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TITLE: SYSTEMATIC STUDY TO DEVELOP AND EVALUATE CRITERIA FOR NUTRITIONAL SUPPORT
OF PERSONS CONFINED TO CONTROLLED ECOLOGICAL LIFE SUPPORT SYSTEMS

This report will only provide the second part of a total research which consists

of three projects which are shown as follows:

Project 1: Evaluation and progression of the space feeding concept from early
missions to the present stage,

Project 2: Projected nutritional criteria for the Space Operations Center.

Project 3: Projécted nutritional criteria for the Closed Ecological Life

Support System.
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Based on experience from past missions, there are known physiological as well
as psychological stresses existing in crew members as a result of space flight,
It is also known that stress can contribute to the increased lcss of calcium and
nitrogen from the body. Since high density foods will be made with high calorie
nutritionally complete liquid, it will be abfte to protect the body's loss of
nitrogen (4, 5).

After considering all of these needs for the crew in an extended mission,
the researcher looks for these projects to develop new high density foods.
OBJECTIVES

a. To achieve the nutritional need in LEO Space Station.

b. To bring varieties in the diet of crews for extended mission,

c. To provide highest cclorie in concentrated form.

d. To provide complete nutrients.

e. To study the shelf-l1ife of the products produc~ad,

BACKGROUND AND REVIEW OF THE RELATED LITERATURE

The space flight missions are always supported with nutritious foods for
the crews of the space flight. Research and technological developments in
this field are going on as the man's desire to stay longer and longer in space
is becoming increasingly inevitable, The dehydrated, frozen, irradiated and
thermostabilized foods have played a very important role in space flights
supplying necessary ingredients needed for supporting life in orbit and in
space.

In this preview in mind, the researcher is interested in the preparation of
high density food which will meet the criteria of space food. Following facto’s
should be reviewed before applying any theoretical concepts foods into practice.

1. Nutritional Value. The Nutritional value of the food should be formulated

to meet the need o“ the human in a relatively simple product, Nutritional

availability must te fully supported by the food in quality and quantity,
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2. Safety. The food intake should be safe in a given environment, Food consumed
in a closed environment should take into account the special needs, if any, for
safety as to its side effects, especially in regard to microbiological growth

as well as its toxicity levels.

3. Convenience. Food items should be convenient to use by the crews with con-
siderations «3 to their age, sex, health status and also to the personal
preferences of the individual.

4. Focd Acceptance, 'Very often food habits are very much of personal prefer-

ences given that variety of foods are available for consumption, Hence factors
must be considered for their acceptability.,

With these objectives in view, the researcher has tried to evaluate the
high density liquid foods designed for enteral feeding by the Organon Food
Company. Products evaluated were "Magnacal," "Sumacal" and "Microlipids."
These products are used for hospital patients who may suffer from protein
calories undernutrition, and of Cardiac Cachexia.

Magnacal is a lactose-free formula designed for both total and supplemental
nut;itional support in those Clinical conditions that demand caloric and
nutritional requirements which standard liquid feedings cannot satisfy  The
exceptionally high caloric density (2.0 cal/ml) makes Magnacal especially
suitable for patients who cannot tolerate high vclume feedings but who require
high caloric levels. Magnacal is useful in the dietary management of patients

with a wide variety of hypermetabolic conditions resulting from such causcs as:

1. Major Burns

2. Severe Trauma

3. Multiple Fractures
4, Major Sepsis
5

. Major Surgery




6. Advanced or Metatastic Cancer
7. Severe Anorexia
8. Hyperactive States or Prolonged Muscular Hypertonicity

Magnacal is also effective as an oral supplement for patients requiring
additional caiories (15).

Microlipid is useful in the dietary management of patients requiring
caloric supplementation. Microlipids high concentration of calories (4.5 cal/ml)
is derived solely from fat and can provide energy for metabolism without an
undue increase in the volume of the diet. Microlipids are rich in linoletic
and other unsaturated fatty acids. Microlipids may be useful in the following
conditions (16):

1. Fatty Acid Deficiencies

2, Uremia

3. Diseased and Debilitated States

4, Postoperative Convalescence

5. Preoperative Preparation of Malnourished Patients
6. - Severe Burns

7. Major Sepsis

Sumacal is designed for nutritional support in those clinical conditions
that demand a Supplemental Source of carbohydrate calories Unflavored Sumacal
can provide additional carbohydrate calories in combination with other Oraanon
nutritional products nutritionally complete formulas. Sumacal contains no fat
or protein which makes it especially useful as a supplement for patients on fat
and protein restricted diets, Sumacal may be beneficial in the dietary manacement

of patients with the following condition (23):




1. Severe Burns

2. Major Sepsis

3. Severe Trauma

4, Acute or Chronic Renal Disease
5. Major Surgery

6. Cystic Fibrosis

7. Anorexia

8. Pre- und Postoperative Care

Dr. Steven B. Hemsfiled in his paper on Cardiac Cachexia has pointed out
some of the uses of these HDL products (22).

The enteral route of refeeding is selected first uniess severe intestinal
problems limit intake, If the full dose of the prescribed diet cannot be
orally ingested, then the balance is administered through a fine-bore naso-
enteral cannula. The enteral formula selected for tube feeding shouid have
the following properties: high caloric density (2.0 preferred over 1.0 Kcal/cc),
Tow sodium (<2'g/day), and Kcal/gmN ratio of about 150:1, A commercially pre-
pared solution is available which meets these criteria (i.e., HAGNACALTM,
Organon Nutritional Products), or the formula cun be prepared by the dietitian
from readily available modulesg. If only part of the daily requirements can
be met by enteral feedings, the balance of daily requirements are supplied by
peripheral vein fluids (i.e., P-9009, Intra]ipid(R), etc, Recall that the
undernourished cardiac patient is unduly susceptible to repletion heart
failure, and therefore requires careful clinical monitoring and gradual

increasing doses of nutrients. Dr. Horwitz, et. al, observed the use of thete

HDL foods in cases of Ascitises, Cirrhosis and Cachexia.
ACC patients with minimal elevations in serum bilirubin znd plasma ammonia,

ovten resistant to standard enteral formulae, cen be effectively repleted using

modular or fixed composition high density solutions (11),
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Enteral and perenteral hyperclimentation can renourich the severely wasted
malabsorbing diabetic as shown in a study conducted by Dr. T. Hersh, et al. (10).
Lean body mass can now be maintained or repleted by the enteral route in

contrast to the parenteral route in patients with a wide variety of gastro-
intestinal and other diseases. The applicability of enteral hyperalimentation
as a primary form of therapy in inflammatory bowel diseases, in reversing the
cachexia of advanced cirrhosis, in protecting irradiated cancer patients from
rnteric and hemotologic toxicity and in the treatment uf acute renal failure,
hold promises but must await the outcome of carefully controlled clinical
studies (21),

George L. Blackburn, et al., have pointed out in their study about the
nutritional and metabolic assessment of the hospitalized patients that the
nutritional and metabolic profile indicates the causes of malnutrition, namely
insufficient protein and calor’e: and establishes individual guidelines for the
patient's nutritional therapy (2).

At present enteral hyperalimentation are used in hospital patients only,
The researcher feels that these products can be used for the conventional diets
with further study and modification to improve physical characteristics.,

The Pillsbury Company also has made some remarkable contribution in the
preparation of the high density bar to supplement the food supply for the
Skylab 4 mission which was extended from the nominal mission of 56 days to a
mission of 85 days in duration (18),

Jack R. Durst conducted research about stable food pieces, has pointed out
that compact food units designed to provide a completely balanced diet provided
by incorporating essential nutrients into a unitary, flexible food piece con-

taining a continuous external phase of a hydrophilic film former, water and ar
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edible humectant. The external phase encapsulates an internal phase of minute
fat globules. The food pieces are resistant to physical, chemical, and bacterio-
logical degradation (13).

A protein fortified < Jod bar of a controlled calorie content is composed of
several crisp wafers stacked one above the other with a creamy filling between
them. Each wafer is composed of 19 parts of fiour, about 6 parts of added
protein, e.g., calcium caseinate or a lactalbumin-casein coprecipitate, about
0.8 parts oil as a release agent and a small amount of chemical leavening. The
filling layered between the wafers consists of 10 parts shortening, about 10
parts of a finely divided protein such as milk protein, about 6 parts sugar, a
minor amount of flavor if desired and a vitamin and mineral moisture, if desired,
A cbnfectioners coating can be applied over the composite bar if desired.

Jay E. Morgan, in his research about high protein food bar, has discussed
that (12). Betty L. Brooking conducted similar research as J. Durst about pro-
cess for forming stable food pieces has found out that foods remain flexible
during storage and do not lose 0il when molded or otherwise formed into pieces (1).

Food bar and method for making, another research conducted by Jack R. Durst,
showed that a compact, solid food unit characterized as possessing hardness,
frangibility and water dispensible characteristics is imparted by utilization
of a binder which provides a structural matrix for discrete edible food particles.
The binder is comprised of a discontinuous phase of fat globules encapsulated
by a continuous phase of water and a hydrophilic film former (14).

EXPERIMENTAL DESIGH AND PROCEDURES

The research activity was conducted in different phases to formulate high
density foods. A stardard recipe (#300) for Scones/Biscuits adapted from the

recipe book of Culinary Arts Institute (7).
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In the experimental phase, the researchers tried to make Scones/Biscuit-
changing variables sucn as replaci:\g milk with various high density liquids pro-
duced by the Organon Food Company, Five different recipes were studied. In
each 1ecipe the milk component was replaced by the HDL product.

The first experimental high density Scones/Biscuits were made with
Magnacal, a high density liquid product produced by Organon Food Company,
replacing milk from the controlied recipe keeping all other ingredients intact
as in the original recipe,

The second high density Scones/Biscuits were made by replacing milk with
Sumacal, all other components unchanged from the controlled recipe.

The third high density Scones/Biscuits were made, replacing milk with
Microlipids. Since microlipid is a fat emulsion product, shortening was also
deleted from the experimental recipe,.

The fourth high density Scones/Biscuits were made by replacing milk with
Microlipids.

The fifth high density Scones/Biscuits were made by replacing milk with
"*30:n.a1 and Microlipids by doubling the controlled recipe in every respect
except baking powder.

#300 is the control recipe for Scones/Biscuits and #400 is the control
recipe for muffins,

The researcher also made Muffins a standard recipe adapted from the bock of
Culinary Arts Institute, Muffins were also made in an experimental basis by
replacing milk with Magnacal.

The recipes generated due to the experiments are appended in the appendix
for further evaluation in order to produce and culture more about high density

foods in the Space Program.




DISCUSSION

Sensory methods in which palatability is evaluated by a panel of judges are
essential to most food experiments because they answer all the important ques-
tions of how a food should taste, smell, look, and feel. It is axiomatic that.
only a food which is prepared in a reproducible manner is worth the effort cf
scoring for it is only when the conditions of preparations are carefully con-
trolled and defined that differences in quality can be a tribute to known
variables. Careful sémpling of the food is also necessary (20).

A1l of the food samples were judged by trained panelists (JSC Food Laboratory).
A11 of the foods were labeled and coded carefully, ard all foods were evaluated
by the sensory method on the basis of the following characteristics:

a. Appearance

b, Color
c. Odor
d. Flavor

e. Texture

f. Overall

A nine-point hedunic scale was used to evaluate the products:
9-Like Extramely

8-Like Very Much

7-Like Moderately

6-Like Slightly

5-Neither Like or Dislike
4-Dislike Slightly
3-Dislike Moderately
2-Dislike Very Much

1-Dislike Extremaly
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Shelf-life of space food must be considerably longer than most conventional
foods to allow for time to permit testing, evaluation and packaqg =g of flight
foods. These are time consuming operations and require that sufficient time be
allocated before each mission,

The experimental Scones/Biscuits and Muffins required a shelf-1ife study,
and stored at three different temperatures for ihree different time lengths.
The products are stored at a temperature of 40°, 70° and 100° Farenheit for 15,
30, and 90 days.

After shelf-life study, the high density Scones/Biscuits and HMuffins will
again be tested by the sensory evaluation panel. The products are also tested
for any kind of visible changes, development of mold, etc,

. Nutritional analysis of the high density fouds are also in progress in the
JSC Biomedical Laboratory. The results of the analyses will be completed within

the next two months.
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RESULTS
¥
Table I. Scones/Biscuits with High Density Liquid
Magnacal Sumacal  Micro-  Micro-  HMicro- Control
lipid + Tipid lipid
Magnacal with
—— Shortening
Overall + + + + ' +
Rating 7.0-1.2 5.8-1.3 6.2-0.9 6.5-1.1 5.2-1.7 6.5-1.3
Range 4-8 3-8 5-8 5-9 2-8 4-9
Taole 11, Muffins with High Density Liquid
~ Control Magnacal Muffin
Overall + .
Rating 6.7-0.9 6.8-1.2
Range 5-8 4-8

e . Y —t Toge 1 g = ——— -

A shelf-iife study will be conducted only about the product which is rated

above five in the nine-point hedonic scale,
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SUMIARY_AND_CONCLUS 10N
Space flight poses special problems in food technology. Calorie-dense,
nutritious and palatable, balanced diet in a suitable form are necessary for
space flight. Food must influence with packaging, water supply, waste and
residue disposal systems and with food preparation and serving equipment, Food
must be adequately protected against deterinration, chemical, physical and
biological. Also, all food must be adapted to consumption at Zero-gravity
(3, 8, 9).
The conclusive report about high density foods -- particularly for Space

Operations Center -- is yet to come,
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MUFFINS

2 cups sifted flour

4 teaspoons baking powder
1/2 teaspoon salt

1/4 cup sugar

1 egg, beaten

1/4 cup melted shorteqing

1 cup milk

Method of Preparation

Sift dry ingredients together, Nix eggq, shortening and milk together thoroughly,
Combine mixtures, stirring just enough to dampen flour. Fill greased muffin

pan 2/3 full, Bake at 400°F. 25 min, Makes 12-15 muffins,

- - - . I 4 A AR A A Y. & M. oW e w . A .
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MAGHACAL_NUFF IS

2 cups Bisquick

1 cup Magnacal

1 egg

1/4 cup brown sugar

1 teaspoon cinnamon

1/2 cup ple (finely chopped)
1 tablesp.Jn cooking oi}

dash of salt

Method of Preparation

Heat oven to 400°F. Mix ingredients vigorously for 30 seconds. Fill muffin cups

2/3 full. Bake 15-18 min. (until golden brown),

~

NOTE: This is an experimental recipe. In this experiment milk component was

substituted with high density fluid Magnacal,
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SCONES/BISCUITS

2 cups sifted flour

1 tablespoon sugar

1/2 teaspoon salt

4 teaspoons baking powder
1/4 cup shortening

1/2 to 2/3 cup milk

1 egg vell beaten

Melted butter

Sugar

Method of Preparation

Sift dry ingr2dients together; cut in shortening, Add milk to egq; add to flour
mixture gradually, adding more milk if necessary. Knead lightly on a floured
surface. Rol!l into a round 1/2" thick. Cut into wedges, place on baking sheet,
brush with melted butter, dredge with sugar. Bake at 400°F 15-18 min, Makes
15 (4") Scones.

NOTE: This is a standard recipe for making Scones. In cach experimental recipe,

Scones were made by replacing milk with Microlipid, Sumacal and Magnacal.




EN82 23110

CARDIOVASCULAR ADAPTATIONS IN WEIGHTLESSNESS:
The Influence of In-flight Exercise Programs on the
Cardiovasculer Adjustments during Weightlessness

and Upon Returning to Earth

Charles H. Bennett, Ph.D.
Department of (inlogy
Kentucky State University



TABLE OF CONTENTS

CONTENT
Table of Contents . . . . . . . . .. .. ...
List of Figures . . . . . . . . . .. ..
Listof Tables. . . . . . . . . . .. ... ... ....
Introduction. . . . . . . . . .. ... ...
Statement of the Problem. . . . . . . . . . ..
Methods . ., . . . . e e e e e e e e e e e

Cardiovascular evaluation during in-flight and postflight
periods: Skylab M171 Experiment-Metabolic Activity .
Skylab M092 Experiment-Lower Body Negative Pressure . .

Results . . . . . e e e e e e e e e

Skylab Crewmembers Preflight Exercise Training.

Skylab Crewmembers In-flight Exercise Training. ..

Physiologicai Changes in Muscle Strength and Volume
During Weightlessness. . . . . . . . e e e e e .

~..71ab Astronaut Cardiovascular Responses Recorded During
Exercise Before, During, and Following Weightless.ess:
M171 Experimental Results. . . . . . . . . . . .. ..

Skylab Astronaut Cardiovascular Responses Recorded During
the Application of Lower Body Negative Pressure(LBNP):

M092 Experimental Results. . . . . .
Conclusions.
Acknowledgments . . . . . . . . . . . ..
References . . . . . . . . .. .. ...

PAGE

12

13
14

18

21

27

31

32
33



W W N O ;& W N

—
(@)

fe—
oy

12.

13.

LIST OF FIGURES

Figure

. Levels of lower body negative pressure and tiie of individual

phases of the lower body ncgative pressure protocol . .

. Skylab Bicycle Ergometer . . . . . . . . . .
Skylab "MK-I" exerciser and several exercise methods . . . .
Skylab Treadmill Exerciser . . . . . . . . e e e e e

Exercise related quantities on Skylab missions . . . . . . .

Average strength changes, arms: all Skyleb missions . .

. Average strength changes, legs: all Skylab missions . . . .

. Average leg volume change, postflight: all Skylab missions .

Heart rate responses for Snylab Crews, Level 3 exercise. .

. Diastolic blood pressure, Level 3 exercise: all Skylab

missions. . .

. Changes in cardiac output and strok: volume in Skylab

astronauts following periods of weightlessness.

Cardiovascular responses of the Skylab 4 Pilot during
lower body negative pressure(LBNP) test 35 days
prior to flight . . . . . . . . . e e e e e

Cardiovascular responses of the Skylab 4 Pilot during
lower body negative pressure(LBNP) test on mission
day 10. Presyncopal symptc—s led to termination of
the test. . . . . . e e e e

ii

Page

15
16
17
18
19
19
20

24

25

27

27



LIST OF TABLES

Table Number Table Content
I. Skylab Medical Experiments . . . . . . . . . . ... ...
II. MI71 Experimental Protocol . . . . . o v v v v v v o o ..

I1.
IV.

VI.
VII.
VIII.
IX.

XI.

M171 Performance Summary - Three Skylab Missions . . . . .
M171 Physiological Measurements. . . . . . . . . . . . ..
M092 Performance Summary - Three Skylab Missions . . . . .
Preflight Heart Rates Among Skylab Astronauts. . . . . . .
In-flight Quantitative Personal Exercise Summary . . . . .
Daily Personal Exercise - Skylab 4 Crewmembers . . . . . .
Skylab 4 M171 Data Summary . . . . . . . . . . . .. ...
Plasma Voiume - Percent Change from Premission Value . . .
Cifferences Between Mear In-flight Values for Heart Rate
and Blood Pressure of the Skylab 4 Crewmen during Rest

and 50 mm Hg Phase of Lower Body Negative Pressure from
Corresponding Mean Values during Preflight Tests . . . .

1ii

13
15
18
22
26

30



CARDIOVASCULAR ADAPTATIONS IN WEIGHTLESSNESS:
The Influence of In-flight Exercise Programs on the
Cardiovascular Adjustments during Weightlessness

and Upon Returning to Farth

Charles H. Bennett, Ph.D.
Department of Biology
Kentucky State University

Introduction

The American Space Program has provided an environment for the bio-
medical investigation of physiological systems in the absence of gravity.
Through use of the first long-term space station, the United States has
acquired giant achievements in knowledge concerning the physiological
effects of increasingly extended periods of exposure to the space flight
environment and in determining how weil man can function while performing
tasks in space.

Space medicine studies using experimental animals were initiated
p:rinr to 1959. Limited medical studies and observations on men in space
were initiated in the United States with the Project Mercury Program
(1961-1963). This program served to dispel many basic concerns regarding
the frailties of the human space explorer. It was shown that man could
operate effectively during the acceleration periods of launch and entry,

and that he could adapt to the weightless envirorment and perform useful



tasks. The biomedical studies conducted during the Gemini Program(1965-
1966) were oriented toward evaluating the magnitude of flight-related
changes first noted following the Mercury flights. Emphasis was placed
upon evaluation of the cardiovascular system, since the principal changes
observed during the Mercury flights involved alterations in cardiovascular
reflexes that regulate blood flow in the presence of the Earth's gravita-
tional field.

Several in-flight measurements or experimenis were accomplished on
the Gemini missions, as well as preflight and postflight studies. These
investigations confirmed the postflight orthostatic intolerance observed
in Mercury and extended the findings to include moderately decreased post-
flight exercise tolerance and red cell mass, minimal loss of bone calcium
and muscle nitrogen, and the high metabolic cost of extravehicular activ-
ity. The few changes which occurred were moderate but reversible.

The Apollo Program(1968-1973) originally included the conduct of
a series of medical studies for the early orbital missions. After the
Apollo 204 accident, the decision was made to delete the medical studies
and to dedicate all resources to the complex Tunar ianding program. Con-
sequently, medical studies were primarily conducted with the Apollo crew-
men before and after each flight. Generally, they confirmed the Gemini
findings of postflight dehydration and weight loss, postflight decrease
in orthostatic tolerance, and postflight reduction in exercise capacity.
In addition, the decreased red cell mass and plasma volume noted in
Gemini were confirmed, but were less pronounced in Apolilo.

The three principal objectives of the Skylabk Program(1973-1974) were
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the study of man, his Earth, and his Sun. Skylab, at its inception called
the Apollo Applicativns Program, was a natural and necessary follow-on to
the Gemini and Apollo Programs. Development of medical experiments, initi-
ated in the mid-1960's, included a decision to design the experimental
program along classical lines of medicai and physiological research. The
results from the Gemini and Apollo flights influenced the planning and
placement of emphasis for the new program. The experimental protocols
developed to study the cardiovascular, musculoskeletal, hematologic,
vestibular, metabolic and endocrine systems in the body, with few excep-
tions, remained unchanaed throughout the Skylab Program.

Twelve Skylab medical experiments(Table 1) were designed to provide
an indepth study of individual body systems and at the same time provide
an overlap to give comprehensive understanding of man's reaction to long-
term weightless flight. The inclusion of major in-flight medical experi-
ments provided the capability to study physiological responses during
exposure to weightless flight as opposed to the pre- and postflight
studies «s carried out in the Apollo and Gemini flights. This paper
will investigate the cardiovascular changes recorded during in-flight
exercise and metabolic studies as well as during the application of
lower body negative pressure and compare these responses with pre-
and postflight values. “ostflight cardiovascular responses following
the extended duraticn flights of Skylab will also be examined in order
to determine if the in-flight exercise programs selected by the Skylab
crewmembers reduces the cardiovascular deconditioning observed during

previous space flights.



TABLE 1. SKYLAB MEDICAL EXPERIMENTS

Number Experiment

MO71 Mineral balance

M073 Bioassay of body fluids
M074 Specimen mass measurement
M078 Bone mineral measurement
M092 Lower body negative pressure
M093 Vectorcardiogram

M110 Hematology/immunology
M131 Human vestibular function
M133 Sleep monitoring

M151 Time and motion study
M171 Metabolic activity

M172 Body mass measurement

Medical evaluations after Gemini and Apollo flights demonstrated
reduced orthostatic tolerance in virtually all crewmen specifically tested.
Orthostatic tolerance describes the ability of the cardiovascular system
to maintain an adequate level of arterial blood pressure, which provides
the 'driving force' for maintaining organ system blood flow, during changes
in body orientation in the earth's gravitational field. During changes in
body position on earth, namely following movement from a supine to a

vertical heads-up orientation, neurohumoral cardiovascular adjustments



occur to preserve arterial blood pressure through alteration in cardiac
output(determined by the product of heart rate and stroke volume) and
the peripheral resistance to blood flow. This 'short-term' regulation

of cardiovascular homeostasis is further supplemented by the 'long-
term' renal regulation of circulating fluids and electrolytes deter-
mined in part by the release of antidiuretic hormone(ADH), regulated by
the Henry-Gauer reflex, as well as the renin-angiotensin-aldosterone
regulatory system. The diminished ability of the cardiovascular system
to function effectively against gravitational stress following exposure
to weightlessness, while usually mild and not operationally significant
during previous missions, sometimes resulted in pronounced increases in
heart rate and decreases in pulse pressure during orthostatic testing.
The magnitude of this postflight loss of orthostatic tolerance showed

no clear correlation with flight durations ranging between 4 and 14 days.
This caused concern for the potential postflight orthostatic intolerance
in the crewmen of the extended Skylab missions, whose durations were
planned for 28 days(Skylab 2), 59 days(Skylab 3), and 84 days(Skylab

4).

Statement of the problem

Postflight orthostatic intolerance and reduced physical work capacity
have been reported following periods of weightlessness, bed res*, and
water immersion. A quantitative assessment of the effects that in-flight,

as well as preflight, exercise programs has on the cardiovascular responses



recorded during Skylab missions and following return to the earth's
environment has not been performed. This report will attempt to deter-
mine if cardiovascular differences exist between Skylab astronauts
following the application of physiological stress(e.g., lower body
negative pressure, exercise, orthostatic stress) that can be related

to the crewmembers pre- and in-flight training programs.

Methods

Cardiovascular evaluation during in-flight and postflight periods:

Skylab M17]1 Experiment - Metabolic Activity

Twenty of the 27 Apollo crewmen tested following spaceflight ex-
hibited a statistically significant decrease in their tolerance for
exercise. Although this response was reversible within 1 to 2 days, it
became obvious that man could not be comitted to long-duration space
flight until the magnitude and time course of these changes could be
established and the underlying physiological mechanisms understood. The
primary objective of the M171 Metabolic Activity experiment was to deter-
mine whether man's metabolic effectiveness while performing mechanical
work was progressively altered by exposure to the space environment. The
secondary objective was to evaluate the M171 bicycle ergometer as an in-
flight crew personal exerciser.

A detailed description of the experimental hardware utilized for the

M171 experiment has been reported elsewhere(ref. 1). The M171 Experiment



Protocol is shown in Table II, while the M171 Performance Summary is

listed in Table II1.

