including over 75,000 individual spectra, are avail-
able from the data library. Significant improvements were made in the
second and third year data acquisition and processing procedures; and,
additional data evaluation and verification steps were implemented. Lastly,
data were distributed to researchers at five different institutions.

At the beginning of the project, Purdue/LARS was requested to provide
the technical leadership and coordination for the project, as well as assume
major responsibilities for the acquisition, processing, distribution, and
analysis of the data. This report summarizes our activities and results of
the past 18 months (June 1976 through November 1977) since the final report
for the previous contract was prepared.

The second section of the report summarizes our activities in acquiring,
processing, and distributing data. The third section discusses calibration,
verification, and correlation of the spectral measurements--a fundamental
aspect of the entire effort. The fourth section describes the results of
analyses of the data performed thus far. The concluding section presents
recommendations for future field measurements work.

II. Data Acquisition, Processing, and Distribution

This section describes the field measurements data acquisition, proc-
essing, and library functions performed by LARS during this contract.

a. Data Acquisition

Data acquisition activities during the past 18 months have included
two summers of data collection in Williams County, North Dakota. The sites
of data collection were the North Dakota State University Agricultural
Experiment Station near Williston, the calibration location at the intensive
test site (ITS #1960), and a commercial wheat field used for acquiring canopy
modeling data. The activities were a continuation of those begun during 1975.

At the agricultural experiment station, spectral bidirectional reflec-
tance factor, radiant temperature, agronomic parameters, and meteorological
conditions were measured for experiment designs containing 60 plots in 1976
and 70 plots in 1977. The treatments represented major agronomic factors
affecting the growth, development, and yield of spring wheat and other small
grains.
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At the calibration location in the intensive test site, spectral
bidirectional reflectance factor data were collected over gray panels used
to calibrate the FSS (helicopter-borne spectrometer) and aircraft multi-
spectral scanner (MSS) data. Also during 1977, additional measurements
were collected in parallel with the FSS and the NASA truck spectrometer

systen (FSA4S) to deternine how vell the data from the three instruments

were correlated.

At the modeling field, Landsat band reflectance factor measurements,
photographic, and agronomic measurements were collected. The data is to
be used to help develop and test canopy models. In addition, during 1976,
spectral bidirectional reflectance factor and radiant temperature were
measured at view angles distributed over the complete hemisphere for
several sun angles during the day.

Additional details describing the data acquisition are provided in
the LACIE Field Measurement Project Plans [1, 2].

1. 1976 Data Collection

Agriculture Experiment Station. Data were collected over 60 spring
wheat and other small grain plots. The layout of the experimental plots
is illustrated in Figure A-2. There are three overall experiments includ-
ed in the plot design - small grain, planting date, and seeding rate.
Some data, when time allowed, were collected for a fourth experiment -
other crops. The other crops were in separated locations at the experiment
station. The dates of data collection over the plots and corresponding
wheat growth stages are illustrated in Figure A-3.

The spectral bidirectional reflectance factor data were collected by
the Purdue/LARS Exotech 20C field spectrometer system (Figure A-6). Prob-
lems were experienced with the portable motor-generator set which supplied
AC power. Frequency variations caused the data signals to be wow modulated.
An algorithm was implemented which corrected the data signals absolutely,
i.e., no assumptions were made. The correction used to eliminate the tape
recorder wow worked very well. The results indicate that the error due to
the wow modulation was reduced to practically zero. A report has been pre-
pared which describes the algorithms and the results of the correction.

Meteorological measurements, including air temperature, barometric
pressure, relative humidity, wind speed and direction, and total irradiance,
were recorded continuously during each day that spectral data were collected
(Figure A-6).

Detailed agronomic measurements were made for each plot at the time of
spectral data collections. These measurements included: growth stage; canopy
height; percent ground cover; percent green, yellow, and brown leaves; stems
per meter row; leaf area index; fresh biomass; dry biomass of leaves, stems,
and heads; and surface soil moisture and condition. Grain yield was measured
at harvest. The agronomic data are supplemented with vertical and oblique
views of each plot at the time of data collection.
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Wheat
Date Plot Numbers Growth Stage

0 10 20 30 40 50 60
L} 1 T T |

May 30 &\_\X\\;&\_\\\%\S&&\\N Tillering

sune 6  AANNNNNNNNNNNNNWNNNNY] - Tillering

June 13

sune 20~ ANNNNNNNWNXNNNNNNNNNNY  sten Extension

June 27 |
July 4 [~ 7

m Heading
July 11

NNNNNNNNYY - Heading
July 18 = ANNNNNNNNNNNNNNNNNNYY Ripening
LANLANRNNN AR

August 1 |- \\\\\\\\\\V Ripening

August 8 L };\\\\\\\\\\\\\\\ N Ripening/Harvested

Figure A-3. Summary of data collection dates, plots measured, and spring
wheat growth stages at the Williston Agriculture Experiment
Station during 1976.



Calibration Measurements. Spectral bidirectional reflectance factor
measurements of gray panels were collected at the intensive test site three
times (May 28, June 25, and July 28) during the summer in support of the
FSS and aircraft MSS data calibration. Measurements were collected over
the brightest gray panel (panel 1) having a nominal reflectance of 557 which
is used to calibrate the FSS. Measurements were also collected over the
four darker gray panels which along with the bright panel can be used to
calibrate the aircraft scanner data. These measurements have also been used
for instrument verification and instrument correlation of the FSS, FSAS, and
Exotech 20C.

Canopy Modeling Measurements. Canopy modeling data including Landsat
band reflectance factor measurements, profile and angular photographs, and
agronomic measurements were collected four times during the summer (June 19
and 21, July 17 and 31). The data collected and procedures used were for-
malized in conjunction with Colorado State University and the Environmental
Research Institute of Michigan. The data were collected over four separate
locations within the modeling field to sample the field.