TABLE II. MI171 EXPERIMENTAL PROTOCOL

Time Exercise protocol
5 minutes Rest
5 minutes 25 Percent of Maximun 002 (level 1)
5 minutes 50 Percent of Maximum YOZ (Tevel 2)
5 minutes 75 Percent of Maximum V02 (Tevel 3)
5 minutes Recovery

Performed by each of three crewmen: Five times in 28-day
mission; Eight times in 59-day mission; Twelve times in 84-
day mission.

TABLE TII. MI171 PERFORMANCE SUMMARY - THREE SKYLAB MISSIONS

Skylab ) . .
mission Preflight | In-flight | Postflight | Total
2 Commander 5 6 8 19
Scientist Pilot 5 6 7 18
Pilot 5 A 9 21
15 19 24 58
3 Commander 7 9 8 24
Scientist Pilot 7 9 8 24
Pilot 1 9 8 24
21 27 24 72
4 Commander 8 12 8 28
Scientist Pilot 8 12 8 28
Pilot 8 12 8 28
24 36 24 84
Total: 3 Missions 60 82 72 214




Results from this experiment, determined during pre-, in-, and post-
flight periods, provided cardiovascular and pulmonary data(Table IV) which

reflect adaptation as well as exercise-induced responses during weight-

lessness.
TABLE IV. M171 PHYSIOLOGICAL MEASUREMENTS
Raw data Derived data
Ergometer Work Level(watts) Respiratory:
Respiratory: Respiratory exchange ratio.
Oxygen Consumption. Oxygen pulse.
Carbon Dioxide production. Pulmonary eff1c1ency(VE/V ).
Minute volume. 0,
Cardiovascular: Mechanical eff1c1ency(vo /watt).
gcgéxggé blood pressure Cardiovascular:
y ; P y Mean arterial pressure.
8‘33¥5t°]1i blosd pressure. Total peripheral resistance
ardiac output. X Ty e
Vibrocardiogram.* Arterial-Venous 0, difference.
Carotid pulse.* Stroke volume.

*Preflight and postflight only.
ECG, Electrocardiograph.
VCG, Vectorcardiograph.

Skylab M092 Experiment - Lower Body Negative Pressure(LBNP)

The objective of the lower body negative pressure experiment, designa-
ted M092, was to determine the extent and the time course of changes in
orthostatic tolerance during the weightlessness of space flight and to
determine whether in-flight data from the experiment would be useful in

predicting the postflight status of orthostatic tolerance. The equipment



design for supporting these studies has been described in detail(ref. 2).
Preflight baseline Jata were acquired from the Skylab crewmen over a 4%,
to 5 month period prior to launch, with three tests during the last 6
weeks prior to launch. In-flight tests were conducted usually at 3- or
4-day intervals while postflight tests were carried out daily at first
and then at increasing intervals of time over a period of approximately

2 months. Table V lists the number of lower body negative pressure tests

conducted for the three Skylab missions.

TABLE V. M0S2 PERFORMANCE SUMMARY - THREE SKYLAB MISSIONS

Skylab Preflight In-flight Postflight Total
mission

2 Commander 6 7 8 21

Scientist Pilct 6 7 8 21

Pilot 6 8 8 22

18 22 24 64

3 Commander 6 16 8 30

Scientist Pilot 5 17 8 30

Pilot 5 16 8 28

16 49 24 89

4 Commander 6 22 9 37

Scientist Pilot 7 22 9 38

Pilot 7 23 9 39

20 67 27 114

Total: 3 Missions 54 138 75 267

Basic measurements during all tests with the lower body negative
pressure device included blood pressure at 30-second intervals, from an
automatic system which detected and analyzed Korotkoff sounds, heart rate

continuously from one component of a Frank lead vectorcardiogram, and
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Negative Pressure, mm Hg

10

percentage change in calf volume continuously from capacitive plethysmo-
graphic bands encircling the legs. Prior to positioning these bands, a
manual measurement was made of circumference of the largest portion of the
calves, which also corresponded to the position where the left band was to
be placed. The right band served to measure changes in capacitance due to
alterations of temperature and humidity within the negative pressure device.
The lower body negative pressure protocol was identical to that adopted
for Apollo studies. The first and last 5 minutes of the 25-minute test were
at ambient atmospheric pressure to provide data from resting control and re-
covery periods, respectively. The 15-minute stress period consisted of five
distinct levels of negative pressure applied sequentially: 8 and 16 mm Hg
negative pressure for 1 minute each, 30 mm Hg for 3 minutes, and 40 and 50

mn Hg negative pressure for 5 minutes each. This profile is shown in fig. 1.

0
M09?2
10k | Test Period _
-10 |
| Lower Body
-20 | Negative -
| Pressure
Controll (LBNP) Recovery
_30L- Periodl Period —
(
|
40 | -
|
-50 = ] ! 1 i ]
0 5 10 15 20 25
Time, min

Figure 1. Levels of lower body negative pressure and time of individual
phases of the lower body negative pressure protocol.
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The hemodynamic changes induced by lower body negative pressure,
like the orthostatic stress produced by tilting, depend upon the pooling
of blood in the caudal part of the body. Depending upon the magnitude of
the negative pressure and the time of exposure, 300 to over 800 ml of
blood may be removed from the effective circulating blood volume. Central
venous pressure is reduced, and the return of blood to the right heart
(venous return) is diminished. Stroke volume and cardiac output, compensa-
ted by an increase in heart rate, is reduced. Lower body negative pressure
has been reported to cause a smaller increasc in heart rate than upright
tilting for equivalent reductions in cardiac output. The absence of stimu-
lation of carotid baroreceptors due to postural change has been offered
as an explanation of this difference. A decrease in blood flow to the
upper extremities and concomitant increase in venous tone of the upper-
extremity veins has been reported in both situations to compensate for the
contracted effective circulating volume.

A minor reduction in orthostatic tolerance, as observed following
space flight, is accompanied by an excessive increase in heart rate, an
excessive narrowing of pulse rressure, and a fall in systemic arterial
blood pressure. The failure of cardiovascular compensation tc gravity leads
to the so-called vasodepressor reaction, the manifestations of which are
presumably due to an overwhelming increase in parasympathetic nervous
system activity(ref. 3). This reaction is characterized clinically by
pallor, nausea, dimming of vision, sweating and eventually loss of con-

sciousness, arising from a precipitous fall in arterial blood pressure
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secondary to bradycardia(decreased heart rate) and a derrease in peri-
pheral vascular resistance.

There is no doubt that the decrease of blood volume and reabsorption
of fluid transudate from tissues of the lower extremities during exposure
to weightlessness would diminish orthostatic tolerance, since a decrease
of blood volume in a.normal active individual from any cause, such as
blood loss or dehydration, will result in a strain being placed on normal
mechanisms required to maintain cardiovascular integrity during orthostatic
stress. Orthostatic intolerance is still present in astronauts returning
from space even aftef blood volume returned to preflight levels, suggest-
ing that cardiovascular adaptation during weightlessness is influenced
by more than one physiological regulatory system.

One important question addressed in this report is the effect of
inflight exercise, as well as preflight conditioning, upon orthostatic
tolerance, lower body negative pressure responses, and exercise capacity
changes resulting from space travel. Since skeletal muscle loses tone,
strength, work capacity, and mass during periods of inactivity such as
weightlessness, inflight attempts to reduce these loses might assist in
maintaining cardiovascular conditioning and therefore help reduce ortho-
static intolerance during return to a l1-g environment. A quantitative

assescment of Skylab data related to these points has not been performed.
Results

This section will evaluate the results from the Skylab missions in



13

the areas of crewmen pre- and in-flight training methods and exercise

levels, and how training may have affected the cardiovascular responses

observed folluwing lower body negative pressure and exercise during and

following spaceflight.

Skylab Crewmembers Prefiight Exercise Training.

Preflight exercise methods among Skylab astronauts varied consider-

ably, and the training effects are difficult to document. One can evalu-

ate the state of cardiovascular conditioning, on a first order basis, by

measuring preflight resting and stressed heart rates among the crewmembers.

These are shown in Table VI, with the stressed heart rates determined

following application of -50 mm Hg lower body negative pressure(54 pre-

flight determinations an.ung all Skylab astronauts).

TABLE VI. PREFLIGHT HEART RATES AMONG SKYLAB ASTRONAUTS

Skylab Heari Rate(rest) Heart Rate(stressed)
mission
2 Commander 55 68
Scientist Pilot 64 84
Piiot 59 65
3 Commander 57 72
Scientist Pilot 56 65
Pilot 47 53
4 Commander 59 66
Scientist Pilot 51 65
Pilot 48 61
Average: 3 Missions 55 67

Heart rates measured in beats per minute.
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Resting heart rates presented in Table VI were determined by aver-
aging six to eight preflight measurements on each individual crewmember.
Based on these data, one would predict that the Skylab crewmembers had
undergone significant preflight conditioning, regardless of the method
used.

The preflight exercise programs selected by individual crewmembers
of the Skylab missions can be separated into one of three classes, al-
though some overlap occurs. Class 1 includes a training program based
primarily on distant running, Class 2 applies to crewmembers who pri-
marily exercised by playing racquetbaiil, and Class 3 included the crew-
members who combined the Class 1 and 2 programs, although at lower levels
of intensity, with weights, swimming, gymnastics, etc. Again, there is
considerable overlap among some crewmembers, but where possible, those

who can be placed into one of the three clases will be identified.

Skylab Crewmembers In-flight Exercise Training.

Although in-flight exercise profiles and work levels varied among
crewmembers, Table VII shows that following normalization of work data
to the crewman's body weight, the Skylab 3 crewmembers exercised about
107 percent more than the Skylab 2 crew and the Skylab 4 crewmembers
exercised 130 percent more than the Skylab 2 crew. The effects that the
increased in-flight exercise load had on postflight recovery will be
discussed later in this section. Special emphasis will be placed on

measuring the rate of return of cardiovascular responses to preflight



recorded values.
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TABLE VII. IN-FLIGHT QUANTITATIVE PERSONAL EXERCISE SUMMARY

(3)Daily avg
Skylab (1)Total | (2)Daily avg | (watt min/kgm
mission Crewman (watt min)| (watt min) body weight) Avg
2 Commander 62810 2855 47
Scientist Pilot 45307 1618 21 31.3
Pilot 55795 1993 26
3 Commander 228581 3874 58
Scientist Pilot 214645 3638 62 65.0
Pilot 386193 | 6545 75
4 Commander 349210 4108 62
Scientist Pilot 469420 5523 80 72.3
Pilot 414760 4879 75

(1) Includes M171 experiment tests and personal exercise

(2) Based on 28-day Skylab 2 mission, 59-day Skylab 3 mission, and 84-
day Skylab 4 mission.

(3) Based on mean in-flight body weight.

Skylab 2 crewmembers primarily utilized the M17l bicycle ergometer(fig.
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When their postflight return of exercise tolerance to preflight status
exceeded the time for recovery observed in Apollo crewnen, it was decided
to add a mass-produced commercial device, called Mini Gym, which was ex-
tensively modified and designed "MK-1"(fig. 3). This device was developed
to provide adequate exercise to arms, trunk and legs. A series of exer-

cises utilizing "MK-1" are presented in figure 3.

Fig. 3. Skylab "MK-I" Exerciser and Several Exercise Methods

A second device, designated "MK-I1I", consisted of a pair of handles
between which up to five extension springs could be attached, allowing
maximum forces of 25 pounds per foot of extension to be developed. These
two devices were first flown on Skylab 3, and food and time for exercise
was increased in-flight.

Although the bicycle ergometer is an excellent machine for aerobic
exercise and cardiovascular conditioning, it could not develope either the
type or level of forces to maintain strength for walking under 1-g. Be-

cause of the leg muscle strength and volume loses shown following Skylab
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2, work was started to develope an in-flight treadmill exerciser(fig. 4).

Bungee Onboard hatnets

o Socky

Fig. 4. Skylab Treadmill Exerciser

This device a lowed walking and running, plus cther isotonic training,
under forces equivalent to gravity(l-g). Four rubber bungees provided an
equivalent weight of 80 kilograms and were attacned to a shoulder and
waist harness. By angling the bungees, an equivalent to a slippery hill
is presented to the subject who must climt it. High lvads were placed on
some leg muscles, especially the calf, and fatigue was rapid such that the
device coulad not be used for significant aerobic work.

On Skylab 4, the crew used the bicycle ergometer at essentially the
same rate as Skylab 3, and the "MK-I and II" exercisers. In addition, they
typicaily performed 10 minutes per day of walking, jumping, and jogging on

the treadmill. Food intake had again been increased. Daily exercise protoccls
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for the Skylab 4 crewmembers are shown in Table VIII,

TABLE VIIT. DAILY PERSONAL EXERCISE - SKYLAB 4 CREWMEMBERS

Scientist

Exercise Commander Pilot Pilot
Leg Ergometry(watt min). 5000 8337 6000
Minigym(Total repetitions). 100 200 200
Springs(Total repetitions). 75 0 120
Torso Isometrics(Total 20 0 2
repetitions)
Treadmill:
Walk(min). 10 0 0
Run(min). 1 0 0
Springs(Repetitions). 300 1000 100
Toe Rises(Repetitions). 200 200 75

Physiological Changes in Muscle Strength and Volume During Weightlessness.

Figure 5 presents a summary of Skylab exercise levels as well as the

changes in body weight, leg strength and leg volume following weightlessness.

Day 28 Day 56 Day 84
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Fig. 5. Exercise related quantities on Skylab missions
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From figure 5, it is apparant that the increased exercise loads, along with

the increased caloric intake from dietary supplements, allowed the Skylab

4 crewmembers to undergo a significantly smaller decrease in body weight,

leg volume and leg strength. One crewmember of Skylab 4, the commander,

was only the second American astronaut to gain weight in space, even after

a spaceflight of 84 days duration.

Even prior to muscle testing following re-entry from space, it was

obvious that the Skylab 4 crew was in

surprisingly good condition. They

stood and walked for long periods without apparent difficulty on the day

after recovery in contrast to the earlier missions.

testing,

Results of the muscle

which will be presented later in this section, confirmed a sur-

prisingly small loss in leg strength after almost three months in weight-

lessness(fig. 5). A sumnary of the exercise and strength testing shown in

average values for the three missibns is presented in figures 6 and 7.
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Relatively small losses in arm strength(fig. 6), as compared to
leg strength(fig. 7), is shown in all missions. This reflects the fact
that in space ordinary work provides loads for the arms that are relative-
1y much greater; the legs receive virtually no effective loading . The
increase in leg extensor(antigravity) muscle strength observed on Skylab
4(fig. 7) undoubtedly contributed to their early postflight recovery.

A common measure of muscle condition is muscle size. Figure 5 shows
that muscle size of the Skylab 4 astronauts was reduced only one-hal? the
volume of the shorter flights. Recovery nf leg volume to preflight status,

shown in figure 8, illustrates that the Skylab 4 crewmembers displayed

faster recovery rates than the Skylab 2 and 3 crewmen.
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Average leg volume change, postflight; all Skylab missions

It is interesting to note that the amount of exercise performed in-

flight was inversely related to the length «f time required postflight for

return to preflight status. Except for some isolated individual responses
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in cardiac output and stroke volume data, all other cardiopulmonary and
work capacity parameters retunred to normal in approximately 18 - 21 days
for the Skylab 2 crewmemebers, 7 days for the Skylab 3 crew, and 4 days
for the Skylab 4 crew. Paradoxically, the Skylab 3 crewmen, who displayed
leg volume and strength decrements equivalent to those recorded for the
Skylab 2 crewmembers, returned to preflight status at a rate almost equal

to the Skylab 4 crew.

Skylab Astronaut Cardiovascular Responses Recorded During Exercise Before,

During, and Following Weightlessness: M171 Experiment.

Table IX presents the cardiovascular responses of the Skylab 4 crew
collected from the M171 experiment. The measured parameters included heart
rate, systolic blood pressure, and diastolic blood pressure collected at
rest, during the final 3 minutes of 5-minute level 3 exercise, and the re-
covery values were those obtained for the second minute during the 5-minute
recovery period.

A1l three crewmembers of the Skylab 4 mission experienced a signi-
ficant decrease in in-filight recovery heart rate. It would appear that
following exercise in weightlessness, heart rate values return toward
resting values more rapidly, and to a lower level, than 1-g responses.
In-flight heart rate increases during level 3 exercise were not signi-
ficantly different from those recorded preflight. When the Skylab 4§
crewmembers returned to e ~"th, they all exhibited significantly elevated
heart rate values in comparison to pre- and in-flight recorded resting

heart rate values. This was a common observation among a majority of
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Skylab astronauts following return to earth. The heart beats at a faster

rate upon returning to earth in an attempt to maintain cardiovascular

homeostasis induced by a reduction in cardiac output.

TABLE IX. SKYLAB 4 M171 DATA SUMMARY
Variables »
Heart Rate(BPM) SBP(mm Hg) DBP(mm Hg)
Rest Level 3 Recovery | Rest Level 3 Recovery | Rest Level 3 Rec
CDR
Preflight(X) | 66 157 112 96 192 179 67 71 6
In-flight(X) | 66 152 87* 97 185 181 59* 56*% 6
Postflight(X)] 76* 163 109 106 195 170 72 67 7
SPT
Preflight(X) | 64 164 104 127 204 186 84 55 6
In-flight(X) | 62 166 g2* 119 200 174 74* 52 6
Postflight(X)| 74* 167 102 123 198 189 78* 51 6
PT
Preflight(X) | 54 147 114 115 204 188 72 60 6
In-flight(X) | 53 147 91* 115 200 186 64* 51* 6
Postflight(X)] 65* 156* 118 125* 213 204 74 59 6

*Qutside the preflight 95% confidence limit.
BPM, beats per minute; SBP, Systolic Blood Pressure; DBP, Diastolic B]ood
Pressure CDR, Commander SPT Scientist Pilot; PT, P110t

Table IX also indicates that spaceflight significantly lowers diastolic

blood pressure during resting conditions in all crewmembers.

This para-

meter is also significantly reduced in two crewmen during level 3 exer-

cise periods.

Diastolic blood pressure changes will be discussed later

in this section.

Generally, the in-flight and postflight responses to exercise by the

crews of Skylab 2, 3 and 4 were similar.

In-flight, some subtle, isolated



differences were seen. There were no trends observed which would indicate
a degradation in the exercise responses of the crews. The Skylab 4 crew
exhibited a significant in-flight decrease in recovery heart rate but not
in resting(sitting position) heart rate. The Skylab 2 crew, on the other
hand, exhibited decreases in both parameters while the Skylab 3 crew ex-
hibited no changes in either. Figure 9 displays the heart rate responses

of all Skylab crewmembers during pre-, in-, and postflight level 3 exer-

cise.
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Fig. 9. Heart Rate Responses for Skylab Crews, Level 3 Exercise.

The data presented in figure 9 indicate that postflight recovery heart rates

tend to return to preflight(and in-flight) values with longer duration flight
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A1l Skylab 2 crewmembers had significantly higher heart rate values
following postflight exercise, while two Skylab 3 and only one Skylab 4
crewmember displayed this response.

Figure 10 displays the diastolic blood pressure responses for all

Skylab astronauts during level 3 exercise periods conducted pre-, in-,

and postflight.
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Fig. 1C. Diastolic blood pressure, level 3 exercise: all Skylab missions

Figure 10 shows an interesting trend in diastolic blood pressure among the
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Skylab astronauts during spaceflight. Five of six Skylab astronauts from
the longer duration missions(59- and 84-days) showed significantly lowered
diastolic blood pressure during heavy exercise(level 3) while in the
weightless condition.

One potentially dangerous cardiovasculer adjustment noticed in all
Skylab astronauts upon retunring to earth is a significant reduction in
cardiac output and stroke volume(fig. 11). The exact explanation for this
adjustment is not clear, but may reflect a reduced circulating blood volume
(Table X) which therefore limits venous return of blood to the heart. Posi-
tive chronotropic(increases in heart rate) and inotropic(increases in
myocardial contractility) responses of the heart may also be reduced

following extended periods of weightlessness.
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Figure 11. Changes in Cardiac Output and Stroke Volume in Skylab
Astronauts Following Periods of Weightlessness.

One final observation in the area of cardiovascular adaptations during
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weightlessness that awaits further study is the apparant loss of circula-
ting plasma volume and what can be done to prevent this loss(Table X).
This loss of circulating blood volume undoubtedly affects cardiovascular
performance during spaceflight as well as following return to earth. As
shown in Table X, longer duration missions produce greater losses in
plasma volume. However, since the Skylab 4 astronauts were capable of
retruning carviovascular parameters to preflight values at a rapid rate
(4-days), their loss of plasma volume does not appear to limit cardio-

vascular performance following return to earth.

TABLE X. PLASMA VOLUME - PERCENT CHANGE FROM PREMISSION VALUE.
Si i;ent‘ist
First Skylab Mission Commander Pilot Pilot Mean
Premission volume(ml) 3042 3506 3472
Percent Percent Percent Percent Percent
R + 0* -2.5 -10.3 +2.6 (**-12.3) -8.4
R+ 13 -1.2 -5.6 +14.1 (**-2.5) -3.1
R + 42 +8.5 +18.6 (**+1.4) +4.9
R + 67 -5.7 -1.1 +17.0 (**0.0) -2.3
Second Skylab Mission
Premission volume(ml) 3157 2798 3885
Percent Percent Percent Percent
R + 0O* -18.4 -9.1 -11.8 -13.1
R + 14 +0.1 +14.7 +2.0 +5.6
R + 45 +2.8 +11.7 +6.8 +7.1
Third Skylab Mission
Premission value(ml) 3067 3620 3195
Percent Percent Percent Percent
R + O* -15.7 -19.2 -12.9 -15.9
R+ 14 +8.6 +7.4 +13.0 +9.7
R + 31 +5.4 +17.7 +5.9 +10.0

*R +, Recovery + day(s).

**% change calculated using R + 67 day value.
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Skylab Astronaut Cardiovascular Responses Recorded During the Application

of Lower Body Negative Pressure(LBNP) - M092 Experiment.

An explanation of the changes in cardiovascular responses to lower body
negative pressure in a weightless environment requires understanding of the
manner in which the systems of the body and their functions adjust to the
weightlessness of space flight. A more comprehensive understanding of thecs
adjustments will, in turn, require the correlation of massive volumes of
data from all the Skylab experiments, a task of monumental proportions
which has barely been started.

Cardiovascular responses of the Skylab 4 Pilot during lower body nega-
tive pressure test 35 days prior to flight(fig. 12) and on mission day 1G
(fig. 13) are shown for comparison. The mission day 10 test was termninated

early due to presyncopal conditions developed by the Pilot.
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One area of interest thai this report will not completely cover is
the ability to predict the factorc responsible for the presyncopal reactions
demonstrated by Skylab crewmembers. No crewmen seemed immune to this response
but some seemed more susceptible than others. One factor which awaits further
analysis is the influence of physical training on the develoment of pre-
syncopal conditions during lower body negative pressure. Recent studies
have indicated that distant runners may be more susceptible to developing
presyncopal responses during lower body negative pressure than individuals
who train using other form of exercise, as weightlifting or swimming(ref. 4).

Other factors certainly influence the cardiovascular responses to
lower body negative pressure. For example, none of the 13 instances of early
termination of tests due to presyncopal symptoms occurred during tests con-
ducted in the morning or within 7 hours of arising from sleep, although
approximately one-third of all in-flight tests were conducted within that
period. These 13 tests were associated with larger than usual calf volume
increases(see e.g., fig. 13) during the Towest negative pressure phases of
the tests. This suggests that the pooling of large volumes of blood during
the first few minutes of the test may so zlter the effectiveness of compen-
satory cardiovascular mechanisms as to render them incapable of adequate
responsiveness to the greater stress later in the test.

Among the three astronauts, the Commander of Skylab 2, the Pilot of
Skylab 3, and the Commander of Skylab 4, whose in-flight tests were nomi-
nally scheduled in the morning, only one presyncopal episode occurred and
this was in the Commander during a test performed in the afternoon over 9

hours after arising. These crewmembers also could be grouped into class 2
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based on their preflight exercise training.

The Pilot and Scientist Pil it of Skylab 4 exhibited a larger number of
presyncopal responses during lower body negative pressure than a majority
of the other Skylab astronauts. These two crewmembers, especially the
Scientist Pilot, could be placed in Class 1 according to preflight exer-
cise training. The Pilot had taken up distant running several years before
flight and had experienced a significant weight loss during this period.

When one examines the calf volume changes induced by lower body negative
pressure, in-flight increases greatly exceeded thuse which occurred during
preflight testing. Calf volume increases of the Skylab 4 Commander in pre-
flight tests were relatively small in comparison to those of the Scientist
Pilot and Pilot of that mission, which were larger than usually seen. This
same pattern of difference continued throughout the mission. Whereas pre-
flight calf volume increases at the end of the 50 mm Hg negative pressure
phase averaged between 3 ard 4 nercent, during in-flight tests they reached
values usually between 8 and 11 percent in the Scientist Pilot and Pilot.
In the Commander, calf volume increases averaged 2.4 percent preflight

but usually reached levels ranging between 5 and 7 percent in-flight.

The volume of blood pooled in the lower extremities during in-flight
tests did not seem to correlate from test to test with the magnitude.of heart
rate or blood pressure change during lower body negative pressure. In general
those of the nine Skylab astronauts with the greatest increase in calf volume
during in-flight tests also showed the greatest increases in heart rate and

changes in blood pressure. These data, for the Skylab 4 crewmembers, are shown
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in Table XI. In addition, although correlation of heart rate increases with
leg volume increases was not evident in preflight tests, the crewmen whose
calf volume increases were greatest in preflight tests usually also showed

the largest increases during the in-flight tests.

TABLE XI. DIFFERENCES BETWEEN MEAN IN-FLIGHT VALUES FOR HEART RATE AND
BLOOD PRESSURE OF THE SKYLAB 4 CREWMEN DURING REST AND 50 mm HG
PHASE OF LOWER BODY NEGATIVE PRESSURE FROM CORRESPONDING MEAN
VALUES DURING PREFLIGHT TESTS.

CDR SPT PT
Resting control:
Heart rate(bpm) +7.8% +13.3* +11.3*
Systolic blood pressure(mm Hg) +1.8 +2.5 +1.0
Diastolic blood pressure(mm Hg) -5.6% -2.0 -2.5
Pulse pressure(mm Hg) +7.4% 14, 5% +3.4
Mean arterial pressure(mn Hg) -3.72* -0.5 -1.3
Stressed, -50 mm Hg:
Heart rate(bpm) +12.2* +36.7* +26.7*
Systolic blood pressure{mm Hg) +6, 2% -10.9* -1.6
Diastolic blood pressure(mn Hg) -1.0 -4.8 +1.3
Pulse pressure(mm Hg) +7. 1% -6.1 -2.8
Mean arterial pressure(mm Hg) +1.5 -6.8* +0.3

CDR, Commander, SPT, Scientist Pilot; PV, Pilot;
*Significant to 0.05 level by Student's paired t-test.

The in-flight mean increase in heart rate during 50 mm Hg Tower body negative
pressure over resting rates for all nine Skylab crewmen averaged 20.4 beats per
minute, a highly significant difference. The increase in heart rate during ortho-
static sir- ;s has generally proven to be the best single index in the assess-
ment of orthostatic tolerance. The pattern of fluctuations of resting and
stressed heart rates and blood pressure varied for each crewman, but their

magnitude and frequency were greater during the first part of the mission than
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later. Their nature and significanc s unknown, but, in the case of the Skylab
4 crewmen, their prominence and duration appeared to decrease as cardiovascular

responses to in-flight lower body negative pressure stabilized.

Conclusions

The Skylab Lower Body Negative Pressure experiment demonstrated that loss
of orthostatic tolerance had already developed by the time of the first tests
after 4 to 6 days of flight. Cardiovascular responses to lower body negative
pressure showed the greatest instability and orthostatic tolerance the reat-
est decrement during the first three weeks of flight. After approximately 5
to 7 weeks, cardiovascular responses became more stable and evidence of im-
proving orthostatic tolerance appeared.

In-flight data from the lower body negative pressure experiment proved
to be useful not only in predicting the early postflight status of ortho-
static tolerance, but also in the in-flight assessment of crew health status.
In-flight lower body negative pressure presented a much greater stress to the
cardiovascular system than the same levels of negative pressure during pre-
flight tests.

At rest, in-flight mean resting heart retes, systolic blood pressures,
and pulse pressures were typically increased while diastolic and mean arterial
pressures decreased ccmpared to preflight values in the majority of Skylab
crewmembers. Differences in in-flight responses to lower body negative pres-
sure stress from preflight responses included greater heart rate and leg volume

increases in all crewmen and, in most, higher diastolic pressures and mean
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arterial pressures and lower systolic blood pressures and pulse pressures.

The successful complietion of the 28-, 59- and 84-day Skylab missions
showed that man can perform submaximal and maximal aerobic exercise in the
weightless environment without detrimental trends in any of the physiologic
data. Exercise tolerance during flight was unaffected. It was only after
return to Earth that a toierance decrement was noted.

The rapid postflight recovery of orthostatic and exercise¢ tolerance
following two of the three Skylab missions appeared to be directly related
to total in-flight exercise as well as to the graded, regular program of
exercise performed during the postfiight debriefing period.

The postflight orthostacic intolerance and diminished exercise capacity
are both related etiologically to a decreased effective circulating blood

velume at one-g, with consequent decreased venous return and cardiac output.
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INTERNATIONAL AEROSPACE ENGINEERING:
NASA SHUTTLE and EUROPEAN SPACELAB

By
Roger E. Bilstein®

The successful mission of the shuttle Columbia in April 1981
brought a new sense of achievement to NASA and to America. The
flight also sent an expectant tremor through the European Space
Agency ESA, who plans to have a significant role in future
shuttle flights. ESA designed and built the Sp&acelab, a major
payload item for shuttle missions to come. Spacelab provides a
shirt-sleeve environment for non-astronauts, or "mission-
specialists, "™ to conduct a host of laboratory research projects
in space. It offers a flexibility never available to scientists
before the Shuttle/Spacelab appeared on the scene. More import-
antly, Spacelab gives western Europe, for the time, a leading
role in manned space flights, and represents a major turning-point
for ESA and its contractors. A spokesman for ERNO, the European
prime contrartor, summarized the changed situation: "Award of
the contract to build the space laboratory and its complex sys-
tems nmeant that ERNO and its partners would tread completely new
paths," the European contractor observed. "Their space activities
had so far been concentrated on the satellite and launch sector.
Now new procedures and methods had to k= established and tackled
for the first manned space flight system. Spacelab exceeded all

the familiar dimensions."1

*The opinions and conclusions are the author's only, and do not
reflect official NASA policy. This paper is part of a longer
study still in progress, and much of it is still tentative;
contact the auvthor for permission to cite or quote.
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Shuttle/Spacelab operations also represent a major change
for NASA. The American space agency traditionally managed its
own contractors in the development of space hardware. Although
NASA occasionally launched satellite payloads for foreign cus-
tomers, including ESA, these were essentially discrete projects
with minimal integration problems. Spacelab changed all that,
requiring major collaboration on the design and operation of the
Shuttle/Spacelab combination. Interaction between Europeans and
Americans, against a background of long-established NASA pro-
cedures, demanded diplomatic give-and-take involving top-level
administrators, program managers, and engineers--from chancellories
all the way down to the shop floor. This paper emphasizes
Shuttle/Spacelab developments through the Memorandum of Under-

standing in 1973.

IDEAS AND ORGANIZATIONS

At least a decade before Sputnik in 1957, the idea for a
reusable space transportation system appeared in American popular
and technical articles alike. The complexities of such schemes
proved discouraging; in any case, the drive to perfect ICBM
weapons offered a reasonable alternative to boost scientific
payloads into space. Sputnik shocked the U.S. into a heavy in-
vestnent in space research. The Russian-American space race that
followed evolved in the spotlight of international attention and
underscored space research as a measure of national prestige.

In addition, an active space program seemed to generate consider-

able technological fall-out. Some leaders in Western Europe



began to worry about deciine in both prestige and technical
abilities unless they developed their own space program. France
became particularly active in this respect and put its own
Asterix satellite, aboard its own Ciamant three-stage booster,

in orbit by 1965. Britain became interested in the possibilities

of using its Blue Streak rocket as a first-stage booster for a

multi-staged Eurcopean launch vehicle. These and other strands
of Furopean activity finally resulted in the creation of the
European Launch Development Organization (ELDO) and the European
Space Research Organization (ESRO) by the mid-603.2

The European space organizations hoped to get into the space
business in a way that would benefit Continental business and
industry. ESRO, with 10 members, emphasized scientific payloads
and satellite development. ELDO concentrated on a larger booster
that would end dependence on NASA rockets launched from Cape
Kenncedy. ELDO's principals included Britain, France, Germany
(builders, respectively,.of first, second, and third stages of
a launch vehicle), and Italy (coordinator of a satellite payload).
By 1969, after eight years of effort, Eurovwe's united bid for an
independent space capability failed to coalesce.3 The stage was
set for European space research to move in different directions.
Two lines of activity emerged: renewed attention to manned, -
earth-corbital vehicles that eventually led to the Spacelab con-
cept; an "alliance of convenience" with NASA.

In the U.S., plans for a reusable Space Shuttle had already

begun to finalize. Mercury, Gemini, and Apollo programs provided
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increasing understanding of manned space vehicles. High-speed
aerodynamics and thermai problems became better understood
through the X-15 and other experimental aircraft programs. A
series of "lifting bodies" yielded design information on high-
speed dvscent and landing. By 1970, based on this experience,
as wecll as prototype shuttle studies, the U.S. was committed

to a shuttle transportation system. Plans called for a vehicle
to ferry up to 12 passengers back and forth between Earth and

a space station, itself built from modules carried in a shuttle '
cargo bay and assembled in orbit.4 Through space transport
studies similar to these, the idea for a European Spacelab be-
gan to cmerge.

During +he mid-1960s, European thinking about space explor-
ation began to sharpen its focus through a 150-member industrial
consortium called Eurnspace. As early as September 1964 a
Eurcsirace report summed up the group's thinking about a reusable
spaccecraft--an aerospace transporter--that had been under informal
discussion for several years. The concept envisioned piloted
becoster and orbiter stages, the latter to have a two-man crew
and to carry 2.5 tons into a 180-mile orbit. During a visit to
the U.S. in the spring of 1965, Dr. Erhard Loewe, a vice-president
of Tclefunken, and Eurospace spokesman, discussed Europe's stake
in the acrospace transporter. The U.S. and Russia had already
committed themselves to a manned lunar landing, he observed.
Eurcpe Jdid not have the technology for such lunar aspirationms,

but the aerospace transporter promised Europe a reasonable role

ORIGINAL PAGE 3
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in the near-Earth space environment. More than that, the trans-
porter would serve as a springboard for European survival in a
technical world. "We are...influenced by the conviction that,
should we be:gble to go ahead with the realization of our ob-
jective, we should fall far behind in the technical fielq,"
Loewe empahsized. At the same.time, he left the door open for
discussing joint U.S. -iurope space ventures. Loewe stressed the
importance of space stations for the true exploitation of space,
and notcd that space stations could offer a very useful option
for joint efforts.>
Eurospace consideration of the aerospace trancporter appar-
ently included rather extensive paper studies and scale models
of at least one proposed design. Junkers, the Gevxman aviation
firm, fielded a design team including Boelkow-Entwicklungen KG,
and another consortium known as ERNO. Eurospace sources insisted
that the transporter idea was not too ambitious for them, and
that they could develop the idea by 1975-80. Talk of a modest
space station als: continued. If all this was to be achieved,
rmany European aerospace experts realized that the current organi-
zation for space exploration would have to be replaced by a
differcnt scheme. ESRO and ELDO continued to work independently.
They shared lauwdable 1liaison connections, but still hkhad no
mechanism for joint planning. With no comprehensive policy,
various Furopean governments remained reluctant to fund programs.
Christopher Ashton, an assistant technical director for ELDO,

advocated more liaison at a high policy-making level, especially
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a government-to-government basis, to eatablish a coherent Eugo—
pean space program. Eu;:oapace thinking tended to agree. . 1In
short, ideas began coalescing for a single space agency--a Euro-
pean NaSA.G

In retrospect, tha activities and mood of European space
intercsts in the Spring of 1965 assumed. - considerable
significance in light of subsequent developments. Design studies
for the aerospace transporter and space station started European
aerospace thinking about the details involved in the launch, |
operation, and retufn of orbiting spacecraft; the life support
systems and operational requirements for the manned transporter
and mnnhed space station in orbit; the need for a unified space
organiration to accomplish all of this. The eventual creation
of ESA (the European Space Agency), and development of the Space-
lab reflects a direct lineage to this period. Moreover, ERNO
emerged as the principal Spacelab contractor.

Over the next few years, a series of developments drew
Europe and the U.S. together as aerospace partners. Even though
France put a number of modestly sized satellites into orbit,
beginning in 1965, 2 vigorous European program failed t ter-
ialize. Coordination of efforts remained indecisive, and sub-
stantial funds for exténsive R&D never appeared. NASA spurned
suggentions for joint research on the aerospace trancporter as
too much duplication of advanced U.S. work on the Shuttle. In-
stcad, NASA opened a different door for cooperation. In Febru-
ary 1966, during a visit of West Germany's Chancellor, Ludwig
Erhard, to the U.S., President Lyndon Johnson suggested collab-

crating' in a major space exploration effort. The U.S. suggested

R‘G‘NAL F:’).“: -
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probes to the Sun and tofJupiter. Johnson possibly made the
offer to side-step the issue of West German control of nuclear
weapons, but Erhard, at least, appears to have encouraged thu
space venture. Shortly thereaftexr, NASA Administrator, James
Webb, and a high-level NASA executive group left for Europe to
pursue the issue.

The nature of subsequent talks seems to have shifted to-
wards manned missions. NASA, during the late 19608, began con-
sidering : vientific modules to dock with space stations. By
1969, Eurcpean interest in joint NASA ventures began to con-
centrate on the "Research and Applications Module"™ (RAM), an
aspect of the American space station studies.8 During the same
period, FRNO became involved in studies to enhance Skylab oper-

9 thus adding to ERNO's growing understanding of manned

ationg,
missions. By the Autumn of 1969, a series of post-Apollo studies
resulted in more positive steps for U.S.~Europe joint eiforts.

In Septomber 1969, the Space Task Group advised President Nixon

to pursue both manned and unmanned efforts. In the case of the
formey, STG recommended a reusable space transport system, and
called specifically for international cooperation in U.S. space
progrnms.lo In October, NASA Administrator Paine and a select
staff toured Europe (as well as Australia and Japan), describing
NASA proprams and officially inviting their participation. Europe
quickly recacted to the possibilities, planning a permanent ELDO/

ESRO liaison in Washington, D.C. The European representative

would meeot with NASA officials on a weekly basis and make periodic
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trips to NASA centers and‘to contractorl.ll

By June 1970, ESRO earmarked funds for preliminary ppace
station module studies, by September 1971, ELDO began collab-
orating with NASA on shuttle techn.cal studies. In Febrvuvary
1972, a Joint Technical Experts Group of NASA and the European
Space Conference endorsed emphasis on "Sortie Lab" studies.
Urged by the U.S. to increase this aspect of investigation, the
European Space Council eventually approved a comrzehensive sortie

12 Several considerations

lab study by ESRO on December 20, 1972.
motivated American and European commitment to the sortie lab,
eventually re-baptized as the Spacelab. The sortie lab idea,
originating as a scientific module for space station operations,
ran afoul of tight budgets. When NASA finally gave up its dreams
for a permanent space station, the sortie lab became an attrac-
tive payload for the Shuttle, providing a flexible and resuable
space station in miniature for near-Earth orbit.13 But NASA

found itself strapped for funds in 1972, having barely enough to
continue the Shuttle projecty let alone Spacelab. According to
Werhher von Braun, former Director of Marshall Space Flight Center,
and thoen Deputy Associate Administrator for planniné at NASA
Headquarters, this seemed a highly opportune time to invite
Europcan participation. Von Braun wrote that Europe seemed eager
for an active space role, but continued to have major problems

with ELI's multi-stage booster, Europa. In any case, since

Europa was a "throw-away" booster, and the U.S. Shuttle was re-

usable, Europe's large-thrust booster already seemed outmoded.14
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Europe neceded the means ;o establish a secure beachhead in manner
spaceflight; NASA needed a moneyed partner; one might say it was
a marriage made in heaven (or at least in near-Earth orbit).

As Europe gravitated towards acqu :i-ion of the Spacelab
effort, the Continent's organization for space activities became
realigned and consolidated. In 1968, a special advisory committee
to the Furopean Space Conference recommended more centralization
of authority in order to facilitate coordinated plans and estab-
lish a cost-effective approach to European space efforts. The
ESC would remain as the essential body at the ministerial level,
with a standing committee to carry out decisions and set policies
for both R&D and for commercial projects. The new organization
would replace ESRO, ELDO, and CETS (European Council on Tele-

sommunications by Satellite).15

Four more years passed until
the European Space Agency began to assume substantial outlines.
During 1972, the Communications Satellite Corporation (Céomsat),
dominatcd by the U.S., continued to block European efforts to
put up competing satellites. Growing European frustration
prompted the ESC to take f%&h steps towards organizing the
European Space Agency (ESA).16 Even so, two more years passed
before ESA's charter went permanently into force. At an ESRO
mecting on 15 February 1973, representatives approved a new ESA
charter, and planned to open it for signatures between March
and Yeptember that year. Final details did not get ironed out
until 15 April 1975, and ESA became a defactoc entity on 31 Ma
A o o

197517 ?
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Against this background, the diplomatic and contractual
details for Spacelab mbved ahead. NASA and European representa-
tives reached a series of agreements even before ESA became a
reality. As noted earlier, the European Space Conference en-
dorsed an ESRO study on the Sortie Lab late in 1972. During
March, 1973, ESRO issued a statement "concerning execution for
the Space Laboratory Program,"” signed by Belgium, Denmark,
Federal Republic of Germany, France, Italy, Netherlands, Spain,
Switzerland, United Kingdom, and later, Austria. This state- |
ment involved financial commitments and budgetary estimates.

In many ways, it can be considered the beginning of the Spacelab
prograh in Europe. During the Spring, contractor definition and
cost studies proceeded; ESA began to form, and on 24 September
1973, European and American representatives signed a Memorandum
of Understanding (MOU) that established the respective roles of
Europe and the U.S. in the Spacelab program.18 wm-

Obviously, Europe did not plunge blindly into Spacelab
development. Paper studies and negotiations with ESRO and ESC
extended over many years prior to the MOU of 1973. 1In addition,
Europcan space firms had already received an impression of how
NASA and its contractors approached complex manned space projects.

The U.S. had its own sortie lab studies, and European firms were

already involved in them.

TECHNICAL INTERCHANGES

Within NASA, Marshall Space Flight Center (MSFC) seized an

early position in prototype "Spacelab" studies. In the early
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days of Marshall's investigation, planners referred to the pro-
ject as the "Sortie Can." J8C, with principal responsibilities
for the Space Shuttle, received a major MSFC briefing on the
Sortie Can (as a likely payload) in Aprii 1972. "As most of
you know, " the JSC coordinator wrote to an invited audience,
"the Sortie Can has received a considerable amount of attention
by Marshall and NASA Headouarters, and this will be our first
occasion to hear all the details directly.”19 The concept also
used the acronym, RAM, meaning Research and Application Module.
MSFC's activities includeq an extensive contract with General
Dynamics/Astronautics for RAM studies, which "analyzed the Pay-
load/Shuttle interface to a considerable depth."zo General
Dynamics submitted a lengthy document on 12 May 1972. The study
itself holds interest as an early, comprehensiv: Spacelab proto-
type overview; as a clue to early European and U.S. contractor
collaboration; and for description and illustration of early
module stuadies.

Although General Dynamics led the contractor team, support
came North American Rockwell Space Division (later called Rock-
well Intecrnational), Bendix, and TRW Systems Group. The latter
eventually wound up as a sub-contractor to the European effort.
In addition, General Dynamics had international assistance from

SAAB-Scania, Messerschmitt-Bolkhow Blohm, and from ERNO.21

The
latter two both became competitors on the Spacelab project. 1In

fact, ERNO's Spacelab studies, and its competition with MBB,

predated {ts U.S. collaboration. In March of the same year, a



ORGae . Toms st

OF POO%: Q! T 12

European congcrtium known as MESH launched a Spacelab feasi-
bility study, with ERNO as the project leader. Competing pro-
posals came from thLe "Cosmos®™ consortium (headed by MBB) and
from "Star" (headed by British Aerospace Corporation.)22 ERNO
and MBB thus accumulated considerable capability concerning
Spacelab uses and design details. The General Dynamics report in
which they collaborated projected several RAM variants for dif-
ferent missions. There were two basic mission profiles: RAMS
carried into orbit and still attached to the orbiter for seven-
day missions; several RAMS delivered into orbit and joined to-
gether to create a modular space station. The individual RAM
units could be varied for different missions. A pressurized
sortie RAM, attached to the Shuttle Orbiter, provided a basic
space laboratory with shirt-sleeve environment for mission
specialists;:RAM support module provided more room for addition
personncl; the RAM paylocad module was a "stripped-down" version.
Although pressurized, it was basically a cargo space and had a
minimum of a;tonomous g;ﬁsystems, depending on the Orbiter or
another RAM unit to function. The study also discussed RAM pal-
lets, semi-circular structures with control and data hook-ups,
mounted in the open section of the Orbiter's payload bay to

23 This detailed re-

expose experiments to the space environment.
view ponsncssed striking similarities to eventual Spacelab modules
and pallet configurations. European participation, including MBB
as well as ERNO, represented an unusually early and extensive

stage of collaboration, well before Europe
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. and America signed the.fbrmal MOU in the Autumn of 1973. It
would also seem that the experience provided early opportunities
for the eventual association between the European Spacelab con-
tractors and U.S. firms like TR and Rockwell.

MSFC, in the meantime, pursued work on the project, which
received an official change in designation, from "Sortie Lah"
to "Sortie Can."™ MSFC's effort included fairly detailed studies
for laboratory equipment inside the Sortie Can, stressing off-
the-shelf material as much as possible. Marshall technicians
also cstablished guidelines for identifying flammable and toxic
materials, temperature and pressure environments, and the acous-

24 Planning intensified during the summer of

tic environment.
1972, as preparations for a NASA-wide "Shuttle Sortie Workshop"”
began to take shape. The workshop held at Goddard Space Flight
Center from 31 July to 4 August engaged personnel from Head-
quarters and Centers alike, and the agenda convered a broad spec-

25 The Shuttle

trum of management issues and technical questions.
Sortie Workshop also highlighted controversy about the size and
utilization of modules. One camp advocated a well-equipped lab
module, supporting two or more specialists for seven days. A
second group argued for a minimum crew, filling the module with
automated research equipment and allowing missions beyond seven
days.:6 Some observors felt the whcle meeting was too elaborate.

"For mc, the entire week was far too much time to spend, relative

to the results,”™ one JSC representative reported. "I believe
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the equivalent could have been accomplished in about 2 days."
The JSC correspondent also reported MSYC's desire to build

the Sorxrtie Can in-house to save money. "It sounded like the
clock had been turned back several years when MSFC went from
the wet workshop to the dry workshop,” he wrote, referring to
Skylab.27 .

Justified or not, the remark suggests a logical consequence
of Spacelab's heritage. MSFC spent considerable time and effort
on the Skylab program, and its expertise obviously provided
reference points in Spacelab's evoiution. European firms must
have picked up useful information from their Skylab association,
as well as firm participation in RAM investigations. At the
same time, a succession of NASA activities strongly influenced
Spacelab's basic configuration. Many of the preliminary design
problems and technical issues became ironed out as a result of
contract studies like the General Dynamics RAM study, continuing
in-house work at MSFC, and agency-wide workshops such as the one
at GSFC.

As Spacelab's outlines emerged into sharper focus and NASA's
negotiations involving European participation neared formal
agreerment during 1973, exchanges at the technical levels were
already well advanced. By the Spring of 1973, MSFC received the
designation as "lead center" for the Sortie Lab. JSC questioned
the decisicon, and Dale Myers, Associate Administrator for Manned

Space Flight reiterated the decision in a letter to Christopher

"
Kraft.‘s FEven though Marshall remained the lead center, many
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issues involved the Shutﬁle Orbiter,and”correspondence often
became a three~way affair, involving JSC, MSFC, and European
space officials. As the technical discussions focussed on in-
creasingly specific details, the first areas of technical dif-
ferences began to crop up.

Constituted more as an international associatiopn, ESRO
originally relied on contractors within its member states for
technical contributions. But the organization recognized the
usefulness of an indigenous and independent facility with tech-
nical c¢xpertise to perform certain in-house engineering pro-
jects and to enhance management of assorted cdntractors. For
this rcason, ESRO established the European Space Research and
Technolagy Center (ESTEC) at Noordwijk, near Amsterdam, the
Netherlands. With a staff of several hundred, ESTEC developed
facilities for research, development, and testing of space

hardware and space vehicles.29

At this stage of Spacelab's
evolution, ESTEC personnel became more enmeshed in technical
issucs, In May 1973, Heinz Stoewer of ESTEC voiced concenrns
to Bob Thompson of JSC, following a visit to Houston by a Space-
lab tcam. Stoewer worried about the center of gravity and the
landing weight of the Shuttle/Spacelab combination. After news
of pessible changes in center of gravity constraints popped up,
"there has been considerable activity, as you know, on both sides

of the Allantic," Stoewer wrote, "and the results are far from

encouraging.” The arrangement preferred by ESTEC kept the Space-
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lab snugged up to the o¥biter'l forward bulkhead. Mountiny the
Spacelab further aft meant a longer access tunnel, more weight,
more crew transfer problems, and less space for using pallets,
Stoewer pointed out. He also suggested more flexibility for
landing weight, targeted at 20,000 lbs. empty. If weight in-
creased, it meant reducing payload or redesigning a smaller
Spacelab.3° Thompson wrote back, alluding to many issues alx=s
ready settled, and referring to documentation underway to en-
hance the Spacelab effort in Europe. As for the center of
gravity issue, Thompson said that the first two Orbiters would
have to stay at 2% envelopes; a modification kit for Orbiter #3
would give ESTEC the 3% they wanted. As for the landing weight,
the payload limits had been raised, allowing for both Spacelab
growth and payload capability as well.31

In addition to periodic visits aﬁggsntinuing correspondence,
personnel assignments to European sites assisted ESRO/ESTEC in
evaluating contractors and in negotiating the Memorandum of
Understanding, pending in the Autumn of 1973. Euwropean design
of the Spacelab made good progress, but they also recognized the
wisdom in tapping accumulated experience of NASA experts. By
the Spring of 1973, NASA already stationed two liaison officers
at ESTEC, with additional people én route during June. As Myers
explaincd the situation to the NASA Administrator: "In response
to a specific ESRO request for technical assistance during the
next 4-6 weeks, we are detailing to ESTEC from our Centers six
technical experts in the fields of systems engineering, payload

requirements, environmental control, safety, flight operations,
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and ground operations." Their job called for working with the
ESRO team looking at European contractors and evaluating their
capabilities. ESTEC also placed liaison person in residence at

MSFC.32

NASA Headquarters evidently acquiesced in the dispatch
cf NASA experts to evaluate European contractors because the

ESRO request appeared to be unique. As ESTEC built up its tech-
nical staff, there would be less demand for U.S. technical sup-
port over 3 lengthy period. On the other hand, NASA foresaw the

need to send large observation teams to Europe as ESTEC reached
certain milestones for systems and subsystems reviews, as well

as for other key events.