The Landsat band radiometer data were collected six to eight different
times during the day. The photographic data included angular photos at 10°
intervals from 0° to 50° zenith angles both with the row and across the row.
Photographs were also collected illustrating the profile of individual wheat
plants. The agronomic data included plant counts, plant height, leaf area
index, biomass, plant condition, head area, and stem area.

An experiment was also designed to collect angular spectrometer data.
Data were collected for the experiment only when time, resources, and weather
conditions were adequate. In other words, the agriculture experiment station
plots were the first priority. Angular measurements were collected three
times during the summer (June 21, July 17 and 31). The data set consists of
spectral measurements over the range of 0.4 to 2.4 ym made at approximately
hour intervals at five zenith and eight azimuth angles.

2. 1977 Data Collection

Correlation Experiments. Data were collected in conjunction with the
NASA truck interferometer system (FSAS) and the NASA helicopter-borne spec-
trometer (FSS) to determine how well the data from the separate systems
compare. The Purdue/LARS Exotech 20C spectrometer system was driven to
Finney County, Kansas during mid-May. Poor weather conditions postponed
the experiment until May 22. Data were collected with the FSAS on May 22,
23 and 24. The FSS didn't collect data with the trucks since it was in
South Dakota during that week.

The experiment, designed in cooperation with personnel from NASA/JSC,
included measurements of the five gray panels, the new light gray panel used
to calibrate the FSS, a green color panel and measurements to determine the
extent of reflective interactions.



Unfortunately, the data collected by the FSAS system was later lost.
To complete the experiment, the FSAS was driven to Williams County, North
Dakota during mid-July where the Purdue/LARS field spectrometer system
was stationed. A complete correlation data set was collected by the truck-
mounted systems on July 13 (see Figure A-7). Data for the correlation
studies were collected with the FSS on July 15 and August 4. These data
along with the Purdue/LARS Exotech 20C data collected in late May in Finney
County, Kansas will be used to verify the correlation of the different
instrument systems and determine if any problems exist.

Agriculture Experiment Station. Data were collected over 70 spring
wheat and other small grain plots using the Exotech 20C field system and
an Exotech 100 (Landsat band radiometer) field system. A new experimental
design and layout of treatments was used this year which made collection
of data more efficient and will improve the statistical soundness of the
data (see Figure A-4). The key aspect is that, for example, if only a
portion (16 or 32) of the plots can be measured in a day, they are a com-
plete statistical unit, i.e., replicated treatments. The small grains
treatments were expanded and given increased emphasis in the new design.

Six sets of data were collected over the plots (see Figure A-5).
Excessive cloud cover during the first half of June caused a three week
break in data collection. The Exotech 20C field system (see Figure A-6)
collected high wavelength resolution data over as many plots as possible
once during the day. The Exotech 100 field system (see Figure A-6) was
built during early June. The system was designed to collect lower spectral
resolution data over all plots several times during the day to study diurnal
reflectance changes. The system consists of a boom and platform mounted
on the top of a van, the Exotech 100 instrument, a hard copy data logger,
and two operators. One operator, on top of the van, levels the instrument
and verifies the target location. The other operator records the data and
drives the van. During operation the Exotech 100 radiometer is positioned
four meters above the ground and 3.5 meters away from the van. The system
collected a set of data over all 70 plots in an hour. The measurements
were repeated every 90 minutes. The system performed very well and it is
recommended that data collection systems of this type be used in the future
to increase the number of treatments and/or replications which can be
measured compared to high spectral resolution truck-mounted systems.

The same agronomic and meteorological measurements were made in 1977
as in 1976.

Calibration Measurements. Spectral bidirectional reflectance factor
measurements of the canvas calibration panels were collected at the inten-
sive test site on June 29, July 17, and August 4 in support of the FSS and
aircraft MSS data calibration. Measurements were collected using the Indoor
Exotech 20C [3] on September 14 at Purdue/LARS. With the Indoor Exotech 20C,
the spectral bidirectional reflectance factor of the helicopter calibration
panel (gray panel 1) was measured by comparing the gray panel directly with
pressed barium sulfate as opposed to an intermediate standard of painted




SPRING WHEAT EXPERIMENT

——— W g ——>

~  3ITIYM 33JUTH
~ 130s 2aeg
o~ - o~
™z > A
~N N o
¥ =z > A
o~ -
w2 > A
-4 -t
™ S
%‘ o~ Ll ol
x|~ = > A
@ NN g
o g aY
o~ o~
2 = 5 a
ot —t — o~
- =z = a
o~ o~
— z-‘ > a
Gl N N oo
ot = > (=)
[~ o~ Ll 4
N = > (=}
g‘ vy o~ o~
-
Btz > a
\D o~ ~N -4
— = > (=]
~ - o~ o~
- = > a
@ - - —t
- = > a
aapaog
o o~ o~
2 = > a
o o~
o~ z—‘ >~ a
o~ o~ ~
: - > (=]
o~ o~ - el
Lol O = > =]
o4
Yl — - -
=iy = > (=1
-~ o~ —
o~ z—' > a
Ual o~ o~ o
N = > a
hed o~ - o~
o~ =z > a
i~ o~ o~ o~
N = > a
oo ~N ™
o~ = B> n"'
o - o~
o~ z"' > (=]
=3 — Ll =i
N =z b A
o
a i - o~ —
o = B =]
d o~ o~
S £ > A
Lol o~
e = s a
la -
(] iz > =
> 383yM II3uTh
°e
<
Y

1

Wheat in 1976

Planting Date
D1 = May 9, 1977

Fallow ia 1976

Variet

Nitrogen

a Je——® g6 —>

L3

I¥aYy J23UjM

37| 36

7

T¥os 215

8380 3uye]

39 | 38

jeayy Jujads
Uaapyey

40

A31aeg 10323H

3u2UM wnang
Aqso1)

Rep

3uayy Jdujadsg
3®10

83uQ Kasyay

A31aeg uodeag

45 | 44 | 43 | 42 | 41

IBaYM wnang
opuuy

La118g 30323]1

Wheat in 1976

£a1aeg uodmayg

D, ~ May 23, 1977

3e3yM wning
opuwy

s3eQ L3uay

50 ) 49 | 48 | 47 | 46

Rep 2

s3eQ 3ujvl

51

Juayy dupadsg
uoIpTeEM

3eayy Bugadg
Jeio

53 | 52

3B3YM wnang
£qs212

13pi0yg

A31aeg uodeag

V‘ = Waldron (awnless)

'Vz = 0laf (=wmed)
SMALL GRAINS EYPERIMENT

Jeayy €upadg g

UOIpTRY |
JBOUM wWRIN
Aqso1)

IZAUM WnIRg
opuegy

Re

8380 4asT3)

£aT1eg 20323Y

1 i
60 [ 59 [ 58 [ 57 | 56 [ 55 | 54

3eaypM Sujadg

2
= 2 3810
2 i e s3eQ Sugeq
o <
| . | o~
108 > 8380 K9syay
= =
3 £araeg 10339y
2 s3eQ 3upe]
«|3 4Keraeg uodeag
(=¥
@lo 3¥3YM wnang
. o £qs01)
~ 383YyM dujadg
= © = uoapyepn
o 3eaypm dujadg
& = J®I10
A JEIYM wnang
2 opuwy

IVaUM JIIJUTH

Fallow ia 1976

Plot | 70

£

Spring wheat and small grains experiments at Williston Agriculture
Experiment Station, 1977.

Figure A -4.



Date Plot Numbers
0 10 20 30 40 50 60 70
— T 11T i ¢
May 29 F [NV \\\\\\\\\\\ WY
June 50 =
June L2 =
June 19 "thX\f\\\QX\Sx\\CXxI N
June 26 [ BAVIN
AT
July 3 [ t&\%:\x‘\ \\\ N
July 10
| R
BAAANNA TN N R W]
July 17 |
ATINLELLERENE SEREANRARY
July 24 -
o M&@é\ \\&5 ANNRLN AN
Figure A-5.

A-10

Wheat
Growth Stage

Seedling/Tillering
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Stem Extension

Early Heading

Heading
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Ripening/Harvested

Summary of data collection dates, plots measured, and

spring wheat growth stages at the Williston Agriculture

Experimental Station during 1977.
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Purdue/LARS Exotech 20C Field System, Purdue/LARS Exotech 100 Field System,

Weather station near the experimental Portion of the experimental plots
plots. illustrating variations in maturity,
height, and biomass.

Figure A-6. Illustrations of data collection systems and
experimental plots at Williston, North Dakota
Agriculture Experiment Station.
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Purdue/LARS Exotech 20C field Purdue/LARS Exotech 20C field
system at calibration site in system and NASA/JSC FSAS at
Williams County, North Dakota. calibration site in Finney County,

Kansas for correlation experiments.

Purdue/LARS Exotech 100 tripod- Purdue/LARS Exotech 100 tripod-
mounted field system at calibra- mounted field system at modeling
tion site in Williams County, field in Williams County, North
North Dakota. Dakota.

Figure A-7. Illustrations of data collection systems at the

calibration site and modeling field in Finney County,
Kansas and Williams County, North Dakota.
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barium sulfate. Additional aspects of the calibration procedures and data
acquisition are described in the Calibration and Verification section.

Canopy Modeling Measurements. At the modeling field, radiometric,
photographic, and agronomic data were collected in support of the wheat
canopy modeling studies (see Figure A-7). The modeling data collection
activities differed from past years in that a fairly complete set of data
were collected over four plots at the agriculture experiment station and
only a partial set of data were collected over a large commercial field.
Usually modeling data are collected only over a large commercial field,
but the commercial fields of spring wheat in the area had been planted
two to three weeks earlier than normal and were therefore past the tiller-
ing stage before our data collection began.

Following discussions with Mr. Malila of ERIM, it was decided that
the first priority was to collect modeling data over four plots at the
experiment station in order to obtain data for investigating the detection
threshold of wheat. Modeling data were collected in a commercial field
when time and weather allowed. The dates on which modeling data were
collected on the four plots are: June 1, 18, 19, 23; July 3, 4, 5, 7, 14,
20, 28; and August 8. Data were collected at the commercial field on
July 19, 22, 23, 25; and July 18.

The modeling data include Landsat band reflectance factor measurements,
profile and angular photographs, agronomic measurements, plant counts, plant
height, leaf area index, biomass, plant condition, head area, and stem area.

b. Data Processing and Distribution

The data being processed for the field measurement project at Purdue/
LARS are of two basic types, multispectral scanner data and spectrometer
data. The data are from three sites: Finney County, Kansas; Williams
County, North Dakota; and Hand County, South Dakota. The multispectral
scanner data includes that from the 4-channel Landsat MSS, the ll-channel
MMS on the NASA-P3 aircraft, and the 24-channel MSS on the NASA-C130
aircraft. The spectrometer data includes that collected by the NASA/ERL
Exotech 20D field system, the NASA/JSC Field Spectra Acquisition System
(FSAS), the NASA/JSC Field Spectrometer System (FSS), the Purdue/LARS
Exotech 20C field system, and the Purdue/LARS Exotech 100 field system.

The data is processed into comparable formats in order to make mean-
ingful comparisons of the data acquired by the different sensors at different
times and locations. The spectrometer tapes (EXOSYS format) contain the
spectral bidirectional reflectance factor measurements along with the
corresponding agronomic and meteorological measurements. Processing of
the Exotech 20D, Exotech 20C, and FSS spectrometer data includes keypunching
the associated agronomic and meteorological data which is then integrated
with the spectral bidirectional reflectance factor data. The FSAS spectrome-
ter data are converted from the NASA tape format into EXOSYS format; i.e.,
NASA/JSC includes the agronomic and meteorological measurements with the
spectral data before it is sent to Purdue/LARS.
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Processing scanner data is a straight conversion from the original
format (either Landsat bulk or Universal format) to LARSYS Version 3
format. The Exotech 100 bidirectional reflectance factor data is presently
stored as hard copy, listings, or cards.