In fact, a major NASA deputation attended a "Phase B2"
review during the Summer covering contractor definition and cost
studies. Including personnel from Headquarters, JSC, MSFC, and
KSC, 22 NASA executives and engineers assisted their ESTEC counter-

qérts in evaluating the competing presentations for the Spacelab

Aontract. MBB and ERNO each made their pitches at this time,

backed by respective subcontractor teams from other nations. The
NASA cmissaries came away impressed by what they saw and heard.
"Both contractor briefings were very professional and related

the in-depth technical abilities of the entire team," a JSC
delcgate rcoported. Eventually, ESTEC and NASA teams both sum-
marizcd thoir findings for ESRO management. The information from
these deliberations became part of the inforﬁation used by
Europecan negotiators for structuring the Memorandum of Under-
standing in September, and for the selection of the Spacelab

34

contractor by Spring of the following year. These events not
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only underscored the coilaboration in assessing many issues be-
fore signing the Memorandum of Understanding; NASA's action in
sending experts from the various Centers to review the European
contractors also revealed an unusual degree of participation in
the process of selecting the eventual Spacelab builder. 1In
addition, NASA participation gave the agency, an early look at
the contractors, and presumably facilitated communications dur-
ing subsequent phases of Spacelab development. |

As this round of contractual arrangements neared conciusion,
other international liaison efforts focussed on the probable
scientific users of Spacelab ard attempted to plan the lab's
equipment and functional layout. At JSC, the Life Sciences
Division played an important role in coordinating these activitie:
receiving continuous data from within NASA and from potential
customexrs outside the agency. The Life Sciences Division took
a special look at such things as: dimensions; power; heat ‘re-
jection; computer services; communications; rescue, EVA; crew
size; opcrational modes and responsibilities. The Europeans
had to consider customers from their side and work out appro-
priate arrangements with NASA, since Spacelab functions inevit-
ably involved capabilities and systems aboard the Shuttle Orbiter.
As & clearing house, both sides agreed on the need for a Joint
NAS2X/ESRO Spacelab Users Requirements Group, which held its fisst
meeting on 17 July 1973. And all the while, the minutiae of a
major international manned space program, in which the European

contribution rode as a passenger aboard a NASA vehicle, generated
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a growing steam of information requests from the Continent.
Queries ran the gamut, from miscellaneous interface issues
(electrical, environmental, thermal, and computers) to routine
information exchanges about the qualification status of elec-
trical pnrts.35

Late in August 1973, the MOU draft began to circulate, of-
ficially entitled:

Memorandum of Understanding Between the National Aero-
nautics and Space Administration and the European Space Re-
scarch Organization for A Cuoperative Program Concerning
Development, Procurement, and Use of a Space Laboratory In
Conjunction With the Space Shuttle System.

As the document spelled out responsibilities, ESRO agreed to
develop "mannable laboratory modules and unpressurized instru-
ment platforms (pallets).'" For ESRO, this mean one flight

unit, one engineering model, :round support equipment, spares,
drauwings, and so on. NASA, for its part, agreed to maintain
liaison personnel in Europe, and to accomodate European personnel
posted to the U.S. NASA further agreed to provide general tech-
nical and managerial consultation, and to "monitor ESRO tech-
nical progress in selected areas as defined in the Programne
plan." In this regard, NASA made sure that crucial aspects of
Spacclab development met its rigorous standards, which had, after
all, become honed on successive generations of manned spaceflight
operations, from Mercury to Gemini, Apolle, Skylab, and the
Apollo-Soyuz Test Project. As partners in a new enterprise, the

Europeans also picked up valuable engineering and management

expertise from NASA.
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In fact, potential European benefits were specifically

singled out, permitting acquisition of U.S. aerospace technology,
As phrasced in the MOU, NASA would not infringe any U.S. pro-~
prietary rights, but did agree that "ESRO will have access to
technology, including know-how, available to NASA and needed to
accomplish successfully its tasks under this cooperative

programme. . ." A8 a quid pro quo, NASA received the same

prerogatives regarding ESRO activities. ESRO agreed to retain
a capability to manufacture additional Spacelab units, and main-
tained a monopoly in this regard, since NASA agreed not to in-
augurate any independent Spacelab development, unless ESRO failed
to produce. Furthermore, Europe secured an additional position
in mamned space flights with the concurrence of NASA to include
at lcast one European in the first Spacelab flight crew. The
MOU also outlined an important mechanism to coordinate important
managcerial and technical issues through the Joint Spacelab Work-
ing Group (JSWG), co-chaired by U.S. and European Program heads,
assisted by appropriate technical personnel. The J3WG exchanged
esscntial information concerning the Orbiter and Spacelab; con-
tended with interface problems and answers; identified potential
problems for each other; made sure corrective action occurred.36
Formal signing of the Memorandum of Understanding occurred
24 Scoptember 1373 in wWashington, D.C.; Dr. Alexander Hocker of
Germany njaned £for ESRO, and James Fletcher, NASA Administrator

signoed for the U.S. The same day, Fletcher sent a NASA memorandum
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officinlly re-christening the Sortie Lab as the Spacelab.37
The Washington Post noted prior European failures to develop a
relihblo launcher; now the Europeans had embarked on a more com-
plex manned space project costing $300-400 million. Since the
Europcan Spacelab constituted a major element in future U.S.
space programs, the collaboration represented "a new dimension

38 Other news commentators recalled

in the Atlantic partnership.”
Europe's failure in mounting a significant space program, and
seemcd dubious about the on-going relationship implicit in the
MOU. The U.S. remained dependent on Europe for Spacelab units,
and this did not necessarily seem to be a good thing. In aay cas
Europe appeared to have a firm monopoly on Spacelab manufacturing
as the only possible supplier in the near future.39 If nothing
else, Furope had definitely found a secure niche in manned space
operations for many years ahead.

The contract award for Spacelab finally went to ERNO om 5§
June 1974.40 The European space reorganization begun during a
meeting at Brussels on 31 July 1973, eventually resulted in the
1l-momber European Space Agency, which became official on 31 May

1975,

Members included Belgium, Denmark, Federal Republic of
Gernmany, France, Ireland, Italy, The Netherlands, Spain, Sweden,
Swit:-oriand, and the United Kingdom. These events put Europe's
manned pace program on a firm basis. As Spacelab development

moved alicad on a course parallel to NASA's Shuttle program, the

"Atlantic partnership" looked forward to new dimensions in space

expluoration.
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Gooding (79787 suggests that, in Lhe oxidative weathering of primary iron

sulfides (such as troilite, FeS, and pyrrhotite, Fe S) under Mars surface

(1-x)

ambient conditions, the most stable product would be FeSOu or, given sufficient

water vapor (2.5 x 10-7 atm at 240 K), its monohydrate szomolnokite, FeSOu ) H20:
[ . o - - .
FeS + 202 > Feoou. AG 298 ° 174,08 kecal ()
. ‘ d . o - o
FeSOu + HzO(g) 4 FtSOu H20, AG 298 ° 4.6 kecal (2)
but that the equilibrium 02 pressure for the reaction
>
2FeS + 3/202 Fe203 + 25 (3)

is nearly the same as that for reaction (1), so that reaction (3) or the even more
exoergic
0
- e .A
2FeS + 7/202 Fe203 + 2302, G 298

might provide alternative product sets. The oxidation of iron sulfides would

= - 274.1 kecal (W)

be an important provenance for sulfate in the Martian regolith, and therefore,
hypothetically (Toulmin et 2l., 1977; Clark et al., 1976) for the cementing agent
of duricrust. The assemblage (FeQO3 + 25 + 5/202) is about 220 kcal higher in

Gibbs. free energy than 2FeSO, at 240 K and the ambient Martian oxygen fugacity of

4
1 x 10-5. so that once FeSOu is formed there is no possibility of its conversion
to hematite and elemental sulfur under these conditions. Finally. the combined
oxidation and carbonation reaction

2FeS + 1/20, + €O, » FeCOy + + S; A00298 = - 20.1 kcal (5)
would lead to spontancous formation of siderite.

However, in kinetically hindered reactions it is the relative rates of
alternative pathways and not thermodynamics alone that determines the product set
that is first produced, and if hematite and sulfur were once formed they could
persist metastably for long times under a strictly gas-solid kinetic regime. The
stabilities of FcCO3 and Fz:‘SL)u wauld depord on the availability of liquid (or

other condensed, e.g., adsorbed) H?O to serve as a medium for further rrsctions.
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The present work was undertaken to investigate Lhe surface oxidation of a set
‘\\of primary iron sulfides (troilite, pyrrhotite, and pyrite, Fe82) under Mars
surface ambient conditions, and in the presence of a strong flux of ultraviolet
light, in the assumption that attack by photochemically generated oxidants such as
O(‘D). 03. and (in the prescnce of water vapor) H02 and H202 will dominate gas-
solid oxidation kinetics. After irradiations under a variety of conditions of
temperature and humidity, the surface chemical state of sample chips as measured
by the X-ray photoelectron spectroscopy (XPS) of Fe, S, C, and O was compared to
that of unexposed rere;ence chips. Oxidation of sulfur from -2 (sulfide) to +6
(sulfate) states is accompanied by an easily detected positive shift of about 6 to
T eV in its 2p electron binding energy. Relative iron and sulfur intensities give
evidence of the extent to which sulfur anions are replaced by oxide or carbonate
in the weathering of these minerals, while the presence of carbonate and iron
oxides is detectable from characteristic shifts in the C(1s) and Di13) electron
-~ binding energies.
EXPERIMENTAL
Samples were placed in Al containers on a Cu heat sink within a 3.7 liter
staihless steel chamber (Fig. 1). Sample temperature and chémber humidity were
centrolled by the circulation of thermostatted coolant through a coil beneath the
heat sink; temperature was mecasured by stainless steel jacketed thermocouples at
three'positions: (1) At the point on the heat sink where the coolant coil enters;
2) at the surface of a sample chip.'in the UV beam; and (3) on the chamber
baseplate, or immersed in the liquid water reservoir when present.
Light from a S50-watl deulerium lamp was admitted to the chamber through a
0.3 cm thick optical quartz window, after traversing an air patl of 8 cm. The
emission spectrum of this source at Lhe quartz window i¢ shown in Figure 2. The

3

volume of the beam inside the chamber was 50 cm”,
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Polycrystalline bulli mineral samples tidentity verified by powder X-ray

diffraction) were sawn with a diamond blade, using purified isopropanol as
- lubricant, and cleaned by ultrasonication in high-purity trifluorotrichloroethane,

followgd by a 150° bakeout. The face to be irradiated was then polished in an Ar
atmosphere with SiC paper to produce a fresh surface, Samples remained in an Ar
or CO2 atmosphere from the termination of irradiation until introduction into the
sample chamber of the X-ray photoelectron spectrometer,

The irradiation atmosphere was "high-purity" carbon dioxide containing
350 ppm O

y except in the lowest-humidity run, when CO2 with certified H_O and O2

2 2
concentrations of 20 ppm was used. 1In all but this latter run, the Hzo(g) compo~
sition of the gas phase present was controlled bv varying the temperature of the
heat sink, in the presence of a supply of HZO (1 .or s). The variation of this
parameter is summarized in Table I. The atmospheric leak rate of the assembled

apparatus was about 8 x 1073

torr/day, and thus the total atmospheric oxygen
introduced through leaks during a 100-hour irradiation did not exceed the partial
pressure of 02 (0.13% of ambient pressure) at the surface of Mars.

X-ray photoelectron spectroxopy (XPS) was performed at Texas A&M University
on a Hewlett-Packard 5950 photoelectron spegtrometer using mBnochromatized AlKa
radiation. Data reduction employed the Surface Science Laboratories ESCA Data
System, Revision E.

RESULTS

At the time of this report, the analysis of only one sample set (cold, humid;
see Table I) has been coumpleted. The wide-scan XPS spectra (Figure 2) show
prominent peaks for carbon and oxygen in addition to those for iron and sulfur,
indicating considerable alteration of the surface from the stoichiometric bulk
compositions. Hign resoslution scans of the sulfur (2p), carbon (1s), and oxygen

(1s) indicate the presence of sulfur as $2” and 50u2_; carbon as C(IV) {(either CO

3
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)
or CO2 (ads) and other compounds possibly including COS and 082 (Blackburn et al.,
1980)) and, except in the case of FeSQ. oxygen as a metal (probably iron) oxide.

R Thus, an assemblage of FeSOu. FeCO3. and F0203 on the original mineral substrate
would account qualitatively for the appearance of the XP3 spectra. The assumption
that only these substances are present will permit calculation of the mole fraction:
of each present in the layer {(about 2?2 nm deep) analyzed by XPS, and such calcu-
lations will be performed automatically as data sets are recorded. The results of
these calculations will then be correlated with coniitions during irradiation (Table
It is emphasized that éuch a correlation will have only conjectural significance,
since we have no firm evidence that the four componenps listed above are the only
ones present in significant amounts at the irradiated surface; indeed, the XPS
spectra not yet obtained may lead to a revision of the Lasis set of compounds
assumed. (For example, there are unassigned peaks in the C(1s) spectra of most

samples.)

Table I. Environmental Parameters During Irradiation.

", Run TH20 (a) TSample (b) PH20o torr PC02, torr Rubric (c)
- 246 249 1.6 x 107" 8 Cold, dry
2 249 256 0.53 8 Cold, humid
3 305 309 35.6 Lo Warm, humid
b 300 297 26.7 38 Warm, wet
5 - 233 760 Cold, dry,dark

(No UV irradiation

Notes: (a) Temperature of the coolest point in the irradiation chamber.
(b) Temperature of in-beam thermocouple touching sample chip.

(c) As referenced in the text of this paper.
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CAPTIONS FOR FIGURES

Figure 1, Irradiation chamber. All construction is of stainless steel except for
the Cu gasket and heat sink (S) and quartz window.
B: UV beam volume.

. TC: Thermocouple leads.
~

Figure 2. Emission spectrum of deuterium arc lamp.

Figure 3. Typical post-irradiation XPS spectra, Fe S, out-of-beam sample.

A: Wide-scan spectrum showing peaks for gé—?;p), 0 (1s), C (1s8), and 3
{2s and 2p) electrons.

B: High-resolutior O (is) spectrum. The low-binding energy shoulder at
530 eV indicates iron oxide(s) present,

C: High-resolution C {(1s) spectrum. The peaks at 288 and 284.4 eV are
assigned to 5032- and hydrocarbon, respectively; the 286 eV component
is not identified.

D: High-resolutica 3 (2p) spectrum. All peaks are doubled brcause of
the multiplicity nf Lhe 2P 3/2, 1/2 state produced by photoelectron

emission. The doublet at about 169 eV iniicates sulfur as SO 2-. f.he

u A
lower-binding energy doublets indicate two chemical states of sulfur,
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DETERMINATION OF WATL.R-SOLUBLE IONS

IN SOILS FROM THE DRY VALL:ZYS OF ANTARCTICA

Roberta Bustin
Arkansas College
Batesville, Arkansas

Supervisor: Dr. Everett K. Gibson, Jr.
Geochemistry Branch
Planetary and Earth Sciences Division
NASA Johnson Space Center
Houston, Texas

Abstract:

Several Antarctic soils were studied. Water extracts were analyzed for
sodium, potassium, magnesium, calcium, chloride, and nitrate ions using flame
photometry, atomic absorption spectroscopy, and ion selective electrodes.
Significant differences were noted in soils from different regions. ‘'Jpwar?
ifonic transport abcve the permafrost layer with almost no evidence of migration
below this line was observed in core samples. Very high ionic concentrations
of sodium and chloride were observed in the Prospect Mesa Formation of Wright
Balley. Calcium ch.oride was the most predominant species in snils from the
Don Juan Pond. The high concentrations of salts reflects the aridity of the
dry valley system.

The dry valleys of Antarctica provide an excellent terrestrial analog of
the surface of Mars, Studies such as this one provide important information

to aid in understarding the processes operating within the Martian regolith.



DETERMINATION OF WATER-SOLUBLE IONS

IN SOILS FROM THE DRY VALLEYS OF ANTARCTICA

The dry valleys of Antarctica furnish one .f the best terrestrial analogs
for the surface of Mars. In many places surface features are similar. Both
Antarctica and Mars have low humidities, desiccating winds, and an oxidizing
environment. Even though the air temperatures of both are seldom above freezing
even in summer, the s0il experiences a diurnal cycle of freezing and thawing
(1). It is possible to increase our understanding of changes occurring within
the Martian regolith by studying processes operating in the cold, dry environ-
ment of Antarctica.

During the austral summer of 1979-80, a group of Antarctic soils was
collected. The primary purpose of the project described here was %o det;rmine
the abundances of the water-soluble ions magnesium, calcium, potassium, sodium,
chloride, and nitrate in soils from different regions and at various locations
and depths within'a gi.en region. These data not only give soil composition
but also provide information which is useful in studying processes such as
weathering and ionic transport. When combined with additional studies of the
soils, they provide a detailed picture of the soil chemistry in a cold, dry
environment.

To retard ionic migration, soil cores were stored below -10°C. The cores
were cut into individual samples which were then air dried, weighed, and extracted
with water. After filtration, the samples were analyzed.

An Orion Research Ionalyzer 901 and the approgriate ion selective electrodes
were used for determiring calcium, chloride, and nitrate in all sampies. Sodium
and potassium were determined by ion selective electrodes for all samples except

those in the four detailed core studies (DJ 33, DJ.207M. WV 52, and DQ 35). For
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those samples, sodium and potassium were determined by flame photometry using an
Instrumentation Laboratory 643 flame pholometer. A Perkin-Elmer 373 atomic
absorption spectrophotometer was used for all the magnesium determinations.

Because of the aridity of the Antarctic environment, water-soluble salts have
not been leached out of the soils and are often present in high concentrations.
Salts accumulate vithin rocks by natural desert processes, are transferred from
rocks to the soil during weathering, and by the action of ..ind and by slow partial
leaching eventually accumulate in low-lying areas such as basins and lakes.

Wost of the samples for this study were obtained from Taylor Valley and
Wright Valley, two ice=free valleys in Victoria Land (see Figure 1). Taylor
Valley runs east-west and is boinded on the west by the Taylor Glacier and on the
east by McMurdo Sound. Hills and mountains on the north and south separate Taylor
Valley from the rest of Victoria Land. Taylor Valley serves as a basin for a much
smaller region than that around Wright Valley. This was reflected in the data
which showed much lower ionic abundances in Taylor Valley soils than in the other
soils, -

The salt layer in Lake Hoare, a dry lake bed in Taylor Valley, was very thin,
and concentrations were low. The permafrost level was near the surface, Even
greater ionic depletinn was observed in surface scil from an island in the lake.
Figure 2 shows variations with depth in a core from Taylor Valley. MNote from the
scale of the graph that all cancentrations were low.

Patterned ground consisting of a system of polygons is common in many areas
of Antarctica, including Taylor Valley. These features apparently result from
seasonal expansion ard contraction. During the winter, fractures occur as the
permafrost contracts due to the cold temperatures, By summer these cracks may

become filled as wind and melting ice carry surfacs material into the fracture.

When the soil expands during the summer, the weaker zone at the fracture is pushed
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upward. Repetition of this process through the years causes the observed patterns
(3). Several areas of Mars show similar patterns except that the scale is very
different (4). A sample of Taylor Valley soil taken between the polygons was low
in all ions checked. If Martian polygons were formed bv the same mechanism
responsible for the patterned ground in Antarctica, it is likely that the Martian
surface soil between the polygons would show similar ionic depletion.

Wright Valley is one cf the major valleys in Viectoria Land. It reaches from
the Polar Plateau to the Wilson Piedmont Glacier where it is filled by the Wright
Lower Glacier. It is bounded on both north and south by mountain ranges. The
western section of the valley is separated by the Dais Plateau into the upper and
lower forks. Concentrations of ions in soils from Wright Valley were much higher
than those in Taylor Valley soils but varied dramatically with depth and from one
location to another. Figure 3 is a comparison of chloride ion concentrations in
four different cores from Wright Valley.

Two Wrikht Valley ponds gave widely divergent results. The Don Quixote Pond
in the North Fork had relatively high concentrations of most ions near the
surface, with sodium and chloride ions predominating (see Figure 4). Concertra-
tions decreased dramatically to a depth of approximately 3 to U4 centimeters, where
they started to level off to low values changing very little throughout the rest
of the core. Upon visual examination, the core appeared homogeneous below
approximately 3 centimeters. Analysis of the white crystalline encrustations on
the surface of the pond gave results which were very similar to those from the top
of the core. All ions checked, except potassium, were present in relatively high
amounts, indicating tte presence of several different minerals. The data showec
that salts from upper-lying areas were transported into lower areas such as ponds
and lakes. As an iilustration, ionic concentratiors near the surface of Don
Quixote Pond were more than tenfold greater than the corresponding concentrations

at a point 20 meters above the pond.
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The Don Juan Pond in the South Fork remains unfrozen because of its high salt
content (2). Two core samples were obtained from the soil of the Don Juan Pond.
Sample DJ 2074 was taken from the center of the pond, and sample DJ 33 was
obtained near the periphery. In the two core samples, ionic concentrations varied
in a similar manner with depth. However, concentrations in the central core were
much higher, indica.ing a movement of the salts to the lowest part of the pond.
The increasc. abundance of sodium ions near the surface of the central core shows
that sodium salts are transported more easily than other salts. In both cores the
preponderance of the sodium ions was near the surface, whereas calcium ior concen-
tration fluctuated considerably down the core. Figures 5 and 6 illustrate that
both sodium chloride and calcium chloride are present in the Don Juan samples with
calcium chloride significantly predominating below the surface layer. The data
verify that upward ionic migration occurred. As surface water evaporated or
sublimed, the salts were left behind. From these results, it appears that sodium
chloride has a greater upward mobility than does calcium chloride.

Core 52 was ;btained trom the southeastern end of Wright Valley. Ionic
concentrrations were generally much lower than those of the Don Juan samples. As
shown in Figure 7, the molar concentration of calcium ions did not correspend to
any of the other species, predicting the presence »f an additional calcium salt.
Visual examination indicated the likelihood of a small amount of calcium carbonate
and a much larger amount of calcium sulfate. The broad maximum in calcium ion
concentration occurring at the 8 centimeter level indicates that the upward
migration of calcium ions is hindered, probably because the calcium salts present
in this sample are only slightly soluble in water and are not transported upward

as readily as more soluble salts.
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Samples were obtained from a large, 1 meter deep pit .n the Prospect Mess
Formation in Wright Valley. Figure 8 shows the ionic abundances. The molar ratio
of sodium and chloride ions is very close to 1:1, in!i2ating the presence of
sodium chloride (see Figure 9). A salt layer occurred just below the surface
again indicating an upward mobility of sodium and chloride ions. Concentrations
of these ions decreased down to the permafrost level at a depth of 35 to 40
centimeters. Below this level, concentrations of all ions remained essentially
constant, indicating that little or no ionic transport occurred in the permafrost
zone. The depletion of ions in the surface layer is indicative of weathering
action, probably due to wind.

In summary, all samples examined contained water-soluble salts, reflecting
the aridity of the region. Calcium chloride was most abundant in samples from the
Don Juan Pond, whereas sodium chloride was present in very high concentrations in
the Prospect Mesa Formation of Wright Valley. Considering all ions checked, the
soil pit in the Prospect Mesa Formation was the richest area examined. Abundances
of both potassium and nitrate ions were low in most areas but were significant in
some of the samples from the Prospect Mesa pit. Magnesium ion concentrations were
generally low throughout the dry valleys. A few ramples were checked for fluoride
ions; the results were so low that further determinations seemed impractical.

Movement of salts into low-lying areas was verified. Upward ionic migration
was evident in all core samples. Of all cations observed, sodium showed the
greatest degree of migration.

The chemistry of soils from the dry valleys of Antarctica is both interesting
and unusual. A detailed knowledge of these soils may prove to be quite valuable

in planetary studies.
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Figure 1 The Dry Valley Region in detail (2)
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I. Introduction

The Micrcwave Scanning Beam Landing System (MSBLS) is a navigation
system which provides distance, azimuth, and elevation coordinates to the
Shuttle orbiter during final approach and landing (Harton 1979). Azimuth
information is transmitted to the orbiter via a pulse-encoded, vertically
polarized, planar vertical beam sweeping *irough a 30° transmission sector
centered on the runway centerline extension; vertical coverage of the azimuth
beam extends to 23°. Similarly, elevation data are transmitted to the orbiter
via a pulse-encoded, vertically polarized, planar horizontal beam sweeping
trhough a 30° transmission sector; usable azimuth coverage of the elevation
beam exteénds to approximately 50°. For range determinatior, the orbiter,
after detecting a solicit signal from the ground station, returns an in-
terrogation signal. Upon receiving the interrogation signal, the ground
station sends a reply signal to the orbiter. The orbiter then determines its
range by measuring the time spacing between interrogation and reply. The
entire sequence, range-azimuth-elevation, is repeated every 200 miYliseconds,
and at a frequency near 15.5 GHz. (wavelength ~ 1.94 cm).

At a fixed tracking level of about -4 dB, the azimuth full beam width
is 2.4? Since the ground station changes the pulse encoding (pulse-pair
spacing) every 0.125°, as the beam sweeps past the orbiter, a distribution of
pulse pairs is received. In coﬁputing azimuth, the orbiter averages the pulse-
pair spacings of all pulse-pairs in tke received distribution. Elevation
signal reception and decoding is sinilar to that for azimuth, except that the
-4dB beam width is 1.4°, and the received pulse distribution contains fewer

pulse-pairs.



The MSBLS is expected to be particularly useful during periods of de-
creased optical visibility such as at night or those resulting from the
presence of rain, fog, or clouds in the line-of-sight between the ground
station and orbiter. Certainly, there will be times when meteorological
conditions are sufficiently poor that an orbiter landing would be un-
acceptably risky. Consequently, it is important to be able to predict
the signal attenuation, beam distortion, and coordinate errors which re-
sult from operation of the system in poor weather conditions.

Radar literature abounds with studies of microwave attenuation due to
rain and fog. Robel (1978, and references therein; 1981) has appealed to
those stadies in estimating the most adverse meteorological conditions under
which the MSBLS will function reliably. He deals with the problem of
attenuation exclusively. One can anticipate, however, rain and fog conditions
that will lead to systematic elevation and azimuth error as well as the
randon error expected from.a weakened signal at the orbiter. The systematic,
or bias error results from beam distortion as it traverses asymmetrical
weather configurations such as those which could occur in fog, rain or cloud
conditions.

The main physical processes giving rise to attenuation of MSBLS
signals are absorption and scattering of microwaves from distributions of
water droplets. In scattering, the frequency of radiation after encounter
with a drop is the same as the frequency before the encounter; only the
direction of propagatwon changes. In absorption, the microwave energy goes
into heating the drop, which later radiates isotropically with a black-

body (Plankian) distribution of



‘e\ . frequencies. Since scattering is a markedly directional phenomenon, one
) expects beam shape distortion in scanning beam systems like the MSBLS to
depend on the relative importénée of scattering and absorption. These two
effects must be evaluated if one is to determine whether or not beam distortion
is an important source of error.
In proceding, ve utilize a fully general theory of scattering and absorption

(Mie 1908; Debye 1909), valid for all drop sizes from fine mist to heavy rain,
Availability of high speed, high capacity computing machines renders this
approach preferable to those involving various limiting approximations for
drops of different sizes. Since the general theory lends itself quite readily
to attenyation calculations, we use them as much as possible as a check to
ensure that the programming is correct. Necessary formulae are collected
in Section II. Attenuation, scattering and absorption efficiencies are

™ discussed in Section III, and finally, 2 general discussion and recommen-
dations appear in Section IV. A listing of the computer program appears in

the ap, .’ lix.
11. Formulae

Mie theory gives, among other things, the far-field solution to the
problem of scatteri:ug and absorption of p\ane-polarized'E&H waves of sinu-
soidal time variation. Within the Nie formalism, one can determine in-
tensity and polarization of microwaves scattered from a single spheroidal
drop; the geueralization to drop-size distributions is straightforward
We do not wish to reproduce the theory herein; interested reac s are

referred to Van der Hulst (1957). Our preference is to extract only those

n




formulae necessary for our computations:

a: radius of sphere
A: wavelength of microwaves
1: real part of complex refraztion index, m

k: imaginary part of complex refractive index, m

x = awa/a, (1)
Mr x-A.M. (2)

Csca: cross section for scattering (units of area)
Caps: cross section for absorption

Cbk : cross section for back-scattering

Qgca: efficiency factor for scattering (dimensionless)
Qaps: efficiency factor for absorption
Qbk : efficiency factor for back-scattering

Qext: efficiency factor for extinction (attenuation)

Csca.z vathcn) (3)
Coos = Ta' Qgs, ()
Cin * "a'tQmu, (5)
Qest = Qsca ™+ Qa"s, (6)
y = my, (7)
H‘,(y) = cos 3/50«1 7. (8)

- - o -1
Anls)= -3 +(7.'A,.‘_.(7))) (9)

S0 o x -dam 2, (10)

R .
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j, ()2 s x +icos x, (i])

aw-l |
jw (7‘) = 5 5»\... () - 5.‘-1 (‘X)) (12)

a. = [i:"::(l)* %].&UJ*)_]-RQUM_’(,)] (13)

B R E R N O

: [”“”M'”*ﬂ&[fw(x)]-fzc[j,.,_,m] (18) .

~

[‘M. nm(?)i-%"]jw (%) - jm‘.' (x) >
2 2 lx a
Qsca.z ;‘_ 2(1~\M)[|&.M' + lb,," ] (15)
nxy )
. 2
Qext ~ > Z (am+i) Re (3“4 Ban ) (16)
n=y )
y = 1
Qor * ‘g‘, l 2 (mes)(~1) (af\'bm)! (17}
"=y >
L {cos 6) = o, (18)
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A (Cos e)‘ cos 9("-—- )Tr ((cs 6)- -_.' -1 (C‘S 6)’ (19)
| %, (cos ) =0,
%, (ces €) =/ (20)
2, (ccs 8)= 3 cos 20,
2 lcos €) = cos 6[Man (cos 6) -, (eos 6) ] (21)
"(a‘n-t)sm‘é[ﬁ,‘"-, (ces G)]+ 2’M_1(Ccs 9)’
' where @ is the scattering angle, measured from the
direction of the forward beam,
o s (6] - 2 :?“t.')[a_ Tl 6) 4 2 (ces a)] (22)
4
5. (6): 412 ey LT leo) ¢ g 4 (CesG)‘l (23)
569« +(35) [1s@ 594 (23)
)
< M [mea) .
<'°$9> —-_Q: ; My Rc[a'“a""" +b«b:\*']
+ i a, b.
"‘("‘*') [ ] (25)

where the asterisks indicate complex conjugate.




For the case of || polarization, i.e., the electric field
vectors are parallel to the plane defined by the incident, and

scattered wave propagation vectors,

\E/»o’ 1 I ”
//
!
X . 1s.(e)l (26)
T, h‘l‘" >
‘ L, AT 27
where R 5 (27)

r: distance from scattering drop to observer
IO: incident intersity
I: intersity at r

S5(8): complex amplitude function (equation 23)

And for the case of L polarization, i.e., the electric field:
vectors are perpendicular to the plane defined by the incident, and

scattered wave propagation vectors,
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. s

£
I.. -FTT_. (28)
For unpolarized incident radiation,
{
T . 2 LBieNt+ s, (6)1")
I. ) ktr\ . (29)

* The standard attenuation formula for the case of
single scattering of N, drops, each having (the same) radius, a, is
- N, gTratQexe
A TMH=TIY e , (30)

Nv: number of drops per unit volume)

g: attenuation path length .

Rain

——

We must relate N, to the measurable quantity p.

p: rainfall rate (rm/hr)
D: drop diameter (cm)

V: terminal velocity of drop (m/sec)
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'P= -z-_D M, Vv (™ /scc), (31)
= é'h‘xm;o\r/\/., D’ (mm /he), (32)

v can be expressed as a function of D via & polynomial fit to the

data collected by Medhurst (1965). The specific fit is

. s
vip)s 2 D7, (33)
nso
vihere
NG,
0 -0.02366
1 " 47.38010
2 -81.56769
3 38.93966
4 26.05586
5 -21.69620 |

Combining equations 30, 32, we find
-1 Qext
I()=I()€ 24~p , (34)

where g is in km.

Generalization to Size Distributions

Equation 34 becomes

nyt £ (35)

- oo;., Z AN D
I’Ioe " T,

-
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where fi = percent of total volume containing drops of diameter

between Di and D; + AD.

Specific drop-size distributions used are those of Laws and

Parsons (1943) as tabulated by Medhurst (1965). In general, rain drop-
size distributions depend on rain rate ( p) in such a way that as p
increases, the distribution becomes wider and is shifted toward larger
drop size. Figure§ 1-7 are the distributions and our truncated polynomial
representations of them. For rain rates within the range 2.5 & p (mm/hr)
£ 150, linear interpolation between the two distributions which bracket
the rain rate of interest is done; for values outside of this range, the

extrema aflcne are used.

1 1 I - 1 i

2 QW [50 mn/fur ]
- ‘ .
7]
ol A7
$(p) \

or /

Figures1-7:

Truncated polynomial representation of rain drop-size
fﬂ' distributions for rain rates ranging from 150 mm/hr to 2.5 rm/hr.
See text for details.
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) Land Fog (Radiation Fog)
- My3mat Yext
Again, T : 30
g =1, ¢c , (30)
but now the measureable quantity which N, is related to is the
optical visicility, V. For landfog,
"N = 0.00332 v-1.533 (36)

(Koester and Kosowsky 1970), where M is the total water content (gm/m3).

Converting water content to Ny» we find
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-4 10 =
e d

Im=TIl)e > > (37)

where D = 1.0 X 103 em = average droplet diameter,
and V is given in km.

Note that equation 37 has a "canonical" size distr*hution built into it.
Sea Fog (Advection Fog)
Formalism is the same as for landfog, but with

M = 0.0156v-1.43

(38)
(Koester and Kosowsky 1970). Equation 38 is valid for V % 100 m.
For lower visibility, one must use equation 36. Equation 30, 38
conbine to give
~ \ "-73
< 2.34 X0 33 Q\.Yt V
T(H=T(e) € D ) (39)

where D is now 2 X 1073 em.

One expects true fogs to have properties intermediate between
radiation and advection fogs.
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Clouds

The simplest cloud can be viewed as high-level radiation fog.
For the present, we adopt Equation 37 to describe the attenuation of all
clouds, but not withcut realizing and appreciating the general complexity
of true clouds. These systems can contain rain, fog, hail, partially
melting hail, snow,.and partially melting snow. In the future, our

"eloud" subroutines could be modified to take account of these possibilities.

II11. Attenuation

a) Program Verification

As a check that major parts of the computer program are working
properly, sample calculations (at a MSBLS frequency of 15.5 GHz) for
attenuation due to rain and two types of fog were made. Temperature -
dependent complex refraction indices of.Robel (1981) were used in all
computations. In Figure 8, our results for attenuation vs. rain rate are

plotted for a range of temperature.
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Figure 8: Attenuation as a function of rain rate.

These results are in excellent agreemené with those of Robel (1978),
especially since different drop-size distributions and different theoretical
formalisms were used. Our attenuation - rain rate relationships show a
slight curvature, This results from the convolution of extinction efficiency
factors with rain-rate dependent drop-size distributions in the full theory.

In Figure 9, we plot attenuation vs. optical visibility for two

kinds of fogs at three temperatures.

EIS
ORIGINAL PAG
OF POOR QUALITY:




B mm e o

LT 77T e o R S I B ) R M T B R B ALY
- :
- T(*) -
AT .34 Comvs ]
~ -
3 \ R )
¥
~
[ 3
° —
~ oot 3
2 d : :
2 J
5 F -
3 L -
2
€ - -
oot} E
- -
fgptrepin 11y 11ty
col
° 0.0/ 0./ {.0 10.0

VIS (Kr)

L]

Figure 9: Attenuation as a function of fog visibility
for two types of fogs.

Agreement between results from the full theory and the Rayleigh scattering
approximation of Robel (1981) is fine.

Finally, we compare our full-theory result for rain attenuation
with data obtained during static . ts of MSBLS performance in rain (Harton
and Robel 1980 a; 1980 b). The data have been normalized to units of

decibel/kilometer, and are plotted in Figure 10 against rain-rate.
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Figure 10: Static MSBLS test data.

Opgn circles correspond to azimuth beam (4.97 km path length), while filled
circles denote elevation (1.03 km path length). Superimposed on the data
are the theoretical curves of Figure 8. Considering that the data were
taken in July at KSC, where temperature usually ranges between 25°C and 35°C,
agreement is quite good.

b) Breakdowin into Scattering and Absorption Components,

Q-values (see Equation 30) for absorption, scattering, and

extinction (Qgyt = Qabs + Qsca) are plotted against drop diameter in

Figures 11-15.
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One can see that absorption dominates the total attenuation for D % 1 mm.

For the drop size range 5<0D Q/A)<.65 of a typical fog (Koester and Koscwsky
1970), the ratio Qsca/Qabs is never greater than ~ 2.3X10-2, For rain which
follows the drop-size distribution of Figures 1-7, the corresponding maximum
value is ~ 1.6. Table 1 gives the values of Qsca/Qabs(at T = 30°C) for the

sizes corresponding to fpax in Figures 1-7.
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A Table 1
iu
Rain Rate D(frax) Qsca/Qabs (T=30°¢c)
150 mm/hr 0.30 mm 0.28
100 0.27 0.21
50 . 0.23 0.08
25 0.20 0.06
12.5 . 0.17 0.06
5 | 0.14 0.06
2.5 0.12 ' 0.06
Since for fog, Q¢ca/Qabs is always less than about 2%, it is probably un-
likely th;t scattering of NSBLS microwave radiation from fog will result in
serious beam distortion. For rain, the situation is quite different, and
P scattering-inauced beam distortion could be a significant source of error.

IV. Discussion and Recommendations
a) Fog

For a given visibility,advection fog is ~ 3.5 times more effective
than radiation fog in attenuation of 15.5 GHz microwaves. Except for brief
afternoon periods, heavy fog is the rule and not the exception during
summer months at VAFB (Robel 1981). At VAFB, this author has experienced fogq
with optical visibility ¢ 20 m, A 40 km path length through radiation fog
of 20 m visibility at T=0°C results in 12 dB of MSBLS microwave attenuation
for radiation fog. The 12 dB figure is only a rough lower 1imit to the true
attenuation, since it is likely that the fog contains an advection conponent.
A priori, there is nc way to know what the particular composition of VAFB

~ fog is. One can only set limits to attenuation at fixed temperature and



e

visibility. Oependi;g on (1) the specific nature of VAFB foo, and (2) the
applicability of complex refractive indices for pure witer, nicrowave -
attenuation could approach or exceed 40 dB over a 40 km path length, One
would 1ike to be able to predict signal attenuation and link margins more
precisely than indicated by our 28 dB range (factor of 630). Consequently,
it is recommended that simultaneous measurements of optical visibility and
MSBLS microwave attenuation be made for VAFB summer fogs of differing
visibility and temperatures. These data would be used in setting realistic

zero-points in Figure 9.

b) Rain

+ \le have determined that microwave scattering is non-negligible for
intermediate and heavy rains (Section IIl). Under these conditions, coordinate
errors due to scatterina-induced beam distortion could contribute significantly
to the total error budget. It is recormended that the formalism of Section II,
and the computer program listed in the appendix be used to evaluate the
specific magnitude o chis source of error. The additional work is straight-
forward, and involves the inciusion of beam profile and weather system
geometry. The scattering phase functions are already included in the progran.
Even though we expect relatively unimportant scattering effects of light
rain, fog, and clouds, the specific magnitudes of the errors could be

calculated with the same beam geometry developed for rain.

¢) Closing Note
This author expects to make considerable progress in beam profile
inclusion during the remainina two weeks of his surner fellouship. Informal

notes kept during this time will be nade available to anyone requesting them.
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Appendix

Following is a listing of the FORTRAN computer program used for

our attenuation and scattering calculations.
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13 IMPFLICIT COMFLEX(Y?»2)
24 DIMENSION ZA(30)»ZE(30) » ZANC30)» ZEN(30)
R H DIMENSION PC(30)»T(30)»D(36)»ANG(36)
4% DIMENSION 281(36r12)0252(36712)95(36v12)'3168(36v12)
1 DIMENSION S2AS(346912)9ANGL(12)
6 DIMENSION UL(lQ)vXN(lQ)rGSCﬁ(IZ)vGEXT(IQ)sQBN(lz)vQﬁBS(lQ)
H DATA DL/QOS'Oi'.lS!oz'025'03!035!o4'045'05'055!06/
' I=1
:- - MM=36 . . ; FRT -
10:¢ FI=3.14159265
11¢ TP3460=2.%F1/360.
123 DO 1 M=1.MM
13¢ ANG(M)=10.%{M-1)
14 D(M)=ANG(M)XTF360
15¢ 1 " CONTINUE ‘ : : Tome mme T s T = o
16¢ 800 CONTINUE
17¢ WRITE(LH»110)
18¢ 110 FORMAT(’ ENTER NUMEBER OF TERMS (NN)‘)
198 READ(S»120)NN

20: 120 FORMATO)
218 WRITE(6y130) s o
130 FORMATC(' RAINy LANDFOG, SEAF0OG» OR CLOUDS?T (09122,3)7)
REAL(S s 120)NRFC
WRITE(6»140)
140 'FORMAT(’ ENTER WAVELENGTH (ChM) ")
REAN(Sy 1200W
WRITE(&69150)
150 FORMATC(’ ENTER COMFLEX REFRACTIVE INDEX (AsB)’)
READ(S,120)21
WRITE(6,210)
210 FORMATC(' ENTER FATH LENGTH (KM) ‘)
READ(S,» 1200 FL
IF(NRFC.EQ.1)GO TO 20.
IF(NRFC.EQ.2)G0 TO 30
IF(NRFC.EQ.3)G0O TO 40
WRITE(SH,160)
37¢ 160 FORMATC( ENTER RAINFALL RATE (MM/HR) )
38: READN(S»120)RR
393 WRITE(S6,230) .
40: 230 FORMATC(’ SINGLE SIZE OR DISTRIBUTION? (0s1)7)
418 READ(Sy120)NS e .

[

WO IR RKRRNND RPN
J = OO0 BNCU S W
OO 66 68 66 80 S 00 0 0 S0 O

OO N
ol d W

423 IF(NS.EQ.1)G0 TO 820

433 WRITE(6,170)

443 170 FORNMATC(C ENTER FARTICLE DIAMETER (MM) ‘)
451 REAL(S»120)DM

46 DM=LM/10.

47 DIAM=DM

481 GO TO 820

49 20 WRITE(6+180)

50¢ 180 FORMATC( ENTER VISIBILITY OF LANOFOG (KM) %)
518 READ(S»120)VIS

528 GO TO 820
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53¢
542
SR
968
57¢
583
992
602
613
6213
632
642
658
662
673
683
692
703
713
723
733
74%
758
762

778

783
791
80!
812
823
833
.84
85
861
87:
88:
89:
90
P13
723
933
943
95
961
97:
983
99:
1003
1013
1023
1033
1042

30
190

40

820

71

N O
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WRITE(69190)

FORMAT (/ ENTER VISIRILITY OF SEAFOG (KM) ‘)
READ(S,120)VIS

IF(VIS.LT.0.1)G0 TO 2¢

GO TO 820

WRITE(6y200)

FORMAT (* ENTER VISIRILITY OF CLOUDS (KM)‘)
READ(S,»120)VIS

CONTINUE

DO 70 I=1,12

DM=DL(I)

CALL SIZE(RRsDM»XN»I)

IF(NS.EQ.0)IM=DIAM T e e
IF(NRFC.EQ.1)IM=1.E-03
IF(NRFC.EQ.2)IM=2.E-03
IF(NRFC.EQ.3)IM=1.E-03

X=FI%xIM/W

Y=2Z1%X

CALL ZACALC(Yr»ZAsNN) -

CALL ZECALC(X»ZEsZEOrNN)

CALL AERCALC(ZAYyZEByZBO»Z1»X»ZANy ZENYNN)

CALL GCALC(XrZAN»ZEN»QSCA»QEXT»QEK» QAEBSsNN»I)
CALL ANGCAL (X»ZANy ZEN»QSCA»ANGL NNy I)

Do 2 M=1,MM

CALL PTCALCC(DsFsToMrNN)

CALL SCUMF(WrZAN»ZEBNsF»T»2ZS81»ZS8295»FIyMyNN»S1AS»S2AS» 1)
CONTINUE

CONTINUE

IF(NRFC.EQ.1)GO TO 4

IF(NRFCL.EQ.2)G0 TO S

IF(NRFCL.EQ.3)G0O 70O 6

IF(NS.EQ.1)60 TO 71

CALL RAINC(RRYFLYQEXTsDMyATNsATNDPE,I)

GO TO ? . ; . . :
CONTINUE

CALL RAINXN(RR»FLyQEXTsDLyATNsATNIE Yy XN)
GO TO 7

CALL ULNIDFOG(IM»VIS»FPLYQEXTYrATNsATNDREYI)
G0 TO 7

IF(VIS.LT.0.1)G0 T0O 4

CALL SEAFOG(DMyVISyFLYQEXTrATNY»ATNDER, I)
GO 10 7

CALL CLOUDS(DM VIS »FLYQEXT»ATN»ATNDEI)
CONTINUE

WRITEC(O»120)FLyATNYATNIDER

WRITE(69220)

FORMAT( REFEAT? (1=YES»O=NO)‘',/)
READ(Sy120)NREF

IF(NREF.EQ.1)G0 70 800

CONTINUE

calLl EXIT

END
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SUBROUTINE SIZE(RRyDIMyXN»I) )
DIMENSION X1(¢(10)¢X2(10)9X3¢(10),»X4(10),X5(10)»X6(10)»X7(10)
DIMENSION XAC(10)9XR(10)»R(Z7)»CUT(7)»XN(12)

DATA X1/3.90706+-1.,2236E0291,6357E03+~5.,13497E03
15.4409E03»-1.463E03+v0.90470.90./

DATA X2/-1.5255E01+6.3B345E02»-2.14623E03+6.9662E04,
1-2.697B3E05»5,42977E05y-5.45427E05+2.16777E05+0490./
DATA X3/-9.9461+5.81251E02y-1.2434E04,1.38727E05,
1-7.6BE05/,2.29E06»~3.7841E06,3,27524E069-1,161E06+0./
DATA X4/2.3709E01,-9.8352E02,1.,42472E04y~-7,68455E04y
11.91541E05,-2.25279E05+1.,01277E05+0410490./

DATA X5/6.591BE01+,-2.8817E03,4.53181E04,-3,1023%E05,

11.10129E0679-2,13855E0692,16497E06+-B+P636E05+10490./

DATA Xé6/1.E029-4,8157E03,8.63391E04,-6.93122E05)
12.920943E06+-6.68496E06+97,98558E06/,»-3.88423E0690490./
DATA X7/-5.4314E01,1.72908E03,-1.14533E04+2.79273E04,
1_2029091E04'00'00'00'00700/

DATA R/150.9100.950.925.912.5+5.+2.5/

DﬁTA CUT/.SB’058705390539048'048’038/
IF(RR.GE.150.,)60 70 1

IF(RR.LE.2.:5)GD TO 4

IF(RR.LT+150. .AND.RR.GE,100.)G0 TO 7
IF(RR.LT.100. . ANOLRR.GE. 350,60 TO 11
IF(RR.LT,50. AND.RR.GE.25.)6G0 TO 14
JF(RR.LT.25. sANDLRR.CEL12.3)60 TO 17
IF(RR.LT,12.5.AND.RRL.GE.S,)G0 TO 20
IF(RR.LT.S« . AND.,RR.GT.2.5)G0 TO 23

o 2 K=1,10

XA(RI=X1(K)

CONT INUE

CT=CUT (1)

XNCI)=0, T T e

g 3 K=1,10

XNCI)=XN(I)+XA(K)XDMKK(K-1)

IF(DM.GE.CTIXN(I}=0,

CONTINUE

GO TO 999

g S K=1,10 - - - T T -
XAR I =X7(K)

CONTINUE

CT=CUT(?7)

G0 TO 6

A=150.

E=100, » : . : : - -
D0 8 K=1,10

XACRK)Y=X1(K)

“XBCKY=X2(K) R

CONTINUE

GO TO S50

A=100.

B=50.

CT=CUT(2)
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PO 9 K=1,10
XA(K)=X2(K)
XB(K)=X3(K)
CONTINUE

GO TO S50
A=350,

B=25,
CT=CUT(3)
g 1S K=1»10
XA(K)=X3(K)
XB(K)=X4(K)
CONTINUE

60 TO. S50

A=25.,

B=12.5
CT=CUT(4)

po 18 K=1,10
XA(K)=X4(K)
XB(K)=X5(K)
CONTINUE

G0 TO &°
H=12.9

B=5.

CT=CUT (3

‘00 21 K=1,10

XA(K)Y=XT(K)
XB(K)=X&(K)
CONTINUE

60 TO 50
A=0,

B=2,
CT=CUT(6)

Do 24 K=1,10
XA(K)=X&6(K)
XB(K)=X7(K)
CONTINULE
CONTINUE
XN1=0.
XN2=0,

0 51 K=1,10

ORIGINAL PACE 1S
OF POOR QUALITY

XN1=XN1+XAK)XDMXX(RK~-1)
XN2=XN2+XB (R )IKDMXK (K-1)
IF(DM.GE.CT)XN1=0,.
IF(IIM.GE.CT)XN2=0.,

CONTINUE

S=(XN1-XN2)/(A-H)
YNCI)=XN2+S5k(RR-R)

CONTINMNUE
RETURN
END
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18 1 SUBROUTINE AEBCALC(ZA»ZBsZBO»Z1¢X9»ZAN»ZENsNN)
‘ 24 IMPLICIT COMFLEX(Yy2Z)
| 3 DIMENSION ZA(30)»ZE(30)»ZANC30) »ZEN(30) »ZXA(30) »ZXE(30)
i '} DO 1 N=1»NN
- 5% ZAACNI=ZA(N) /Z1+N/X
68 ZXB(N)=Z1XZA(N)+N/X
i“ .70 1 CONTINUE ) .
’ : ZANC1)={ZXA(1)XREAL(ZR(1))-REAL (ZE0) )/ (ZXA(1)XZE(1)-ZRO)
H ZEN(1)=(ZXE(1)YKREALC(ZE(1))-REAL(ZEO) )/ (ZXEB(1)XZE(1)~ZRO)
i 10 DO 2 N=2,NN
11 ZAN(N) = (ZXA (NI XREAL (ZR(N) ) ~REAL (ZE(N=1)) )/ (ZXA (NI XZE(N) =ZE(N-1"
; 128 ZEN(N) =(ZXB(N) RKREALC(ZR(N) ) -REAL(ZB(N=-1) 7)) /(ZXB(NIXZB(N)-ZH(N-1 :
I 13: 2 CONTINUE o .. o .
14; RETURN
u} 153 END
]
' 18 . SUBRROUTINE ZACALC(Y»ZAsNN)
28 IMFLICIT COMFLEX(Y»Z)
N 3! DIMENSTON ZA(30) o
. 4 ZA0O=CCOS(Y)/CSINCY)
\J 5% ZAC1)=-1/Y+1/C1/Y-2ZA0)
~ 6t DO 1 N=2,NN
~ 7% ZACN)Y==N/Y41/C1/Y~ZA(N-1))
81 CONTINUT
" 9 RETURN
f 10 END
b
. 1 SURBROUTINE ZECALC(X»ZRy»ZEO»NN)
! 28 IMFLICIT COMFLEX(Yy2Z)
3 DIMENSION ZE(30) .
T 4 ZRO=CHMFLX(SIN(X)»COS(X))
A S ZBM=CMFLX(COS(X)»=SIN(X))
f 6 ZB(1)=ZRO/X-2EM
A 7 ZR(2)=ZR(1)%3/X~-ZKO
. 8 DO 1 N=3,NN
9 ZB(N) = (2KN-1)%ZB(N-1)/X-ZB(N-2)
103 1 CONT INUE
1 11 RETURN
123 END

F3 <7 2Rl o8
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’

SUBROUTINE SCCMP(U,2aNM,2BN,P,T,251,252,5,P1,M,NN,S1AS,52AS5,1)
IMPLICIT COMPLEX(Y,2)

DIMENSION 2AN(30),2BN(30),P(39),T(30), ZS!(BS 12),252(36,12)
gé?%:5§2N95(35 tE) btﬂ5(36 12), §2R5(36,12

DO 1 N=i, NN

Z2Ss1(n, l)-ZSl(ﬂ 110 (2EN+IIT(ZANINIBP(N)ISZBN(NIEST(N) }/(NE(Ne1))

25S(M,1)0252(MN, 114 (2EN+1IXZBNINISPIN)+ZANI(NIBTI(N) )/ (NE(N+1)
1 CONT INUE

S(M,1)e.5x( . S3U/PL LSRR (CABS(251 (M, 1))382+CABS(ZSA(M,1))1182)

S1AS(M, ] )=CABS(251(M, 1))832

SERS(M,1)=CALS(ZSa(M, ]))s82

RETURN

END
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SUEBROUTINE RAINC(RRsFLYQEXTyIIM»ATNATNDE, I)
DIMENSION VA(A) »QEXT(12)

DATA VA/-,02366147.38,-8B1,568,38,94y26., 0u6:-°1 696/
V=0,

D0 1 K=1,6

VU=V+UA (KDY XDIIMXXK (K-1)

CONTINUE

ATN=EXF (-RRXFLXQEXT(I)/(24.%¥VXIIM)) .
ATNOE=10.XALOG10(ATN)

RETURN

END

SUBROUTINE RAINXN(RRyFLYyQEXT»DLyATNs ATNDEy XN)
DIMENSTON DLCOLI2)»QEXT(12)»V(12)p XNC(12) »QNVII(12)
DIMENSION VA(S)

DATA VA/-.,02366v47.38r-81.568,38.:945,26.03561v-21,696/
SUM=C. )

00 2 J=1,12

V(J)=0. - T

N0 1 K=1+6

VD=V (D +VAKIKDL (I RK(K-1)

CONTINUE

CONTINUE

D0 6 J=1,12

XNC(JII>=XN(J)/100., T

CONTINUE

0o 3 J=1,12

ANVD (D =QEXTC(IIRXMN (D) /(U RDL(J))

CONTINUE

0o 4 J=i,12

SUM=SUM+QNVLI(JD

CONTINUE

FOW=FLXRRXSUM/24.,

ATN=EXF(-FOW)

ATNDE=10.¥ALOG10(ATN)

FORMAT ()

RETURN

END
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SUBROUTINE QCALC(X»ZAN»ZEN»QSCA»QEXT»QBK»QABSINN»1)
IMFLICIT COMPLEX(Y»2Z)

DIMENSION ZANC(30)»ZBN(30)

DIMENSION QSCA(12)»QEXT(12),QBK(12)»QABS(12)
SUM1=0.