In the past 18 months, 116 Landsat frames, 108 aircraft runs, and
85,000 spectrometer runs have been reformatted and entered into the field
measurements data library. The data processing/reformatting status is
summarized in Table A-1. 1In addition, four dates and two dates of 1975
Landsat-2 data collected over the Finney County, Kansas, and Williams
County, North Dakota, intensive test sites, respectively, were registered.

The general organization of the LACIE field measurements library is
illustrated in Figure A-8. The data in the library includes multispectral
scanner data, spectrometer data, photography both aerial and ground, agro-
nomic observations, meteorological measurements, flight logs, and verifica-
tion reports. The data formats are either tape, film, or hard copy.

All of the spectrometer data indicated in Table A-1 as being in the
library, plus flight logs, mission reports, and photography have been
distributed to researchers at Texas A&M University and the Environmental
Research Institute of Michigan. Also, data have been provided, upon approval
from NASA/JSC, to Goddard Institute of Space Science and the NASA/Goddard
Space Flight Center.

A Field Measurements Data Library Catalog providing information on
what data are available was prepared for present and future users of the
data [4]. The catalog is divided into separate volumes - one for each
crop year during which data were collected. Each volume lists the data
by site, date, and instrument type. Brief descriptions of the data are
also included.

A document providing examples of the field measurements data (Landsat,
aircraft, FSS, Exotech 20C, Exotech 100, and ground observations) was
prepared in a limited quantity. Two copies were provided to NASA/JSC;
parts of one were later sent to NASA/Headquarters. An additional report
containing examples of the spectrometer data in the form of spectral
reflectance curves is currently being prepared. This document is being
prepared to illustrate the major sources of variation in the reflectance
of wheat and related crops and will contain labeled examples showing
variation in wheat spectra due to differences in maturity, biomass, soil
color, and soil moisture, as well as comparisons of spectra of wheat and
other crops. An introductory text will explain and illustrate how the
data have been acquired.

ITI. Spectral Data Calibration, Verification, and Correlation

a. Calibration Techniques

A key objective of the LACIE Field Measurements program has been the
acquisition of calibrated spectral bidirectional reflectance factor data.
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Calibrated data are required in order to: (1) facilitate comparisons of
data from different sensor systems and (2) compare and relate spectral
measurements made at one time or location to those made at other times or

locations.

Three major sensor types were used to gather spectral data: truck-
mounted spectrometers were used on agricultural experiment station plots;
a helicopter-borne spectrometer was used for agricultural fields; and an air-
borne scanner was used on agricultural fields and experiment station plots.
The data from these instruments were related through the use of five 20x40
foot gray canvas panels and related to the reflectance of pressed barium
sulfate. Figure A-9 shows the initial laboratory comparison of the painted
barium sulfate reference panels to pressed barium sulfate. The painted
reference panels serve as reference surfaces for the subjects measured by
the truck-mounted spectrometers. The truck-mounted spectrometers also com-
pare the painted reference surfaces with the canvas gray panels which are
used as reference surfaces by the helicopter and airplane-mounted instru-
ments. Since the airborne instruments measure the reflectances of fields
having many Landsat pixels, these data may be used to calibrate Landsat
data to reflectance units.

Landsat
Aircraft
Laboratory Truck-Mounted and
Spectrometer Spectrometers Helicopter
Canvas
BaSO BasoO
4 %% Calibration
Laboratory Standard Field Standard Standard Fields

Figure A-9. Calibration method for LACIE field measurements data.
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The truck-mounted spectrometer relied on frequent reference to painted
barium sulfate panels to determine the spectral bidirectional reflectance
factor of the subject. The helicopter spectrometer used frequent reference
to the gray panel having a nominal reflectance of 55%. The airborne scanner
was calibrated by reference to the five gray canvas panels. Calibration and
correlation procedures are described in detail in the Project Plan [2].

Significant characteristics of the procedure described in Figure A-9
are: (1) all spectral reflectance factor data are related to pressed barium
sulfate and (2) each instrument periodically measured the reflectance of
the 20x40 foot gray panels. These procedures enabled the comparison of
instrument performance under nearly ideal conditions and provided a basis
to evaluate system performance as described in IIb, IIIb, and IIIc of this
report.

Key milestones in the development of calibration techniques to date are:

(1) Documentation and implementation of standardized procedures
for field measurements involving truck and helicopter spectrom-
eter data and aircraft scanner data. November 1974. [1].

(2) Improvement of calibration procedures for helicopter data.
January 1976 and April 1976. [5,6].

(3) Development of the hardware and procedures to enable indoor
measurement of the reflectance of painted reference panels and
determination of the bidirectional reflectance properties of
the painted and canvas reference panels. March 1975. [3].

(4) Application of field measurements data to calibrate aircraft
scanner and Landsat MSS data. July 1977. [7].

(5) Side-by-side instrument comparison studies using canvas gray
panels by the JSC FSAS, Purdue Exotech 20C, JSC FSS, and NASA
MSS. July 1977. [8].

The important task of bringing the instruments together for comparative
tests was attempted throughout the project, but was not accomplished until
May and July 1977. The data is being processed for analysis. The results
of this analysis should provide some definitive answers relative to calibra-
tion procedures.