SUM2=0.

Zsur3=0.

DO 1 N=1sNN
SUM1=SUML+(2%N+1) %X (CAES(ZAN(N) YXX2+CABS (ZBN(N) ) %%2)
SUH2=SUH2+(2*N+1)*REﬁL(ZhN(N)+ZBN(N))
ZSUMB=ZSUM3+ (N+.5) % (=1)kkNK(ZAN(N)-ZBN(N))

CONTINUE

QSCA(1)=2,kSUM1/XXX2

QEXTCI)=2,XSUM2/XXKX2

QBRK(I)=4.%CABS(ZSUM3) %k2/XK%2
QARS(I)=QEXT(I)-QSCA(I)

RETURN

END

——

SUEROUTINE ANGCAL(X»ZAN»ZEN»QSCA»ANGLYNN. T)
CIMPLICIT COMFLEX(Y»Z)

DIMENSION ZAN(30)rANGL(12)»QSCAC12)»ZEN(30)
ANGL =0,

O 1 N=1sNN

ANGL (I ) =ANGL (I3 4+NX(N+2) /7 (N+1)XREAL (CONJG (ZANC(N)I IXZAN(N+1) +

1ICONJGCZBNC(NY YKZEBM(NA1) )+ (2XN+ L3/ (NX(N+1) ) &

2REAL (CONJG(ZANCIN) ) RZBN(N))

CONTINUE

ANGL (T ) =ANGL (I)%4./XXX2
ANGL (I)=ANGL(I)/QSCA(I)
RETURN

END

SUBROUTINE FTCALC(DsF»T»MrNN)
. DIMENSION F(30)»TC(30)»D(36)
E=COS(DI(M))
G=SINCD(M) )XSINCD(N))
FO=0.
T0=0.,
F(1)=1.
T(1)=E -
F(2)=3.%E
T(2)=3,KCOS(2.%XD(M))
DO 1 N=JsNN
FON)=P(N=1)XEX(2¥N-1)/(N=-1)~-NAF(N-2)/(N-1)
TOOD=EX(F(MN)=F(N=-2) )~ (2%kN-1)RGXF (N-1)+T(N-2)
CONTINUE ‘
RETURN
END
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SUBROUTINE LNDFOG(DH;UISvPLvGEXTpATNvﬁTNDBvI)
DIMENSION QEXT(12) '

C=4,98E-04
ATN=EXP(—C*PL$OEXT(I)*UIS#*(—l.SBB)/DH)
ATNDE=10.KALOG10(ATN)

RETURN

END

SUBROUTIMNE SEAFOG(DM»VISsFLYyQEXTyATNyATNDEYI)
DIMENSION QEXT(12)

C=2.34E-03
ATN=EXP(~C*PL*GEXT(I)*UIS**(—1.43)/HH)
ATNIE=10.%ALOG10(ATN)

RETURN

END

SUBROUTINE CLOUDS(DMyVISyFLYQEXTrATNyATNDEY 1)
DIMENSION QEXT(12)

C=4.98E-04

ATN=EXS (-CRELXQEXT (I)XVISKk(~1,538)/DM)
ATNDE=10,XALOG10(ATN)

RE TURN

END
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ABSTRACT
Data obtained with automated anthropom..ric data acquisition equipment is
subject to short term errors. These errors are due to random reflections
of 1ight, masking of the 1ight rays and other types of interference, optical
and electrical. These signals are impossible to eliminate from the initial
data produced by the television cameras. There is a need to ascertain which
data values are erroneous and to replace them with corrected values, if poss-
ible. This is primarily a software problem and requires a digital computer
to refine the data off line. This paper discusses the use of the least squares

method for this purpose.




.

Anthropometry has been defiped as the practice of measuring the parts and
proportions of the human body. In particular, NASA's interest in anthro-
pometry arises from the need to know, quantitatively, the limits of physical
performance imposed on an astronaut by a space suit at a spacecraft work
station. The specific interest of this paper is the arm reach envelope of

an individual as shown in Figure 1. From a simplistic standpoint, all that
one would need to determine the arm ieach of a subject would be a tape
measure, a pad.of'paper for recording data and the subject in an environment
of interest. As a practical matter, the time required to measure and tabulate
this information becomes a significant value if a detailed picture is needed.
Further, the data would need to be entered into computer files for use in

work station studies,

There are techniques that involve high speed motion pictures which are
projecfed so that the data can be extracted manually, frame by frame. This

minimizes the time required of the subject but still requires extensive time

for technician to collect data.

Electronic means are now available to expedite this work. An automatic
anthropometric data acquisition system is in use at Johnson Space Center.

The system, developed by Southwest Research Institute of San Antonio, TX.
utilizes three modified television cameras in conjunction with a microprocessor
controlled interface unit and a Digital Equipment Corporation (DEC) MINC-11
minicomputer. (See figure 2.) The interface unit is synchronized with the
television cameras and determines the coordinates of a bright light source as
it appears in the televised picture. The minicomputer stores the coordinate
data on a floppy disk in a format that is acceptable to the mainframe computer

in the Data Processing Laboratory. The large computer, using thz PLAID program,
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generates the human subject's arm reach envelope and displays it on a
video monitor or draws it on a sheet of paper on a plotter. (See figure 3.)

The reach data files are also available for work station design studies.

One of the difficulties with the television aided system is that errors

occur in the data acquisition process. A small light bulb is attached to

the arm of the person on whom reach data is desired. In the darkened room,
the television cameras can easily pick up the bright point of light. 7The

two principal sources of error are due to reflections of the light from
surrounding objects and due to the subject inadvertantly blocking the camera's
view of the light. In the latter case, the computer enters zeros into the
data set when a particular camera fails to receive an image of the light.

A third type of error, much less in evidence, can be mest reasonably ascribed
to electrical interference coming from sources external to the system.

This type of disturbance, in so far as data correction is concerned, is treated

in the same fashion as are unwanted light reflections.

‘Each television camera sees only a two dimensional view of the subject. Thus

a minimum of two cameras would be required to gain the information needed for
determining a three dimensional reach envelope. Three cameras, viewing the back,
side and front of the subject, provide some data redundancy so that even though
one unit may not provide correct data, another may supply it. All three cameras
shown in figure 2 are capable of indicating the vertical displacement of the
light. The front and back cameras both can provide side to side motion data.
However, only the side viewing camera can determine back and forth motion.

Thus while some positional errors can be detected by comparing similar data

points, this has limited potential. Other measures must be taken.
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The approach that seems to .hold the greatest promise is based on the fact that
the subject cannot move his arms or any other part of his body at an infinite
rate. That is, true motion is continuous in time and space without any sudden
excursions. The type of errors that appear in the data from this system have
this characteristic. They render values for position changes that are not

physically possible in the short interval between sampling times.

The system is calibrated so that the horizontal and vertical coordinates are
set at 256 points for each axis. Thus the actual distance represented by a
unit distance either vertically or horizontally will depend on the focal length
of the camera lens and the subject to camera distance. In the system used at
the Johnson Space Center Anthropometric Measurements Laburatory, the height

and width of the field viewed is about 2 meters. Thus one unit change in a
data value represents .78 cm in actual displacement. Since a camera is poiled
20 times per second, the time between two consecutive data values is 50 milli-

seconds. Thus if two consecutive data values show a change of 50 units, this

“represents a speed of 8 m/sec. Since most measurements are made with slow

subject motion, a 50 unit change refleéts an error and not actual displacement.
If, to further belabor the point, the actual speed during the previous inter-

val had been 1 m/sec. and the data indicated a speed of 8 m/sec. in the foliowing
interval, this sudden velocity increase would require an approximate acceleration
of 140 m/sec. 2. The force required to move one's hand with this acceleration

is quite beyond human capability.

daving established the point that a subject will move in a continuous, uniform
manner, how do we noct only detect abrupt changes in data values with the ¢omputer

but also make good approximations of what the values actually were? The approach




%)

d

4

used here fits an equation to a l1imited number of data points adjacent to
the value in question. A predicted value {s determined and compared to the
suspect value. If the difference is greater than a predetermined tolerance,
the original value is replaced with the predicted value. The program then

advances to the next new data point and repeats the above testing procedure.

Using the least squares curve fitting technique, straight line and parabolic
approximations have been used for the predictive equation. Ostensibly, the
parabolic curve should provide a better fit than the straight line. However,
computational instability has been found to occur more frequently with a
second degree polynomial equation where the-gaps due to erroneous data are
large and the adjacent valid data points are subject to moderate, random
error or "noise". Thus the straight line approximation based on a few data

points is felt to be the better choice.

An additional constraint that has been placed on this development of an al-
gorithm for error correction is that it is to be eventually used with a micro-
computer of limited speed and memory. Thus the method should be straight for-

ward and amenable to machine language coding.

The development of the least squares error method of curve fitting will not
be discussed here since it is found in most texts on elementary numerical
analysis. The interested reader may find an article by F. R. Ruckdeschel

helpful.{i) A more thorough treatment is offered by C. Daniel and F.S. Wood.(2)




A modification to the measuring technique 1s suggested. All three cameras
are physically situated in a plane parallel to the floor. This means that
the vertical displacement is measured by all three cameras. One horizontal
axis is monitored by two of the cameras and the other horizontal axis is seen
by only one. Thus when the latter camera has its view blocked by subject
motion, then the information from the other two cameras is not useful. All

three measurements are required.

The recommendation is that two of the cameras be kept in the present position
viewing the front and side of the subject but the third camera should be
placed so that it has an overhead view. This would mean that each of the
three coordinates would have double redundancy. Loss of view of the light

by the cameras is one of the major problems in using the system. Since
cefling height is not great in the laboratory, either a wide angle lens

could be fitted to the overhead camera or else a large mirror could be pos-
itioned overhead and the third camera could be placed in a more convenient

position.

An alternative scheme would be to use a fourth camera that could be under
the control of the microprocessor and its output could be used in place of

that of the camera that has its view blocked.
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USE OF LANDSAT DATA TO DEFINE SOIL BOUNDARIES IN CARROLL COUNTY,
MISSOURI

Steve E. Davidson, Ph. D,
Evangel College, Sprinefield, MO
1981 NASA-ASEE Summer Faculty Fellow

Supervisor: Dr. David R. Thompson
Scene Analysis Branch
Earth Resources Research Division

Ahstract:

Bands 4,5 and 7 false color composite photogfaphs were prepared using
rmulticmporal data from LANDSAT scenes acquired during April 1977 and
April 1981 on computer compatible tapes, and these color composites
were compared with band 7 black and white photographs prepared for the
entive county. Delineations of soil boundaries at the soil association
level were achieved using LANDSAT spectral reflectance data and slope
naps for a portion of Carroll County, Missouri. Forty two spectral
reflectance classes from April 1977 LANDSAT data were overlaid on
digitized slope maps‘of nine USGS 7.5 minute series topographic quad-

vangle slope maps to achieve boundary delineations of the soil associations.

1
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INTRODUCTION

A need exists in the state of Missouri to use LANDSAT data
to aid in Soil Survey mapping. The Missouri Nepa.: = % of Natural
Resources has responsibility for conservation programs in the state
and {s committed to accelerating the National Cocoperative Soil Survey
Program, Research to date has shown strong correlation between the
spectral reflectance characteristics of soils and some of the soil
properties such as texture, organic matter content, drainage, color,
ctce While LANDSAT classification of soils will not alone distinguish
betwoen different soils which exhibit similar spectral signatures,
it 1s possible to prepare a product which will aid the soil mepping
process by delincating patterns, and possible divisions of soil asso-
ciations,

A party leader has been assigned by the state soil scientist of
Missouri to begin mwmapping tuis sunmer a progressive soil survey
of Carrell County, Missourt and Saline countf, Missouri next year.
The state soil scicutist has indicated that it would be of considerable
value te the party leader 1f he could be provided maps based on LANDSAT
analysis to help {n the progressive soil surveys of Carroll and Saline
counties, Missouri, Approximately two thirds of Missouri still needs
a Jdetadled county =oil survey to assist land managers in their dec-
fstons, A recent loétcr from the state conservationist of Indiana
to the state conxervationist of Missouri indicated that the detailed
County Soil Survey of Jasper County, Indiana was completed with a
savings of 1Yy nan=-years time. Since the Missouri Department of Natural

Resaources would 1ihe to complete in the 1980-1990 time frame modern
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detailed county soil survey reports for the entire state it appears
that LANDSAT analysis to aid in soil survey mapping would help them
to acheive this worthwhile goal,

Study Arca

Carroll County, Missouri was selected as the study site bgcause
(1) preparations are underway to procure 7.5 minute USGS orthophoto-
quads for use ;s a8 base for conducting a detailed soil survey of this
county by the party leader, (i1) this county contains more Missouri
River bottomland than any county in the state (4), (i1i) and the large
trac;s of farmland in the bottomlands are more likely to show relation-
ships with the LANDSAT spectral reflectance data than land subdivided
into smaller units,

Carrell County, Missouri is situated in the northwestern part of
the state, 66 rmiles cast of Kansas City and 21) miles northwest of
St. Louis. It is bounded on the north by Livingston County, on the
west by Caldwell and Ray Counties, and is separated from Saline and
Lafayette Countices on the south by the Missouri River and From Chariton
County on the cast by the Grand River., 7Tt has an area of 703 square
riles with 449,920 acres in the county. The last Carroll County soil
survey published was in 1912 (4). A soil survey of Livingston County
was publfshod in 1956 (3), one for Caldwell County was published in
1973 (1), one for Lafayette County was published in 1975 (2), and a
soll fuventory of Chariton County from digital analysis of satellite
and scanner data was published in the Soil Science Society of America
Journal in 1977 (5). These publications were useful as indicators of

the sotl =eries to be expeczed in Carroll County. The soils of the
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arca formed in deep loess and glacial till in the uplands and in
alluvial sediments in the floodplains.

Data Set Formulation

LANDSAT-2 MSS data collected on 26 April 1977 were utilized as
the main data source for this study and LANDSA}-Z MSS data collected
23 April 1981 were utilized to prepare band 7 Polaroid photographs
of Carroll County. These scenes were selected because the d;ta were
(1) of high quality, (i1) acquired when most row crop cropland is in
a bare soil state, and (ii1) free of interfering atmospheric and sur-
face conditions (1.e., clouds, haze, saturated soils, and standing
water,)

The LANDSAT MSS data were geometrically corrected (i.e., rotated,
deskewed, and rescaled to an approximate scale of 1:24,000.) That por-
tion of the scene containing the eastern part of Carroll County (Big
Creck and Hurricane Creek Watersheds) were selected for further pre-
processing., These data were regisfered to ground control pecints
sclected from USGS 7.5 minute topcgraphic quadrangles. This procedure
produced a data set of an exact scale of 1:24,000 and registered geo-
graphic points in the data to their exact ground position. Using these
same quadrangles slope maps produced by USGS were digitized and sub-
sequently overlaid and registered to the LANDSAT data. Six physio-
sraphic position boundaries (water, Bottomlands, 0=5% slopes, 5-9%
slopes, 9142 slopes, and greater than 147 slopes) were digitized and
overlaid on the LANDSAT-2 data for the Aprill 1977 scene. Forty two

spectral reflectance values vere obtained as an overlay and a computer
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printout obtained for cach of the six physiographic boundaries.

Methods

Topographic data (e.g., physiographic position) were used to
delincate boui daries at the soil association level, and was helpful
in scparating s>ils which were spectrally similar but genetically
different.  Alphanumeric 1:24,000 spectral maps representing the
42 classcs 1nveétoried were produced for the following 9 quadrangles:
Colema, Tina, Hale, Bogard, Standish, Bosworth, Arunswick West,
Carrollton East, Miami Station. Comparisons weré made between the
maps broduced by this technique and the soil association boundaries
observed for the adjacent counties of Lafayette and Caldwell,

Celor infrared photographs were obtained from the photographic
services laboratory of JSC/NASA at Houston, Texas for mission 243
which included the portion of the Misscuri River basin that forms
the southern boundary of Carroli County. Attempts were made to .elate
'~colors and tenal differences in the photographs to the published soil
survey of Lafayette County which contains an aerial photographic base
and compare these tones with similar features across the River -in
Carroll County, A roertion of the bottomland was enlarged to an
approximate scale of 1:24,000 using LANDSAT-2 data and the General
Electric Image 100 s¥stem in the Scene Analysis Branch of the Earth
Resources Rescarch Divisiqn at JSC/NASA. This enlargement was sub-
sequently photographed with the Color Polaroid Camera device so that
Individual pixels wvere readily visible and could be conpared to tonal

differences seen in the Color Infrared Photographs of Mission 243
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which was filmed 11 September 1972.

Results and Discussion

The 42 spectral reflectance classes contained within the inventory
of Carroll County are shown in Table 1 for bands 5 and 7 with the
character that was printed on a line printer for the 6 physiographic
boundaries. Table 2 “hows the soil association tﬂat were predicted
using thcse'data. Table 3 provides information about the taxonomic
characteristics of these soil series, and the parent materials of the
soils,

.'The Haynie-Leta-Waldron soil association is found only in *he
Missouri River bottomlands. The Kennebec-Nodavay-Colo-Zook soils are
found in the bottomlands along upland streams along with the associated
Flackoar, Bremer, Booker, Moniteau, and Otter soil series. It is a
relatively casy task to define the soil boundaries for these two
assocfations using the computer line printer products, but it is more
difficult to attempt separations of the upland soil associations.

The Grundy-Lagonda, the Harsha11-"igglnsville—Macksburg, and
the Knox-Marshall-Kennebec are upland soil associations. These asso-
clatfons could not be delineated using the computer printouts because
there is an overlap of slopes on the landscapes where these soils are
found,

Pigital mapping of soils using LAXDSAT data is based primarily upon
the surface reflectance properties of the various soils. Such distin-
Rulshing soil characteristics as parent material, profile development,

and landscape position are not observable with current satellite systems,




f-

v

ORI

OF POCH vt ‘ 7
Often widely different soils exhibit similar spectral responses and
cannot be differentiated from one another using satellite data alone.
However, appropriate ancillary data used in conjunction with the LANDSAT

data can greatly increase the informational content of a spectral soils

map,
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TABLE )

MEAN VALUE OF SPECTRAL REFLECTANCE ASSOCIATED WITH EACH CHARACTER FOR
BANDS 5 and 7 FOR THE 42 CLASSES

S BAND S BAND 7
: 2 ‘ 29
: 23 30
b 23 30
: 25 a4
; i 46
F 2 32
: 23 48
X 23 48
! 19 42
X 19 42
L 28 50
" 20 i3
X 41 >
: 29 38
0. 3 F
A 22 35
: % 44
: 26 46
: 17 15
: 23 13
) 25 13
: 21 50
X 21 30
v 13 8
2 32 2
: 32 3
: 36 47
: 56 . 4
: 17 52
5 19 ¢
5 17 E
] 20 40
: 20 42
: 17 15
9 18 55
: 25 18
. 25 %
; 2% !
‘ 2 3
: 22 36
: 3 48
) 34 48
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TABLE 2

PREDICTED"SOIL_ASSOCIATIONS IN 'THE QUADRANGLES OF CARROLL COUNTY

QUADRANGLE

ROGARD

ROSWORTH
KRRUNSWICK WEST
?ARROLLTON EAST
COLOMA

HALE

MIAMI STATION

STAXDISH

SOIL ASSOCIATIONS

GRUNDY~LAGONDA#*
MARSHALL-HIGGINSVILLE-MACKSBURG*#
KENNEBEC-NODAWAY~-COLO-ZOOK* &%

KNOX-MARSHALL-KENNEBECk & & &
GRUNDY-LAGONDA
MARSHALL-HIGGINSVILLE-MACKSBURG
KENNEBEC--NODAVAY~COLO-Z00K

HAYNIE-LETA-WALDRON** & & &
KNOX-MARSHALL-KENNEBEC

HAYNIE-LETA-WALDRON
KNOX-MARSHALL-KENNEBEC
KFNNEBEC-NODAWAY-COLO-ZOOK

GRUNDY-LAGONDA
MARSHALL-HIGGINSVILLE-MACKSBURG
KENNEBEC-NODAWAY -COL0N-Z00K

GRUNDY~LAGONDA
MARSHALL-HIGGINSVILLE-MACKSBURG
KENNEBEC-NODAWAY-COLO-ZOOK

HAYNIE-LETA-WALDRON
KNOX~MARSHALL-KENNEBEC
KENNEBEC-NODAWAY-COLO-ZOOK

KNOX-MARSHALL-KENNEBEC
GRUNDY-LAGONDA
MARSHALL-HIGGINSVILLE-MACKSBURG
KENNEBEC-NODAWAY-~COLO-Z00K

GRUNDY -LAGONDA
MARSHALL-HIGGINSVILLE-MACKSBURG
KENNERBEC-NODAWAY~-COLO-Z00K

* Other possible series: ADAIR, ARMSTER, LAMONI, LINEVILLE, SEYMOUR
A* Other possible series: LESLIE, MCGIRK, MINDEN

A& Other possible series: BLACKOAR, BREMER, BOOKER, MONITEAU, OTTER
Rikx Other possible series: HIGGINSVILLE, MINDEN

Aaart Other possible series: DOCKERY, HODGE, MODALE, MYRICK, RAY,
SARPY, WAUBONSIE
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TABLE 3

VARENT MATERIAL _AND TAXONOMIC GROUPS OF THE MAJOR SOIL SERIES
FOR THE PREDICTED SOIL ASSOCIATIONS IN CARROLL COUNTY

HIGGINSVIILE

KENNEBEC
KNOX
LAGONDA
Lera
MACKSBURG
MARSHALL
NODAWAY
WALDRON

Z00K

MOLLISOLS

MOLLISOLS

ALYISOLS

MOLLISOLS

MOLLISOLS

MOLLISOLS

MOLLISOLS

ENTISOLS

MOLLISOLS

MOLL1ISOLS

AQUIC ARGIVDOLLS
CUMULIC HAPLUDOLLS
MOLLIC HAPLUDALFS

AQUIC ARGIUDOLLS

AQUIC FLUVENTIC HAPLUDOLLS

AQUIC ARGIUDOLLS
TYPIC HAPLUDOLLS

TYPIC UDIFLUVENTS

AQUIC FLUVENTIC HAPLUDOLLS

CUMULIC HAPLAQUULLS

SOIL SERIES SOIL. ORDER SURGROUP PARENT MATERIALS
A ——— A S — T A —— S ——— Sm—

coLo MOLLISOLS CUMULIC HAPLAQUOLLS ALLUVIUM

GRUNDY MOLLISOLS AQUIC ARGIUDOLLS LOESS

HAYNIE ENXTISOLS TYPIC UDIFLUVENTS VERY RECENT ALLUV]

LOESS

ALLUVIUM

LOESS

LOESS, GLACIAL DRI
ALLUVIUM

LOESS

LOESS

ALLUVIUM

RECENT ALLUVIUM

CLAYEY ALLUVIUM
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Introductions
The purpose of this investigation is to verify certain
performance criteria for a solid state power combining antenna

proposed for use on the solar power satellite.

* Background:

The reference system solar power satellite concept (1)
was deveioped around the use of the Klystron as the device utilized
to convert DC power produced by sdlar cells into microwave energy
for transmission to ground tased receiving antennas. The improve-
ment in performar.ce and reliability of riodern microwave transistors
offers the potential for the development of a solid state micro-
wave power transmission system. The obvious benefits of longer
life, smaller size and ease of manufacture provides adequate
incentive to pursue the development of a solid state system.
Under NASA'sponsorship several studies have been performed to
explore the potential for solid state microwave power transmission
(2), (3). (4), (5). Whije the power handling capabilities of
ricrowave solid state devices have improved significantly, it
is generally agreed that some form of power combining will be
required to atiain practical levels of.power in a solid state
system.

The realization of efficient transmission of microwave

power dictates that a low loss power combining technique be
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utilized. A prototype system has been designed, fabricated and
delivered to J3C under contract by tne Boeiné Courporuiion. The
system incorporates a four feed microstrip antenna, a stripline
antenna phasing network and provides for the integration of four
transistor amplifiers. The antermna and feed network have been
designed to operate in S-Band at 2.45 GHZ |

The power combining technique utilized is considered to be
somewhat unique in that the power combining and radiating functions
occur in a single cavity (2). Each amplifier is directly coupled
to the cavity via four microstrip feedlines which are mounted on
a ceramic type dielectric substrate. The substrate is backed by
a light weight aluminum cavity which sums the power of the four
sources. On the opposite side of the substrate is mounted two
radiating slots which are each fed on the ends by two narrow slot-
lines. The antenna behaves like two one-half wavelength slots
coupled via a common cavity, thus the radiated energy is sunmed
to yicld a single radiated phase.