Fundamentals of the Calibration Procedures. The essential field cali-
bration procedure consists of the comparison of the response of the instrument
viewing the subject to the response of the instrument viewing a level reference
surface. The term bidirectional reflectance factor has been used to describe
the measurement: one direction being associated with the viewing angle (usually
0° from normal) and the other direction being the solar zenith angle.
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For the natural situation, however, some of the light incident upon
the subject and scene is due to scattered sunlight. The effects of this
non-directional component (skylight) of the incident radiation have been
assumed to be small with the basis for this assumption being the qualitative
consideration that the skylight component is small compared to the direct
component and that the reflectance of the subject surfaces is approximately
lambertian. The alternative of measuring the diffuse component for the
reference and the target has been avoided due to the added uncertainty
associated with the additional measurements and required computations.

The uncertainties involved in the two measurement situations were
analyzed. During the past quarter an adequate treatment of the analysis
was made possible by: (1) sufficient field experience to provide quantitative
estimates of the uncertainties involved in the measurements and (2) recent
work which quantifies the limit of error associated with the assumption that
hemispherically irradiated agricultural scenes will appear to be lambertian

[9].

The technique of directly computing the reflectance factor is analyzed
with the assumption that the skylight is uniformly distributed and that the
reference surface is lambertian. It has been shown that:

R.(6,4;0,0) = R(8,4,0,0) [1 +K; =K, (6,0)]

where RF is the reflectance factor with respect to the reference surface

measured without regard for the skylight; R is the reflectance factor of the
subject measured if the sky were black (i.e., no scattering); K,(6,¢) is the

ratio of the diffuse to the total irradiance at the time of the measurement;
and K; is the amount which the bidirectional reflectance distribution function

(BRDF) of the subject (viewed along the normal) differs from the BRDF of a
lambertian reflector having the same normal - hemispherical reflectance.

The subtractive technique of measurement of bidirectional reflectance
factor is described as:

L' (8,9) - L' 5 o L' (8,0)

L'S(e,¢) - L'd,S L'D,S(e’q))

R (9,$30,0) =

where L't is the response of the instrument to the total irradiance and

L'd ¢ is the response of the instrument to the shadowed target, and L'D .
] 3

is the computed response of the target to the direct component of the irradiance.
The s subscript is associated with measurements of the reflectance surface.

To provide a basis for comparison, an "'ideal'" measurement was also treated.
This corresponds to a hypothetical measurement under black-sky conditions:

L'}, (8:0)

R(6,¢5 0, Y T
(6,45 0,0) NGRS
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Analysis of the limit of uncertainty associated with these three tech-
niques yields the following limits of relative uncertainty:

Ideal
AR il NEAL
=R [:ﬁ A l] I + tan6A0
D,s
where R is the true reflectance factor, NEAL/L' is the ratio of the noise

D,s
equivalent radiance of the instrument to the direct component of the radiance
of the reference surface and the tanfA® term derives from the uncertainty
involved in orienting the reference surface to a level position.

Subtractive
AL AL
A—i: [%+1:l° IZJI:IEAL+taneAe +Fl +i'_0
D,s dly d,s
where ALT/L'd . is the relative uncertainty associated with shadowing the
<)

target and ALO/L'd . is the relative uncertainty associated with shadowing
b

the standard.

Direct

AR 1 NEAL
=== ° -+ — 3 - o ———— + eAe
R K; * Ky (1-K5) l 0-% %) R IJ L,D _ tan
b

where K; and K; have been described previously. It can be seen that, if
Ky and K; are 0, the direct technique passes to the ideal technique. If K;

is 0, the direct technique is superior to the ideal technique in that the
additional radiant power flux supplied by the diffuse component of the
irradiance will improve the relative uncertainty by providing a greater
signal-to-noise ratio.

Using published and measured values for K; and K, and typical limits

of relative uncertainty associated with field measurements, the limits of
relative uncertainty for each technique have been evaluated and graphed in
Figures A-10 and A-11. The values for K, were chosen to represent moderate

and very noticeable haze conditions. Otherwise, it is assumed that a typical
instrument is making reasonable measurements under worst case conditions.
K1 was selected to be positive since that represents the worst case condition

for the direct technique.
Figures A-10 and A-11 show that the direct method is superior to the

subtractive method in all respects over the range of reflectances encompassed
by environmental scenes and that for moderate haze conditions there is
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scarcely any difference between the limits of relative uncertainty associated
with the direct technique and the ideal technique.

b. Field Measurements Data Verification

An important part of the field measurements project is the acquisition
of high quality, calibrated spectral measurements. To a large degree, this
depends on having timely and quantitative methods available for determining
data characteristics. This information can be used (1) for identifying
sensor deficiencies which can be corrected and (2) by data analysts in
selecting data for analysis and in interpreting analysis results.

In April 1976 a document describing the technical recommendations of
Purdue/LARS for data quality evaluation and verification for the spectrom-
eter and aircraft scanner systems was prepared under NASA contract NAS9-14016.
The recommendations pointed out the importance of the verification tasks
which had been implemented since the beginning of the field measurements
project and included tasks which NASA/JSC and Purdue/LARS needed to implement.

Due to limited resources, not all of the recommendations could be
implemented and some of those that were could not be implemented as quickly
as desired. The recommendations for aircraft and spectrometer verification
tasks are summarized below along with dates indicating when the tasks were
implemented.

* Aircraft Multispectral Scanner Data

1. A record of total irradiance at the aircraft calibration site
as a function of time to determine the illumination conditions.
[NASA, June 1976]

2. Histograms of data to determine detector operation, bit drop-
ping or favoritism, dynamic range, sensitivity, and saturation.
[NASA and Purdue, May-June 1976]

3. Implement a set of machine programmable quantitative measures
to be used during the reformatting process to determine the
quality of the data. [Not implemented]

e FSS Data
1. A record of the total irradiance at the helicopter calibration
site as a function of time to determine the illumination con-

ditions. [NASA, June 1976]

2. A calibration uniformity test. After a cosine correction for
sun angle the calibration spectra should be nearly identical.
[Purdue, January 1977]

3. Histogram tests for the processed data to indicate proper A-D
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conversion. These tests would be similar to those described
for the scanner data. [Not implemented]

4. A system performance test utilizing measurements of a series
of gray-scale calibration panels. [NASA and Purdue, May-July
1977]

- Truck-Mounted Spectrometer Data (Exotech 20C, Exotech 20D, and FSAS)

1. Operational procedures which include frequent checks of
alignment of field of view. [Purdue Exotech 20C, Nov. 1974;
ERL Exotech 20D, July 1975; JSC FSAS, October 1976]

2. Calibration procedures using large barium sulfate field
standards [Purdue Exotech 20C, November 1974; ERL Exotech
20D, March 1975]

3. A record of total irradiance at the site as a function of
time. [Purdue Exotech 20C, May 1975; JSC FSAS, June 1976]

4. A calibration uniformity test similar to the one described
above for the S-191 data [Purdue Exotech 20C, November 1974]

5. Histogram tests for verifying analog to digital conversion
similar to the ones described for the scanner data. [Purdue
Exotech 20C, 1974]

6. A system performance test including measurements of gray-
scale calibration panels. Spectra would be examined for
continuity, form, and magnitude. [Purdue Exotech 20C,
November 1974; ERL Exotech 20D, March 1975; JSC FSAS,
October 1976]

The results of the verification tasks completed are available to the
users of the data. Results of the FSS calibration uniformity test are given
below.

Results of FSS Calibration Uniformity Test. Each of the calibration
panel runs for each date was normalized with respect to sun angle (see
equation A-1) and plotted.

CV, =V _/cos B (A-1)
where
Vt = FSS response to calibration panel at time t,
CVt = Sun angle adjusted, FSS response to calibration panel at time t,
6, = solar zenith angle at time t.
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(See Figures A-12 and A-13 for examples). Ideally the sun angle adjusted
response curves would fall on the same curve. This assumes that the calibra-
tion panel is a lambertian reflector, which is a good assumption down to 50°
off normal. The situations which will cause the curves to be quite different
are:

1. Data being collected on a cloudy day.

2. Not filling instrument field of view with the calibration panels.
3. Instrument instabilities.

4. Shadowing of the calibration panel.

It should be understood that a review of these curves does not neces-
sarily give the whole story about all of the data collected on that day.
However, a review of the plots does point out particular flightlines which
the analyst may want to pay closer attention to. The values given with the
plots (coefficients of variation) attempt to place some quantitative value
on the variation of the curves so that dates can be compared. A summary of
the average coefficients of variation is given in Table A-2. The average
coefficient of variation is not computed with band centers 1.425, 1.475,
1.825, 1.875, and 1.925 pm since they represent regions of strong water
absorption.

The results in Table A-2 indicate that there is significantly less
variation on the adjusted calibration responses for the 1975-76 crop year
than for the 1974-75 crop year.

c. Spectrometer Correlation Studies

The truck spectrometers including the NASA/ERL Exotech 20D, the NASA/
JSC FSAS, and the Purdue/LARS Exotech 20C have collected data over five
gray panels which are deployed at the intensive test sites for the aircraft
and helicopter systems. The data collected by the spectrometers over the
gray panels were used to compare the spectral measurements of the different
spectrometers. The assumption made is that the reflectance of the gray
canvas panels does not change appreciably with time during a crop year.
Experience has shown that the reflectance of the panels changes very little
with time. The bright gray panel used as the FSS calibration panel changes
the most (2-3%) during the crop year because of dust collecting on the sur-
face as the helicopter hovers over it.

Plots of the spectral measurements are shown in Figures A-14 to A-18
for gray panels 1 thru 5, respectively. Gray panel 1 is the brightest and
gray panel 5 is the darkest. Each plot represents the average of all spec-
tral measurements by a given spectrometer for a given year.

Analysis of the data shown in Figures A-14 to A-18 indicate that
there is a significant variation in the different spectrometer measurements
of panel 1. The variation may be caused in part by a variation in the
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Table A-2. Summary of FSS calibration panel response variations.

Williams Co.,
Finney Co., Kansas N. Dakota Hand Co., S. Dak.
Ave. Coef.* Ave. Coef. Ave. Coef.
Date Variation Date Variation Date Variation

1974-75 Crop Year

11/05/74 .13 6/5/75 .09

3/20/75 .09 6/22 .08

4/8 .09 7/10 .09

5/14 <03 7/18 .06 Not
5/21 ol 2 7/27 .02

6/2 .04 8/5 .04 Applicable
6/9 .10 8/15 .04

6/17 .09 8/23 .06

6/26 .04 9/1 .08

7/6 .09

1975-76 Crop Year

9/16/75 .05 5/13/76 .01 10/15/75 .06
10/3 .24 5/28 .01 10/30 =
10/21 .04 6/17 .01 11/5 .04
11/11 .03 6/25 .01 5/11/76 .03

3/18/76 =02 7/6 .03 6/1 .03

3731 205 7/20 .03 6/19 .05

4/18 <02 7/28 403 7/8 .04

5/6 203 8/9 .02 7/31 .03

6/12 .06 8/19 .08

6/30 .07

1976-77 Crop Year

9/28/76 .01 5/8/77 .04 9/21/76 .02
10/15 .03 5/24 .03 10/21 .03
11/3 .03 4/21/77 .04

3/8/77 .02 5/10 .04

5/3 .02 6/16 .05

* Average coefficient of variation (standard deviation/mean) for all
FSS bands except those at 1.425, 1.475, 1.825, 1.875, and 1.925 um.
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actual reflectance of the panel, since the panel is washed about every six
months. Some of the instruments measured the panel before it was washed and
some after it was washed. Also, the margin of error associated with the
1975 Exotech 20D measurements is probably larger than that for the other
instruments, since an optical misalignment occurred during the period of
their data collection at Garden City in 1975. A review of the gray panel
data indicates that the misalignment may have occurred around June 1, since
before this date the gray panel measurements are consistent.