The original concept is illustrated in figure 1. The foil
pattern for the unit delivered to JSC contains certain design improve
ments and is shown in figure 2. Proper feced »f the cntenna requires
that two of the RF inputs b2 129° cut. of phase with t..e remaining
two. Therefore, an important component of the antenna system is
é balancel feed network that provides four 0° -~ 180° equal amplitude
outputs. The stripline feed network consist of two 0° - 180° rat-

race type hybrid circuits connected to the output of a two-way in
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FIGURE 1 POWER COMBINING MICROSTRIP SLOTLINE ANTENNA
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Radiating 5107\ .
7. '\ ' \ etalized dielectric
m Q f’squbstrate.
/( t T P | 1 1 \

tPoint of zero field.

Metal cavity.

CAVITY "E" FIELD PROFILE

ring for attachment of the cavity

2.6" x 2.6" grouid plane metalization
K(Z.S" x 2.5" x .30" x .015" brass).

Microstrip input
(four places).

Wrap-a-round foil r‘ Radiating slots
ground employed 3 (2.1" x .190")
at all edges. ——»

~ 9 .300"' C_—Microstrip to slotline
P e e—— ‘J[] coupler (four places).

G . S e
v "
s

L hih s b E) St

~

FIGURE 2. COPPER METALIZATION PATTERN FOR FOUR FEED MICROSTRIP ANTENNA
(Two patterns superimposed) ’
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phase power divider all integrated into a single stripline circuit,

silicon bipolar type transistor amplifiers each capable of producing

“
4

1/8 watt for a combinéd total of 1/2 watt.

The silicon devices were supplied as a means of testing the
ﬁower combining technique., Other studies are concentrating on the
development of satisfactory amplifyir.; techniques for SPS usage
(1), (3), (4), (5). The interconnection of the antenna, amplifiers
and feed network is illustrated in figure 3.

The solid state antenna module has been evaluated for gain,
vttern and efficiency on the anternna.range with and without
amplifiers by the builder. However, it was desired to obtain addi-
tional information concerning the performance of the power combining
prototype. The following test were accomplished:

(1) Frequency response of the antenna and feed network

with and without amjlifiers over a band of frequencies
;anging from 2,2 GHZ - 2.7 GHZ,

(2) SWR was determined for several frequencies.,

(3) Output power of the antenna was measured with cne

feedline disconnected,

(4) An investigation of the noise “threshold" of the

antenna and amplifier system was attempted.

(5) Phase tracking and phase jitter of the antenna feed

network and amplifier system was measured,
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NETWORK

£

INPUT @ 2.45GHz

FIGURE 3 POWER COMBINING ANTENNA, FEED NETWORK AND
' POWER AMPLIFIER BLOCK DIAGRAM
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Procedure and Resultss

The majority »f the testing was aciomnliched in the smoil
anechoic chamber located in the JSC antenna test facility. The
phase tracking and jitter test were accomplished utilizing the
LINCOM statistical loop analyzer system located in the ESTL facility
at Jsc.

The test configuration for all of the measurements other than
the SWR and phase jitter test is shown in figure 4. The separation
of the two antennas is approximately three meters which should
provide adequate near field correction(2)., The input power was
maintained at a constant level, while the signal generator was
varied over the desired frequency range.

The output signal was measured with the microwave power meter
and recorded, Since the gain of the receiving antenna wvaries with
frequency it was necessary to correct the raw data for the effects
of the receiving antenna before plotting the results. Table I
and figure.s depicts the data for the antenna and feed network
alone while Table II and figure 6 chows the results with the ampli-
fiers installed.

In reviewing these results, it would appeir that the cavity
associated with the power combining aqd radiating circuits is not
a particularly goocd Jilter, _

The half power points (-3 db) occur approximately at 2.3 GHZ
and 2,6 GHZ. These points are somewhat difficult to determine

because of the erratic nature of this data. This would indicate

[
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Antenna

Figure 4 Test Configuration For
Erequency Response leasurements
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TABLE I

PO Receiving Gain SPS
dbm Antenna Normalized Antenna
Gain _to 2.45 GHZ __Response (dbm)

~7.2 16,2 +0,7 -6.50
~5.1 16.35 +0.55 ~-b4,55
-5.8 16,44 +0,46 -5.34
-5,8 16,50 +0,40 -5.40
=3.5 16.55 +0.35 -3.15
-, 6 16.65 +0,25 ~l.35
~3,0 16,70 +0, 20 ~2.830
-2.95 16,80 +0.10 -2.895
-2, 16.82 +0,08 ~7,82
~2.5 16,90 -0 -2+ 50
-3.1 16.95 -0,05 -3.15
-2.4 17.05 ~0.15 ~2e55
~4,0 17.10 ~0,20 2
~3.7 17.15 -0.25 ~3.95
-5,3 17.20 ~0,30 -5,6
~6.5 17.25 ~0.35 ~6.35
-2,6 17.30 ~0,50 ~£€,00
~7,0 17.35 ~0,45 =745
(L7 17.40 -0,5 7,20
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Figure 5 Frequency Response of the Antenna and Feed Network.
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v TABLE II
(Antenna and Tred Network with Amplifiers connected)

Frequency  r0 " Receiving  Gain . SPa
dbm Antenna Normalized Antenna
Gain to 2.45 GHZ __ Responge (dbm)

2200 <=30 16.2 +0,70

2225 -21.3 16.25 +0,65 -20,65
2250 -18 16.35 +0,55 -17.45
2275 -13.8 16.44 +0,46 =13.34
2300 -13.3 16,50 +0,40 -12.90
2325 -11,7 16.55 +0,35 -11.35
2350 -13.8 16.65 +0,25 ~13.55
2375 ~-12.4 16.70 +0,20 -12.20
2400 - 7.5 16.80 +0,10 - 7.40
242¢ - 4,0 16.82 +0,08 - 2.92
24 =0 - 1.5 16.90 to - 1.5
2k75 . 3,6 16.95 -0,05 - 3.65
2500 - 7.2 17.05 ~C.15 - 7035
250" -11.5 _ 17.10 -0.,20 -11,70
2530 -13.0 17.15 -0.25 -12,75
2571 -17.2 17.20 -0,30 -16,90
2600 ~-18.3 17.25 -0.35 -17.95
2625 -19.7 17.30 ~0.40 -19.30
2650 -26,3 17.35 -0.45 -25,85
2675 <=-30 17.40 ~0,5

11
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a bandwidth of roughly 275-350 MHZ, ylelding a low Q for the cavity.
Since the IlS band where the 3P5 will likely operaie oo only 100 LHZ
wide, it would appear that some form of filter would be required
{f an antenna similar to this one is used. The results for the
antenna with the transistors installed was improved considerably.
The approximate half power points occur at 2,420 GHZ and 2,485 GHZ
yielding a bandwidth of 65 MHZ. The improved performance with the
amplifiers is attributed to the fact that each of the four amplifiers
were gain and phase matched to operate at 2,45 GHZ by the builder,
thus some filtering is supplied by amplifier action.

Additional questions concerning the filtering capabilities
of the power combining cavity were raised by swept fiequency
measurements performed on the solid state module utilizing the
Hewlett Packard network analyzer. The results were obtained in
the form of Smith chart plots. These plots indicate a number of
frequencies outside of the IMS band where the VSWR at the input
to the module is 1,5 or less indicating that energy is being ab-
sorbed into the antenn: system and would possibly be transmitted
by the antenna. Figures 7 and 8 are examples of the plots obtained,
while Table III is a list of some of the out of band low VSUR
points,

During the tesiing of the antenna. and feed network; prior'to
the insertion of the amplifiers, one leg of the feed network was
disconnected from the antenna and the effected parts left in an

open circuit conditicn to simulate the effect of the failure of

13



TABLE III

Frequencies with VSWR less than l.5
2,45 GH2
3.32 = 3,37 GHZ
3.75 GHz
3.88 - 3.98 MHZ

14
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one transistor. The output power was measured at the center

frequency of 2.45 iil2., The obuserved power lous wng -2, 73 db
compared tb the results with all feedlines connected. The expected
result when there is a 254 loss of power is about -1.25 db. This
ovservation was discussed with the builder of the antenna (6) and

it was concluded that the reflection coefficient introduced into

" the cavity from the open feedline probably would account for the

additional reduction in output power,

The final test conriucted in the anechoic chamber involved
an attempt to check the "noise threshold" of the power combining
module, In this test the SPS antenna with amplifiers was placed
directly in front of the receiving antenna while the signal source
was attenuated by a 0 - 99 db step attenuator. On the detector
side, the HP 432A power moter was replaced first with an HP 435A
power meter equipped with the HP 8484A diode type sensor and later
with a Stoddard sensitive RFI communications receiver. The
minimum seﬁsitivity of the HP B4BUA sensor is =65 dbm while the
Stoddard rceceiver and its connecting cable was calibrated to a
noise lavel of -83 dbm, Neither instrument was able to detect
a measurable level of thermal noise, It has been determined that
the addition of a high gain amplificr}of known noise performance
was needed to accomplish this testing function.

The phase tracking and jitter test on the antenna feed net-
work and the silicon transistors was conducted utilizing the

LINCOM statistical loop analyzer (SLA),

1?7



ORIGINAL PAGE iS
OF POOR QUALITY

The SLA provides for automatic acquistion and tracking of
two signals, 1In iic tracking mode it can be'programmed to acquire
up to 1000 samples over-a period of one minute, The signals are
analyzed for a variety of information including phase difference
and phase jitter. The test configuration utilized is shown in

Figure 9.
' Since the SLA requires an 8,5 MHZ input signal on each of its
inputss it was necessary to mix the SPS output of 2.45 GHZ with
the output of a 2,4415 GHZ reference oscillator to obtain the
desired 8.5 MHZ SLA input signals. The mixers are followed with
8.5 MHZ bandpass filters., As noted on the diagram, the unused
amplifiers were connected to 50 ohm terminations.

The signal sources are synthesized type signal generators
with stable phase tracking and jitter characteristics. This is
indicated by a measured mean jitter of 0.,827° for the two oscill-
ator mixer combinations.,

The SPS antenna feed network and amplifier system was connected
to the SLA and the two 180° ports (1 - 4) were selected for com-
parison, Later the cafles were rotated and the 0° ports (2 - 3)
were tested, Tollowing this, port one was selected as a refererce
and was sequentially compared with each of the remaining ports.,
The data for these measurements are plotted in figure 10, The
data that are plotted represents a mean of all data runs.

The RVMS phase jitter plot has been corrected by subtracting

the RMS value of the oscillator-mixer phase jitter. As noted by

18
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Noise Included
1& 4 1.72°
2 & 3 1.17°
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Figure 10 Amplifier Phase Jitter
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SLA MODEL 1021-E

-- TEST CONDITIONS --

THE LOOP TYPE UNDER TEST IS CW CARRIER
THE TRACKiNG BANDWIDTH = /* 200.00 HZ
TEST FARAMETEK = 1 TO 4

SIGNAL POWER TO NOISE DENSITY RATIQ = 0.00 0G-HZ
DOPPLER OFFSET = 1.0 KHE

SYMBOL RATE = 1.0 KSFS

ACCURACY OF TEST RESULTS = 95.52 %

qm

== TEST RESULTS --

DIFFERENTIAL PHASE MEASUREMENT = $7.75 DEG

STANDARD DEVIATION OF THE PHASE ERROR JITTER = 1.14 DEG

AVERAGE CLOCK-WISE SLIP RATE = 0.00000000 SLIPS PER SEC

AVERAGE COUNTER CLOCK-WISE SLIP RATE = 0.00000000 SLIPS PER SEC
AL AVERAGE SLIP RATE = 0.00000000 SLIPS PER »EC

[ 4

" Figure 11 Sample printout from the Statistical Loop Analyzer (SLA|
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the graphs, the amplifier feed network appears to stable in terms
of phase jitter. The mean variation noted for the ]:80o ports (1 = &)
was 1.51°. These data were taken from 12 data runs, which includes
12,000 samples.,
The mean variation noted for the 0° ports (2 - 3) involving

2000 samples was 0.82°, FPigure 11 indicates a sample of the SLA

- data output format.

Ccneclusions _and Recommendationss
This exercise involved a series of test on a prototype power

combining antenna prorosed for use on the.solar power satellite,
The primary purpose was to investigate the filtering capabilities
of the antenna along with the phase jitter of the antenna feed
network. The effect of transistor failure was briefly examined,
In addition, an attempt was made to determine the noise threshold
of the system, .
A summary of the findings follows
l., The frequency response test indicate that some
filtering will be needed to achieve the band-
width necessary for operation in the IIIS band.
2. The limited swept frequency testing that was
accomplished indicated several frequencies
outside of the proposed band of operation
where the VSWR of the antenna feed system was
less than 1.5. This testing included only a

few data runs and did not inciude any harmonic

22
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frequencies, The implication is that energy
wouli be absorbed into the antrnna oyiiom ot
these frequencies and probably transmitted.
With one feedline disconnected the observed
power drop was =2,3 db, The normal loss
expected when the input is raduced by 25% is
roughly =1.25 db., This would indicate that

the one open feedline causes enough mismatch

to degrade the performance of the power
combining cavity beyond a 25% loss, The

zsumption is that the normal failure mode

for a transistor is an open circuit and that
its geometry with respect to the input port
introduces the necessary reflection coefficients
to further degrade the signal.
The phase tracking and jitter measurements
indicate that the feed network is quite stable
with a low level of phase jitter. The use of the
statistical loop analyzer greatly enhanced the
acquistion of this data. No effort was made

to correlate the absolute phase difference
between the ports becausevof the difference in
the lengths of the interconnecting transmission
lines.

The attempt to measure the noise threshold of

-
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_ the SPS module was inconclusive due to a failure

to dnvise a suitatle testing procedure. The no
signal noise power level is apparantly less than
the -83 dbm sensitivity of the Stoddard RFI

receiver available in the antenna testing facility.

Recommendations for furth:: development include:

Ll

2,

3.

Gallium arsenide MESFETS suitable fcr use in
the SPS application need to be designed and
developed, Most researchers Jropose a
switching mode of operation (class D or E) (5).
However, the current generation of IIESFETS are
not well suited for cperation in this mode (&),
“"Off the shelf" gallium arsenide devices
capable of operation at 2 - 5 watts have

been recently adapted to operation at the
proposed SPS frequency (4). It is recommended
that these devices be incorporated into the
prototype antenna system. This would provide
for a realistic module power of 8 - 20 watts,
While these devices operate in class AB and
are somewhat short of the desired efficlency,
they represent a reasonéble increment of
improvement. |

It is recommended that the full power prototype
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be tested for the following:
1., Gain, directivity and ‘pattern at
full power,
bs Harmonics, out of band frequencies,

and noise levels to determine the

level of filtering required,
Improvements be made to the microstrip antenna and
cavity as noted by its builder (2), Improvements
in the Q of the cavity system could greatly reduce
the need for filtering
Since class E and other switching modes of
operation require the use of matching networks
to optimiz~ the performance of the transistor (7)
it is recommended that suitable designs be
developed and built. Further, it is recommended
that these be implemented in microstrip with an
eve toward the ability to mass produce. Ideally
any filtering requirements set forth in step 3
could be‘implemented in the matching network,
Additional analysis is needed concarning the
effect of amplifier failure on the power output.
The geometry and design of filtering, phase
matching and impedance matching networks possibly
could be used to minimize the effects of mismatches

caused by the failure of an amplifier.
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1.0 INTRODUCTION OF POOR QUAL

The equations of motion of a satellite in a coordinate system rotating with the
Earth were recently given in reference 1, In this system when the oblateness
(Jp) cocfficient and cllipticity coefficient (Jpp) of the geapotential are
given, it is a relatively simple matter to obtain the equilibrium points of the
problem. This is done in a manner quite analagous to that of finding the
equilibrium points of the restricted three body problem (ref.2). There are
four equilibrium points which are found to occur in the equatorial plane. Two
of the points are iocated over the ends of the minor axis of the elliptical
figure of the Earth's equator and two of the points are located over the major
axis. The rsdii to there points are very nearly the same or the radius of a
sate?llite orbit in a 24-hour period about the Earth.

The stability of our orbit in the neighborhood of these four points is found by
linearizing the equations of motion about the points. This linearization by
definition results in solutions which are valid in our infinitesimal region
about an equilibrium point. This type of stability analysis follows that done
in reference 2 for the restricted three body problem,

In this note the range of validity of the sulutions in the vicinity of the
libration points will be extended to included significant out-of-plane
oscillations by the satellite. This will permit study of the stability of
inclined geosynchronous satellites.
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2.0 THE DIFFERENTIAL EQUATIONS

Following Band (1), the diflerential equations of motion: of a satellite in a
gravitational field with Jy (oblateness) and Jpp (ellipticity) perturbation forms
included in the potential function in a coordinate system rotating with the
Earth are

; - 2wy = {x

*

Y+ 2wx = ¢y (2.1)
T xo2 ,
2
where the force function, ¢ , is defined as

¢ = 172 QZ (x2 + yz) -u, (2.2)

and

M€
+ == (3sin2¢ - 1)
r r3

[ =
n
1
]

(2.3)
€22 -
- === . cosp § cosc (\-Ap3) ,
r3

ls the geopotential function,

where

M = the gravitatioual constant of the Earth,
€2 = 1/2 J2(R°)2,

€22 = 3u Joo (Re)2> 0 (sin.u Joz < 0),

J2 is the oblateness coefficient,

J22 1s the ellipticity (of the Earth at the equator) coefficient,

RE is the Earth's radius,
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res (x2+y2.4+22)/2, (the radius to the satellite),

¢ is the geographic latitude of the satellite measured from the
equator of the Earth,

A 13 the geographic longitude of the satellite measure from the
Greenwich meridian, and

A22 1s the longitude of the major axis equatorial ellipse of the
Earth (a constant)

The quantities ¢ and ) are related to the rotating coordinates by

sl - SR (2.4)
n S - cos S ancccccncces .
¢ r ! ¢ r ‘
and
sin ) Y A : (2.5)
& mmecccaccexaes cos S memecccwcmccmos .
(x2 + y2)1/2 ' (x2 + y2)1/2

The values of Jj, Jopo, and A22 are numbers that have been determined
experimentzlly. If turns out that Jg is of order 10-3, Jpo 1is of order 10-6, ¢
is of order 10-3, €22 is of order 10-9 (by non-dimensionalizing), and Aop is

o
approximately -25,3, By equation (2.5), the orientation of the coordinate sys-
tem is such that x is in the equatorial plane and passes through the Greenwich

. meridian.

By equations (2.2) and (2.3),

H €2
0=1/2 2 (x2 + y2) 4 - - - (3 sin2g - 1)

r r
€22 .
+ -=3 °°° 2 ¢ cos 2 (\-A22) . - (2.6)
r

Then
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1 :
® = 172 02 (x2 + ¥2) u. 3 (€2 + €22 cos 2 (X = A22))

r r
72
- ==(3 €2 + €22 cos 2 (A = A22))
! : l‘s . (2-7)

The point(s) (x,y,z) = (a,b,c), where g,b,c are constant are called
equilibrium (stationary) points, and may be computed by noting that, since

xza,
y=b,

2 =c,

so that equation (2.1) becomes

®x (a,b,c) = C,
¢y (a,b,e) =0, (2.8)
$, (a,b,c) = 0,

_ By taking partial dorivatives of ¢ in equation (2.7) with respect to x,y, and

z, respectively, ard using the abbreviations

3
W(x,y,2) = o - g (€2 + €02 €08 2 (A = A22)),
r3 o
2€22
Z (x,y,2) = ===-- 3in2 (X - A22), (2.9)
ro .
2
Y (x,y,2) = -‘-5- (3 ep + epp cos 2 (X = A22)),
r

[Y 4
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in light of equations (2.8), it turns out that

(o]
‘ ox-E ¢x (a,b,c)
‘ o]
® = Qy (a,b,c)
y
o
® = ¢, (a,b,e)
b4

z2 z2
= XW+ Y2 (1 =« ==) ¢ ==Y
r2
22 22y
z yW = X2 (1 = ==) 4 === Y
2 g2

2

which is satisfied if all of

W (a,b,e) = 0

z (a,b,C) - o
and

Z=c¢:=0

are satisfied.

. By equation (2.9),

Z (a,b,e) =0

glives

sin 2 () - A22)

8o that

A= 22 =0,-5,

=0

37

"' -

5
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(a,b,c) = 0,
(a,b,c) = 0,

2 (02 - W) ! (2 5z ) Y V=0
- - + - - Sne P =0,
5 > (a,v,c)

87:BOND:08/12/81:D5

(2.10)

(2.11)

(2.12)
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and thus
cos 2 (A = Ap2) = #1,

Note that a and b may be computed from equation (2.5).

Also, by equation (2.10)
f W (a,b,ec) = 0
Fhrough equation (2.9) gives

wlp = u/p2 + (3/p)(e2 *+ €22), (2.13)
vwhere

p=r= (a2 + b2 + 02)1/2,

thus enabling p to be computed. (It turns out that p = 42,400 Km.)

1S
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3.0 LINEARIZATION

Motion in a neighborhood of the four libration (stationary) points may be
investigated by introducing displacements [, n, f from a libration point
a,b,c by '

Xza+¢{,
y=ba+n, (3.1)

zzc+y.

Consider the Taylor series expansion of the force function, ¢, about (a,b,c),

) o o o] o 1o
O (x,5,2) =& + (O +dyn + 0 L) + (Dyyi”
2 (3.2)
0 5 © 5, 0 o o
+ Dyn€I + DL +OyEn + O kL +Oyng) ¢ e

By equation (2.1), if a second order Taylor series approximation is used, the
following equations are obtained

E - ami :Ox :@2 + (ngg +@,°(yr| #ngC) =¢)°( +V02 (E.H:C)T

B+ QE =0y =0y + (BpE + dyyn + duL) (3.3)

(o] (o] T
oy *’V@y (& m,g) .

o o o 0 o o
L =0z =0z + (058 *"zyﬂ +028) =4, + VO, (E»mC)T
(o] (e} (o}
Since ¢y z=¢y =0, =0,

s
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equation (3.3) reduce to

. o] [+ (o] )
£ -ain sbpf +dqn +0yk V0, €007
(3 0 O' 0 [o)
N+ AE 2Pyl + P + Ok = Ve, €ne)T

o o
:@z£ *sz‘+@25

or

(E z aﬂﬁ 1+ aui ’ )

where

o] O 0

®xx oxy ®xz

o) (o) (o)

HO = @yx Oyy °yz

o .0 .0
®2x P2y ®22

=0y €087,

87:B0ND:08/12/81:D5

(3.4)

HO(E ,n,z)T , a Yinear equation in §,N,C,

is the mission matrix of ¢ at (a,b,c), the stationary point.

By using equations (2.2) and (2.9), the clements of HO are shown in appendix

A to be
oxx s 2 . 8b2 ’
[o]
dyy = av? - Ba?,
(o]
P2z = - Z-Y
[o) (o]
Qxy = ab (¢ + B) = ny,
0 (o]
Oxz =0 = sz,
(o] (o]
Qyz = 0= @,y

og\gmm m
OF POOR Q
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where

a = 3u/p5 4 (15/0T)(€5 & €5)),
B = + Ueyy/pT, (3.6)
Y = (2/P5) (353 + €32).

Thus, by equations (3.4) and (3.6),

£ - 2wl = @a2 - Bp2)E 4+ ab(a@ + Bn
N+ 20t = ab (a+ B)E + (ab2 - Ba2)N ' (3.7)
£ = (w2 - Y)EL,

Note that equation (3.7) states that the out-of-plane motion (z-direction)
is completely uncounied from the in-plane motion (x-y plane, or equatorial
plane). Bond ( ,pr.i2-17) discusses the stability of this motion which
allows a solution tc the differential equation (3.7).
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LYY
4.0 QUADRATIE EFFECTS OF POOR QUAL:s

As in section 3.0, consider a third-order Taylor series approximation to the
force function given by equation (3.2), {i.e.,

o 1 o o o o
| ¢ (x,y,z) = oo + (0:; + O;n +0 L) + 5"’:0&2 + °yyn2 + 52
o o o 1.0 3 o 3
+ 2@xy§n + Dyt + 20yzn§) + Sl(oxxxg + nyyﬂ 1.1)
° 0 o o
+ dzzzk3 + WyxEon + Wxxk % + NyyyEn?
o o o
+ ”yyzﬂzt + Wyzbe? + 3°yzzﬂl;z

* Bxydng)ese -

o o o
Since ¢y = ¢y = ¢, = 0, by using equation (4.1) and suvstituting into equation
(2.1), the t‘ohowing equations are obtained:.

. 0o 0 o 1 ° 5, 9 >
E = 2um = &x = (Oxxf + Oxyn + Oxzf) + ;_' (PxxxES + ®xyyn
o , o o _ o
+ Oxz2° + ypxyEn + 0yy28% + WBxyzn2)
0 1 o
= Vox (€n.0)T + ot (€n,g) Hy €m0,
. o} o o 1 ° o >
n+ 2 = ®y = (@yxg + ¢yyn + QyzC) + 5’ (¢yxx£‘ + ¢yyyn

(4.2)

o] 2 [o] [o] (o]
+ dyz2Lc + yxyEn + 0yx2EL + 2byyzng

[¢) 1 (o]
V@y (E.H»C)T + 5! (E’nvc) Hy (E,n,C)T,

e
"

° o o 1 ° 5 ° ,
$z = (OzxE + Gzyn + Oza0) + ;.' (OzxxE< + Pzyyn

°o o o °
+ Ozz20° + 20xyEn + W3xzEL + 20zy,n0)

(o] 1 o
Vo, (E.n,C)T + 5' €mn,g) Hy (E:n-C)T.

10
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where OF POOR QUALITY
o 0 o
owxx way owxz .
o (o) (o] [o]
i Hy = owyx owyy °wyz
S LA

WZX 'WZYy w22

rhere the index variable w = x,y,z.

Note that equation (4.2) pass on a quadratic form not found in equation (3.4).

By using equations (2.2) and (2.9) (see the appendix), the following equations

are obtained (this is similar to the
through (3.7)).