The analysis of the gray panel data also indicates that there is an
offset in the spectral measurements made by the Purdue/LARS Exotech 20C
field system at .73 um. This is the wavelength where the silicon detector/
filterwheel combination ends and the lead sulfide detector/filterwheel
combination begins. The cause was found to be a combination of filterwheel
deterioration and a nonlinearity in the electronics processing of the signal
from the silicon detector which affected the .60-.73 um wavelength region.
Both of these problems were corrected for the 1977 data collection year.
Figure A-14 also indicates a systematic difference between the FSAS and
Exotech 20C measurements of gray panel 1.

Correlation of the data is summarized in Figures A-19 and A-20 and
the linear regression analyses given in Table A-3. The correlation plots
and the linear regression analyses include data for six wavelengths selected
from the wavelength spectrum being measured. If the data from the instru-
ments were correlated perfectly, the points would fall on a straight line

(r2 = 1 for regression analysis), have a slope of one (c; = 1), and pass

through the origin (co = 0).

The information indicates that the gray panel data from the instruments

are highly correlated. The r2 values are high-for both the FSAS versus Exotech
20C comparison (.998-1.000) and the Exotech 20D versus Exotech 20C comparison
(.999-1.000). The gray panel spectrometer data is the most closely correlated
in the 0-30 percent (BRF) range, i.e., gray panels 2 thru 5.

The analysis of the correlation of the spectrometer data collected for
the field measurements project is not complete. The task of developing and
following procedures to calibrate and correlate the data from different
spectrometers in a field environment is being accomplished and for the first
time quantitative information is available.

The analysis results so far in comparing four spectrometers of two
different types (filterwheel and interferometer), collecting data in loca-
tions hundreds of miles apart (Kansas and North Dakota) and at different
times of the year are very encouraging. The reflectance data for the four
gray panels used to calibrate the aircraft scanner data has a correlation
better than .99 and agrees to within 47% of value. The reflectance data for
panel 1 is within 10% of value for the FSAS and Exotech 20C data at two
different sites with the panel on two different platforms. It is expected
that the cause(s) of the systematic differences will be determined during
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Table A-3. Linear regression analyses of spectrometer gray panel data.

+BRF Wavelength (um)
Range Regression
(percent) Coefficients* 0.45 0.60 0.70 1.0 1165 2,20
1975 Data
ERL Exotech 20D vs Purdue/LARS Exotech 20C
0-60 r 0.992 0.998 0.999  1.000 0.999  0.998
Cy -3.6 -3.2 Jol -1.7 -1.8 -1.7
Cyq 1.199 1.087 1.032 1i.1:07 1.089 1.096
0-30 r2 1.000 1.000 0.999 0.998 0.997 0.994
Cy -1.7 -2.0 -2.1 -1.3 -1.0 -0.8
= 1.050 0.997 0.961 1:.072 1.022 1.005
1976 Data

NASA/JSC FSAS vs Purdue/LARS Exotech 20C

0-60 r 0.998 0.999 1.000 1.000 1.000 0.999
Co =1.8 =2 =20 152 0.8 0.6
c, 0.916 0.897 0.884 0.897 0.924 0.942

0-30 r2 0.994 1.000 1.000 0.999 0.999 0.999
Co =1.5 =15 =15 0l 7/ 0.3 0.1
c, 0.898 0.854 0.853 0.942 0.966 0.987

*Regression Equation: y = co + c X

+Bidirectional Reflectance Factor
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the next contract year when the data collected during May and July of 1977
in the correlation experiments have been studied.

IV. Data Analysis

The spectral and agronomic measurements which have been acquired
during the three years of the LACIE Field Measurements program are being
analyzed to provide a quantitative understanding of the relationship of
reflectance to the biological and physical characteristics of crops and
soils. Knowledge of how important agronomic factors affect reflectance
is necessary for optimal use of the current Landsat technology as well
as for design and development of future remote sensing systems.

The primary data analyzed to date are the spectrometer data acquired
by the truck- and helicopter-borne systems. These data are particularly
useful because the spectral data are acquired in very small wavelength
bands and are calibrated in terms of bidirectional reflectance. The
narrow wavebands (i.e., complete spectra) permit simulation of the response
in any specified waveband. In other words, the analysis is not restricted
to a fixed set of bands such as Landsat MSS or one of the aircraft scanner
systems. Calibration of the data permits valid comparisons to be made among
dates, locations, and sensors. Additional advantages of these data compared
to Landsat are: no boundary pixels, higher spatial resolution, higher signal-
to-noise ratio, and a more complete sampling of the crop through the growing
season.

The analyses reported here were initiated in the spring of 1977 when
data sets and resources for analysis became available. The analysis of
much of the data has not been completed; future results may confirm or
contradict results obtained to date, possibly altering conclusions which
may be drawn from the analyses. In many ways, this section should be
viewed as a status or preliminary report of our results rather than a
final report. Continuation and completion of the analyses described here,
as well as additional analyses are planned in the new SR&T contract to
LARS.

a. Objectives
The overall objective of this task is to quantitatively determine
the spectral-temporal characteristics of wheat, small grains, and confusion

crops. The specific objectives are:

(1) To determine the relationship of agronomic variables such as
biomass and leaf area index to multispectral reflectance.

(2) To determine the effects of cultural and environmental variables
on the spectral response of wheat.
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(3) To determine optimal times and wavelengths for discriminating
between wheat and other crops.

(4) To determine optimal times and wavelengths for discriminating
wheat from other small grains.

b. Approach

The data used to date for analysis were collected during the first
two years of the field measurements program at the agriculture experiment
stations (AES) in Garden City, Kansas, and Williston, North Dakota, and
at the intensive test sites (ITS) in Finney County, Kansas, and Williams
County, North Dakota. The general approach taken has been to analyze band
means for the Landsat MSS and proposed thematic mapper bands.

Plots of the reflectance data were made to verify data quality and
to qualitatively assess the information contained in the data. Regression
and correlation were used to relate biological and physical parameters
such as leaf area index, biomass, percent ground cover, height, and maturity
stage to spectral response. Analysis of variance and covariance and discrim-
inant analysis were performed to determine the threshold of detection and
separability of wheat from other cover types. Details of the specific ap-
proach to each objective will be discussed in the results section.

c. Results and Discussion

The objectives of this task were pursued in two areas: spring wheat
in North Dakota and winter wheat in Kansas. In each location, both FSS
data from the intensive test site and truck-mounted spectrometer data
from the experiment station were analyzed. The results will be discussed
by location and objective.

1. Spring Wheat in North Dakota

This section describes the analyses which have been performed using
data from both the agriculture experiment station and the intensive test
site in North Dakota. For each analysis objective, details of the approach
and results are discussed.

Relationship of Agronomic Variables to Reflectance. This objective
has been investigated with the 1975 and 1976 AES data and, to a lesser
extent, with the 1975 ITS data. Knowledge of the relationship of agronomic
factors and reflectance is important in the crop identification problem for
determining when wheat is detectable and when it can be distinguished from
other crops. The ability to accurately assess a crop's condition and to
predict crop yields by remote sensing techniques will depend on how well
variation in key agronomic factors can be explained by the crop's reflec-
tance. The general approach taken to this problem has been:

(1) Correlation of agronomic variables, squares of agronomic vari-
ables, reflectance in Landsat MSS and proposed thematic mapper
bands, and ratios of reflectance values.
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(2) Polynomial regression fitting reflectance as a function of one
agronomic factor.

(3) Regressions predicting the value of an agronomic variable using
the reflectances in either the Landsat MSS or proposed thematic
mapper bands.

Extensive sets of ground observations were acquired at the Williston
experiment station including leaf area index, percent ground cover, maturity
stage, fresh and dry biomass, height, leaves per plant, stems per meter row,
and green leaf weight.

First, agronomic variables were correlated with one another. The
results of this study can be useful in several ways including reducing the
number of factors which must be measured in the field in future experiments.
The correlations presented in Tables A-4 and A-5 were calculated for the
1975 and 1976 experiment station data, respectively.

Growth stage and plant height are very hiﬁhly correlated; growth
stage is also highly correlated with both fresh and dry biomass and with

percent green leaves. Percent ground cover is highly correlated with number
of stems, leaf area index, and fresh biomass.

In general, the correlations were higher for the 1976 data. More
confidence can be placed in the accuracy of the measurements made in 1976
due to the experience gained in 1975. For this reason, results from
correlations of agronomic variables with reflectance will be discussed for
1976 data only.

By correlating the agronomic variables available in the two years with
spectral reflectance, it was found that many agronomic factors are highly
correlated with spectral response at some wavelengths: height and percent
ground cover in the visible, leaf area index in the near infrared, and leaf
area index and biomass in the middle infrared (Tables A-6 and A-7). More
than 80% of the variation in leaf area index (leaf area per unit ground
area) is accounted for by reflectance in the chlorophyll absorption region
(0.63-0.69 um) and more than 90% by reflectance in a near infrared region
(0.76-0.90 um). Correlations of reflectance with leaf area index, plant
height, percent ground cover, and growth stage generally were improved by
using one of the narrower bands of the proposed thematic mapper rather
than a Landsat MSS band.

Tables A-6 and A-7 show the linear (Pearson) correlations of reflec-
tance in the Landsat MSS and thematic mapper bands with several agronomic
variables measured at the experiment station in 1976. Two correlations are
presented in the tables: one is the correlation calculated using all data
collected during the year and the other is calculated using only the data
collected through wheat heading. The latter correlation is higher for many
agronomic variables. The relationship between leaf area index and reflec-
tance is approximately linear (Figures A-21 and A-22), so the two cor-
relations are quite similar in magnitude. Reflectance of wheat throughout
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Table A - 4. Linear correlations of agronomic variables (Williston, 1975).

Leaf

Growth % Stems/  area Dry
Stage Cover Height Meter index Biomass

Growth Stage 1.00% <55 .88 .14 231 .85
1.00 .08 =81 202 -.28 .86

% Cover 1.00 « 10 259 .76 «22
1.00 .40 () .61 .08

Height 1.00 iz .49 285
1.00 07/ 12 .81

Stems/Meter 1.00 .56 -09
1.00 <59 .04

Leaf area index 1.00 .41
1.00 -.03

Dry Biomass 1.00

1.00

* Upper number is for data from seedling through heading stage of maturity;
lower number is seedling through ripe stage of maturity.
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Linear correlations of agronomic variables
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(Williston, 1976).

Leaf Fresh Dry

Growth 7 Stems/ area bio- bio- 7
stage Cover Height meter index mass mass Green
Growth stage 1.00%* .65 +96 .24 .58 .91 94 -.92
1.00 .48 <97 .14 .34 .76 <82 -.84
% Cover 1.00 ST 218 .89 .80 .68 -.52
1.00 .65 .74 .84 .74 245 -.35
Height 1.00 .39 .66 .94 .95 -.92
1.00 .28 .45 .91 495 -.82
Stems/meter .00 238 253 3 -.19
.00 .81 .50 il -.07
Leaf area index 1.00 .79 .62 -.46
1.00 .65 < 37 -.09
Fresh biomass 1.00 .96 -.84
1.00 .81 -.64
Dry biomass 1.00 -.91
1.00 -.80
% Green 1.00
1.00

* Upper number is for data from seedling through heading stage of maturity;
lower number is seedling through ripe stage of maturity.
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