E -2wn = (a2 - Bb2) § + ab

1 3
+~a 04 - (a?
2 p2

1
+-a (a+ 2. Y)g2
2 pe

- 5a2v 4+ 28  &n,
na+ 2wl = ab (0 + BYE & (ap2
- 5a2v 4+ 2B &2
1 5
+ =b (@ + -2 Y)E2

2 p2

+ 2B &n,

analysis performed in equations (3.4)

(@ + B)N 4+ —Ja G4 -2(b28 - a2)) E2
2 p2

- 4b2) B - 5b2v 4+ 2B n2
(nOB)

eb @43 (b2 - 4a2) B

p2
. 1 3
-Ba2)n 4 -b @4 -2 (b2 + 4a2)B

2 p2
3 a4 (a28 - p2v) n2
2 p2 (4.4)

+a @+ (a2 - yp2)B - 5p2v

1"
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5

Cs (w2 -y)l 4 (aae = Y) (af + bn)Z, (4.5)
p

where

u 7
Vz ee ¢ we (E + € ).
05 o7 2 22

S
ORIGINAL PAGE |
OF POOR QUALITY

12



87:BOND:08/12/81:D5
5.0 SUMMARY
In 1 , by using a second-order Taylor series expanded about a stationary.

point, Bond found the following linear second-order differential equations
governing motion about the stationary point (see ¢q.(3.7)):

£ - am; z (qa? nsb?)g +ab (@ +8)n,
n-2n =ab (g +B) + (ab? - ga)y,,
g = (w2 -y).

By using a third-order Taylor series expanded about a stationary point, it has
been shown here that the following quadratic second-order differential equations
governing motion about the statiorary point (see eq.(4.3), (4.4), and

(4.5)):

E,’-aur;= (aa2-3b2)5+ab(q+9)n + ga a,o--g (bzg
2

[

1
- ad)) 52+-aa+-§ (az-ubz)s + B n2

2 p2
1 5 2 3
+=-afg+==ykc+b q + == (b2-ua2)3-5a2\,
2 p2 p?
+% ET] ’ ‘

n "‘aug. = ab (@ +8) ¢ +(ab2-382)n

1 .
+ =D a+-§ (b2-ua2)3-5a2\, + 3 52

2 P

I 5 1 5
+ «-b q+--(828-b2\)) n2+-b(a+--y);2

2 p? 2 p?
+aq+-§ (az-ubz)B'sz\) +3 En ,

o
5
g = (w2-y)g + (a+-sy) (2 + bn)
p

13
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6.0 CONCLUSIONS

Note that the first two terms of the in-plane equations (eqs. (4.3) and (4.4))
are the same as in the linear case (the first two equations of equation (3.7)).
Also, the first term in the out-of-plane equation (equation (4.5)) is5 the sane
as in linear case (the last equation of equation (3.7)). The remaining terms
in equations (4.3) through (4.5) are quadratic terms. Then, it is necess~ry to
80 to a third-order expansion cf the force function ¢ to observe roupiing
between the in-plane and out-of-plane motion, i.e., so that the in-~plane and
out-of-plane motion do not aseem to be independent of one another.

The next phase of study will be to consider only the coupling effects of the
in-plane motion in the out-of-plane equation (equation (4.5)). Note that the

.out-of-plane equation has a perturbation from the nonlinear terms which is of

the order of the frequency, .

1L
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Figure 1.~ The geometry of the rotating system.
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TEMPORAL CHANGES OF THE GLOBAL REFLECTANCE
OF A WHEAT FIELD AS A FUNCTION OF
DAILY SOLAR IRRADIANCE

Prof. Guy A. Franceschini, Ph,D,
Department of Meteorology
Texas A&M University

Supervisor: Dr. David E. Pitts

Supporting Research Branch
Earth Observations Division

Abstract: Based on in situ measurements of incident and

reflected solar irradiation over a wheat field,
daily values of the surface reflectance, a scene
signature, were determined. for a crop year.
Diagnoses of these data reveal the character of
the signature, and its changes with time, crop
stage, and the magnitude of incident irradiance.

The latter varies inversely with cloud cover.



1. Introduction

This is a diagnostic study of the characteristics of thermal-IR
signatures of a field planted in spring wheat during the 1978 crop
year. To date, and to my knowledge, the greater effort in dealing
with crops and satellite~derived data has involved shortwave radiation,
i.e., solar radiation, of which 99% is in wavelengths shkorter than
4.0 um. This concentration of effort is primarily a consequence of the
large variations in optical properties, viz., reflectance, associated
with soil and crops. Such variations are wavelength dependent, and are
a function of crop geometry, stage of maturity, and stressing which is
associated with atmospheric and edaphic conditions. In addition, the
nature, condition,and moisture of the exposed soil also influence the
surface reflectance to a great degree. Hence, spectral measurements of
surface-reflected shortwave radiation make it possible to characterize
soil moisture, and crop extent and conditions, as well as to estimate
ultimate possible crop yield.

In considerations of thermal infrared radiation, i.e., that within
the terrestrial waveband which extends from 3.0 to 80 um, we essentially
are dealing with a thermodynamic coordinate, temperature, of the target.
Ideally, most terrestrial surfaces behave nearly as 'black bodies' in
this longwave spectral domain. However, except for limited wavebands,
the atmosphere also behaves as a black body primarily because of carbon
dioxide, water vapor, methane, nitrogen-oxygen molecules, and clouds.
Consequently, to view the surface with satellite-mounted sensors on
essentially cloud-free days, we must select a spectral region over which
the atmosphere is nearly transparent, e.g., 8-13 um. Unfortunately, the
atmosphere, even in this waveband, behaves as a somewhat 'dirty window'
having a transmittance less than one. Nonetheless, meteorological sat-
ellites effectively and routinely use this waveband to delineate surface
(land and ocean) and cloud top temperatures, i.e., corditions associated
with weil defined norizontal temperature gradients.

A éuestion which should be asked is: Can such infrared spectral
information be used tc characterize croplands? 1In this study, we have
examined spectral radiance data obtained with sensors mounted on an

aircraft flying at a low altitude over an area planted in spring wheat.
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Because atmospheric interference is minimized due to the low altitude,

the data may be considered a ground truth for satellite measurements.

2. Theoretical considerations

i

a. The nature of radiation

According to Planck's law, the monochromatic radiance, R from a

A'
blackbody may be expressed as a function of wavelength, A um, and the

temperature, T °K. For the units chosen,
5 -1 2
R, = (c1/A ) (exp (c2/AT) - 1) (uW/cm? sr um), (1)

where: ¢y = 1.19096 x 10!0; and ¢, = 1.43879 x 10*. For given
values of RA and A, the effective or radiation temperature of a target
may be computed using (1). The Planck curve, as given by (1), for a

blackbody at a temperature of 300°K is shown below.

PLANCK CURVE FOR T = 300°K
1200 ~

10.4

PR

R, W
cm® sr um

600

A [um)
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As seen in the figure, the modal wavelength, i.e., the wavelength
of maximum radiance, is near 9.66 um. The total waveband of interest in
this study, 10.4 - 12.6 um as indicated in the figure, involves nearly
14% of the total radiance. 1In addition, within this spectral band, the
value of RA varies inversely with wavelength. Observed values in this
band range from 750 to 1130 SU (1 SU = 1 Standard Unit = 1 uW/cmzsr um)
with associated effective temperatures from 290°K to 310°K, respectively,

over the limits of the total waveband.
b. The energy budget

Changes in temperature of a target depend upon its net gains and
losses of energy. A physically sound approach to the problem is given
by the energy equation which is a statement of the boundary condition
at the interface between the atmosphere and its subjacent volume. The
condition states that the energy flux is continuous across the interface,
i,e., the net flux on both sides of the boundary are equal. In terms of
energy fluxes, and with the convention that fluxes toward the interface,
on both ;ides, are positive, the energy equation may be symbolically

expressed as
N + Q9 4+ L + H = 0. (2)

In (2), the first three terms refer to fluxes on the air side of the
interface, and the last term, H, refers to the flux on the opposite
side, i.e., the side of the subjacent volume, e.g., soil and/or plants.
Indivicial terms are: N, the net radiation, both short- and longwave;
Q, the sensible heat flux; L, the latent heat flux associated with the
phase change of water; and H, essentially the sensible heat flux below
the interface.

Individual terms of (2) may qualitatively be eXpresscs as:

|

net radjation,

N = (1L-11I + (Fy~-F),

where I is the solar irradiance, r is the associated surface reflectance,

and the longwave fluxes, Fy and F, are
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Fa = Ta' (downward from the atmospherr)

F « T4 (upward from the surface target);

the sensible heat flux,
Q = (Ta - T)an

in which v is the wind speed, and n is an empirically derived exponent

often taken as p = 2;
the latent heat flux which may produce surface evaporative cooling,
L « (e, - e)vh,

where ez is the vapor pressure of the air, and e is the vapor tension

of the target surface; and finally,
the sub-interface flux,
H ax (T-Tz)'

in which T, is a near-surface temperature of the interior of the target.
Consequently, the energy equation shows the interrelations and feedback
mechanisms between the transfer processes. More importantly, for our
purpose, it indicates the dependence of target temperature, T, on the
atmospheric elements, i.e., temperature, wind speed, and moisture, as
well as the moisture state of the target, both soil and crop.

In particular, the heat transfer, H, within crop and soil, which
must balance all the other in-air fluxes, represents the energy which
enters the surface, and is consequently responsible for target temper-
ature changes. For a thin near-surface layer of the target, extending

to a distance z; from the interface,

(dT/3t) <« (Hy - H), (3)

where H) represents the flux across the level z;, and depends on the
temperature gradient at that interior level. 1In (3), a prognostic
equatioh, we see the dependence of the rate of surface temperature

change én the atmospheric fluxes, since, from (2), H= -(N + Q + L).

¢. Areal averaging

In principle, (2) applies to each different element of the surface,
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crop and swil, separately. However, for this study, we will treat the
target arc... u, as a collective system with representative temperature

T, as an area average defined by the mean-value theorem:

m

T o= (wfrdu = (1w ]t (4)
u t=1

In (4), T represents the variable temperature of m target elements, 1.

Since a target area usually consists of soil and crop, a differentia-

tion of the contribution of each to the upward flux of longwave radia-

tion, F, is important. If c represents the fractional area of the

target which is covered by the crop, i.e., ground cover, then in a

manner analogous to (4), area-weighting each contribution leads to
F = cF, + (1 - c)Fg, (5)

where subscripts ¢ and s refer to crop and soil, respectively, and

where RA is the measured monochromatic radiance of the collective
target, as given by (1).

Since airborne sensor measurements slur the successive readings
over different wavelength intervals, a further area-weighting of the
individual readings is possible. For example, if Allrepresents the
fractional target-area overlay successive readings, a different
space-average value of target temperature, <Ty>, at time t, may be

defined as

STe> = (Ap-yTe-j + Te *+ ApagTrag) /By + 1+ Agyy), @

]
1

| , .
where: the T values are obtained from radiance data assigned to the
central wavelength of the interval; and j and k represent the interval
of time, respectively, between values preceding and following that at

time t. The values of A‘ in (6), pertinent to this study, are treated
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in the section on target geometry. However, due to time limitations,

such area-averages of target temperatures were not calculated.

3. Observations

There were five observation periods, each on different days of the
1978 crop year. Measurements were made of: spectral radiance over a
time interval of 48 - 56 s, once each day; atmospheric elements; soil
tfield moisture; and certain agronomic information. Each is discussed

below.
a. Ancillary data

Supporting simultaneous atmospheric measurements of wind, pressure,
temperature, relative humidity, and cloud cover were made during each
observation period. Agronomic data inclnded: ground cover (including
weed coverage), maturity stage, plant height, and dates of planting
and harvesting. Field moisture information consisted of qualitive
estimates, e.g., dry, damp, and wet. The latter condition, although
not reported, was assumcd after viewing phdtographs taken during the

observation periods. Information on soil type was not available.
b. Radiance data

The radiance sensor of the airborne Field Spectrometer System,
FSS, has a field of view of 20.00°, and a scan rate of 1 s, i,e., all
channels were slur-sc2 mned sequentially every second. In all, there
are 42 channels from 10.4 to 12.6 um, and each covers an interval of
0.05 um. Average values of monochromatic radiance were available for
five wavebands involving different numbers of channels, hence, differ-
ent timL intervals, and different areas viewed. Details are tabulated
below, ihere AX ig the wi/ ‘ength interval, and \ is the median or

central wavelength of t’ iterval.



Band A No. Channels by Scan Time
(Wm) (um) (s)
1 10.40 - 10.80 8 1G.50 0.191
2 10.80 - 11.30 10 11.05 0.238
3 11.30 - 11.80 10 11.55 0.238
4 11.80 - 12.30 10 12.05 0.238
5 12.30 - 12.50 4 12.40 0.095

4. Target geometry

Flight altitude was 60.96 m (200 ft). Consequently, with a 20.00°
field of view, the target diameter was 21.5 m. At a flight speed of
96.52 km/h (60 mi/h), the distance between initiation of successive
l-s scans was 26.82 m, and the average length of the area scanned was
approximately 1.6 km. Hence, the area scanned was approximately 3 ha.

Since the distance l “tween successive scans of any specific wave-
length band is greater than the target diameter, there is no overlap of
related targets. Howezver, target areas of sequential but different
wavebands do overlap. In general, if we assign the average radiance
value of a waveband to the central time, hence, positicn, of that
waveband, the overlap area A‘ of two successive and related targets

may be expressed as

A = {nad? - 2L‘./'ETTI{‘ - (Zd?)sin'l(Ll/d)}/‘l, (7)

where d is the target diameter, and L1 is the variable distance between

successive target centers. Values of L1 and the related fractiomnal

target overlap, A‘ associated with successive average radiance readings

are ygyiven below. Fractional target areas from {7) may be used in (6)

to eval#ate <T1>' Again, due to time constraints, it was not possible
i

to complete the evaluations.
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Bands L A
(m) (%)

1l to 2 5.747 74.58
2 to 3 6.386 71.77
3 to 4 6.386 71.77
4 to 5 4.470 80.19
5tol 3.832 83.01

5. The site

The observation site is located in the wheat drylands of Hand Co.,
SD, in field No. 281, having an area of 128 ha {316 acres). Specific
location is: 44° 30' N, and 99° 0' W. The field was planted in spring
wheat, variety Fortuna HRS, on 26 April 1978, using the R-and-R method
with 7 in. between rows. The crop was harvested before the last period
of observation on 16 August 1978. Plants had attained a height of .81p

at which time the ground cover was 30%.

6. Source of data

Data were obtained from the Laboratory for Applications of Remote
Sensing (LARS) of Purdue University, West Lafayette, ID. LARS was
responsible for taking the observations, as well as determining the

average radiance values.

7. Discussion
,l
Daka are presented on the following five figures, one for ~cach
observation period. Each contains a time reference, all available

ancillary data, and graphs of average monochromatic radiance values

for each of the five wavebands. The latter are plotted versus time
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and approximate travel distance. Included in the graphs are scales
for temperature, one for each waveband. These effective temperatures
were calculated using the Planck relation as given by (1). Local mean
solar time for the site is approximately 6.6 h earlier in the day than

the indicated GMT.

a. Observation number 014, 780515, 17:13 GMT

On this day, 19 days after planting, the crcp had not cmerged, but
there was a reported ground cover of 10% due to weeds. The wind was
strong from the SSE during this late morning period, and the relative
humidity was only 40%. Both conditions would have tended to enhance the
sensible and latent heat fluxes, but the latter must have been minimal
since the soil was reported as being dry.

variations of radiance values for all bands were in phase, and
showad a range of 61 to 87 €U with B-5 (Band 5, 12.40 um) and B-l
(Rand 1, 10.60 um), respectively, which correspord to ranges of T,
the effective temperature, of 5.1° and 5.5°K. The average range, AT,
for all bands was 5.3°K.

In considering the average values of T, i.c¢., T, for all bands,
shown by horizontal lines in the figurce, the maximum difference, dE,
between values was 2.5°K, and was found between data for B-1 and B-5.
B-1 had the highest, B-5 the lowest, viz., 307.9°K ¢nd 305.4°K, respec-
tively. A similar result appeared in all the periods, and may be due
to the method of determining the average radiances. For bands 2,3,and
4, ar < 0.2°K. Of the three, B-2 had the highest temperature, 306.5°K,

For all bands, the values of T were higher than air temperature,
205.1°K. Differences ranged from 10.2°K to 12.£°K. Although excessive,
such vertical differences are not surprising for the following reasons:
the 1% cloud coverage permitted maximum insolational heating; the soil
was dry and essentially bare, thus, evaporative cooling was a minimum;
the time was during the upswing of the diurnal temperature cycle when
air tomberaturo lags that of t“e surface; and the strong winds induced
suffici@nt turbulence to concentrate the vertical temperature gradient,
as shown by the large differences, in the near-surface layer of the

atmosphere.
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MONOCHROMATIC RADIANCE, RX' AND EFFECTIVE TEMPERATURE, T
Date/Time: 780515/17:13 GMT Observation No. 014

Air Temperature, 295.1°K- Wind, 154° 32 km/h; Relative Humidity, 40%

Ground Cover, 10 % (weeds); Maturity Stage, no emergence; PLHT, 0 dm

Field Moisture, dry.
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b. OLservation nuwrber 094, 780602, 15:55 GMT

The maturity stage of tlhe crop, on this 37th day after planting,
was reported as tillering prebud. Plant height was 0.1 m, and ground
cover was 10% with no weeds present. Although the field moisture was
reported as dry, antecedent precipitation and field photographs taken
during the perind indicated a possible wet condition. The wind was
light to moderate from the west; and relative humidity was 60% which
was more in keeping with a non-dry surface. Cloud coverage was only
5%.

As with OBNO 014, radiance variations were in phase, and all mini-
wum values corresponded to the wet and dark areas that were seen in the
photographs. Ranges were excessive, the largest encountered in this
study, and varied from 80 to 110 SU for B-5 and B-1, respectively. The
associated ranges in T were 7.3°K and 7.7°K, with an average for all
bands of AT = 7.6°K.

Values of dT, the interband maximum difference in average values
of temperature, was only 1.8°K, and was found between data for B-1

(T = 295.1°K) and B-5 (T

!

= 293.3°K). For the central bands, 2,3,and 4,
dT < 0.6°K; and for B-2, T = 294.6°K, which was highest of the three.
Although all values of T were higher ﬁhan alr temperature, 290.9°K,
the differenc . were much smaller than in OBNO 014, and ranged from a
minimum of 2.4°K to a maximum of 4.2°K. The lower temperatures were
presumably a consequence, in part, of evaporative cooling of the wet
surface. Also, advection associated with the westerly wind may have
contributed. The latter two comments are speculative, since the true

situation was not investigated.
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MONOCHROMATIC RADIANCE, R, AND EFFECTIVE TEMPERATURE,T

Date/Time: 780602/15:55 GMT Observation No. 094
Air Temperature, 290.9°K; Wind, 267° 14 km/h; Relative Humidity, 60%
Ground Cover, 10%; Ma*urity Stage, tillering prebud; PLHT, 1.0 dm

Field Moisture, wet.
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c. Observation number 243, 780709, 19:01 GMT

This period was shortly after local mean solar noon on the 74th
day after planting. The crop was fully hea@ed; plant height was 0.76 m;
and the ground cover was 30% with no weeds present on the dry field.
The wind was light to moderate from the north; and the atmospheric
relative humidity was 50%. Sky cover was 10%, but should not have
interfered appreciably with solar heating.

As with the two preceding periods, the radiance variations were in
phase, but showed smaller ranges. These were from 38 to 73 SU, again
associated with B-5 and B-1, respectively. Corresponding ranges of
temperature, AT, were 3.4°K and 4.8°K, respectively. However, the
minimum range, viz., AT = 3.2°K, was with B-2, not B-5 as in the two
preceding observation periods. The average range of temperature for
all bands was 3.9°K.

The interband maximum difference between average temperatures, ar,
was 2.3°K between B-1 with T = 300.1°K, and B-5 with T = 297.8°K. As
in the other periods, minimum differences were found between bands 2,3,
and 4, viz., dE-i 0.5°K; and of the three, B-2 had the highest E} viz.,
29¢.4°K, as in OBNO 014.

The average effective temperature, E,‘associated with each of the
hands was again higher than the air temperature, 296.5°K; and the range
of differences was from 1.3°K to 3.6°K. These differences were smaller

than those found in the preceding two periods.
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MONOCHROMATIC RADIANCE, R), AND EFFECTIVE TEMPERATURE, T

Date/Time: 780709/19:01 GMT

Observation No.

243

Air Temperature, 296.5°K; Wind, 005° 16 km/h; Relative Humidity, 50%

Ground Cover, 30%; Maturity Stage, fully headed; Plant Height, 7.6dm

Field Moisture, dry.
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d. Observation number 332, 780726, 15:10 GMT

On this day, the 9lst after planting, the crop, at a height of
0.81 m, was beginning to ripen, and covered 30% of the ground. The
field was dry and weedless. A very light westerly wind, relative
humidity of 54%, and a clear sky characterized the atmosphere.

Radiance variations for all bands were again in phase; and ranges
varied from 55 to 84 SU, with associated AT values of 4.4°K to 5.5°K,
respectively. However, although the maxima were found with B-1, the
minima were in the B-4 data. Nevertheless, values for B-5 were quite
close, viz., 57 SU and 5.0°K. The average temperature range values
for all bands was 5.0°K. The light wind, with a minimum of turbulent
mixing, may have been responsible for these larger values, i.e., as
compared with those of OBNO 243 which had the same percentage value
of ground cover.

Between B-1 and B-5, the interband maximum difference in average
temperature, dT, was 2.3°k, as in the preceding period. Again, the
highest temperature (302.0°K) was associated with B-1l; the lowest
(299.7°K) with B-5. For bands 2,3, and 4, 4T < 0.5°K, with B-2
having the highest of the three, viz., T = 301.2°K.

" For each band, the average temperatufe was higher than the air
temperature, 299.3°K; and differences, which ranged from 0.4°K to
2.7°K, were smaller than in the preceding three observation periods.
This may have been a consequence of the very light winds which may
have minimized the near-surface vertical temperature gradient because

of reduced mechanical mixing.
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MONOCHROMATIC RADIANCE, R)‘, AND EFFECTIVE TEMPERATURE, T

Date/Time: 780726/15:10 GMT Observation No. 332
Air Temperature, 299.3°K; Wind, 265° 03 km/h; Relative Humidity, 54%
Ground Cover, 30%; Maturity Stage, beginning to ripen; PLHT, 8.1 dm

Field Maturity, dry.
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e. Observation number 423, 780816, 15:11 GMT

At this time, 112 days after planting, the wheat crop had been
harvested, and the remaining stubble was 0.25 m high, having a ground
cover of 10%. The field was damp and weedless, but very likely had
some scattered remains of the harvested plants. Wind was moderate and
southerly, sky was clear, and the relative humidity was 45%.

Except for minor deviations, the variations of radiance values in
all bands were in phase, and showed the smallest ranges, viz., 22 SU to
45 SU, of all the periods in the crop year. The associated temperature
ranges were 1.9°k for B-4, and 3.1°K for B-1l, respectively. The average
AT for all bands, as well as for B-5, was 2.5°K, which was the smallest
of all periods.

The maximum interband difference of average temperature, between
B-1 (T = 296.9°K) and B-5 (T = 295.3°K) was 1.6°K, and consequently the
smallest of all periods. For bands 2,3, and 4, dT < 0.3°K. This value
compares favorably with the 0.2°K associated with the period before the
crop emerged when the field was sparsely covered with weeds, i.e., OBNO
014.

Unlike all other cases, the average effective temperature of the
surface, associated with all bands, was lower than the temperature of
the air, which was 298.2°K. Differences ranged from 1.3°K with B-1 to
2.9°K with B-5. Since the soil was damp, we might surmise that this
may have been due to evaporative cooling associated with the moderate

southerly wind.
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MONOCHROMATIC RADIANCE, R)‘, AND EFFECTIVE TEMPERATURE, T

Date/Time: 780816/15:11 GMT Observation No. 423
Air Temperature, 298.2°K; Wind, 190° 18 km/h; Relative Humidity. 45%
Ground Cover, 10%; Maturity Stage, harvested; Plant Height. 2.5 dm

Field Moisture, damp.
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Pertinent details of this data diagnosis are summarized in the
following figures, in which data for each observation period are
aligned vertically. Fig. A presents field moisture and agronomic
features, i.e., ground cover and plant height as a function of the
number of days after planting. Fig. B shows temperatures of surface
(only the extreme values) and air, as well as AT and maximum dT values
as a function of time of day. The last, Fig. C, presents atmospheric
data, i.e., relative humidity and wind (numbers near the plotted wind
speed points represent direction in degrees), plotted versus date.
Since the characteristics previously discussed are evident if the

figures, no further comments are needed.
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FIGURE CAPTICNS

Sponge moisture variable.

£

Texas sponge values: 1980 (Appendix)
n

Normal annual Texas sponge values

Texas sponge values: April, 1940 "
Normal Texas sponge values: April "

Texas sponge values: July, 1980 "
Normal Texas sponge values: July "

Texas sponge values: October, 1980 "
Normal Texas sponge values: October "

Example of a band of 5 NCAA/AVHRR Scanlines and the 5x5 pixel sampling
grids along the Texas transect.

The normalized difference (ND) regression for 3 sample dates in 1980
along Texas transect.

The mean normalized difference (ND) regression 1ine for 3 dates in
1980 along Texas transect.

Long-term (1941-1970) sponge normal values and regression from 25
stations on Texas transect.

Normalized difference (ND) values vs. sponge indices for 12 sites
(3 dates) along-Texas transect.

Mean normalized difference (ND) regression (see Figure 8) vs. sponge
line (see Figure 9) on the Tevas transect.

Vegetation - Sponge Index (VSI) values along the Texas transect and
suggested limits of the vegetation regions.




MAP CAPTIONS

1. 8-inch sponge normals for Texas: 1941-1970.]

‘Except as noted in Table 2 (Appendix).
2. ‘Normal annual average of 8-inch sponge - State of Texas.
3. MNormal January average of 8-inch sponge - State of Texas.
4. Normal average April 8-inch sponge - State of Texas.
5. Wormal July avziage 8-inch sponge - State of Texas.

v. Normal October average 8-inch sponge - State of Texas.

7. 12 sample locations on Texas transect. Letters {A-D) refer to major
vegetation regions along transect.!

Yodified from Gould (1975).

8. Location of stations used to calculate sponge values along Texas
transect.

9. Mean B-inch sponge values along Texas transect: 1930
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I. OVERVIEW

Phase 1 of this investigation has several objectives: (1) to test a new
experimental climatological model/variable termed the sponge for potential
biogeographical, ecological, and climatological applications (the sponge

is a measure of moisture availability based on daily temperature maxima

and minima, and precipitation); (2) to investigate the ‘feasibility of
utilizing NOAA/AVHRR meteorological satellite data for vegetation classi-
fication; and (3) to initiate a vegetation gradient modei that utilizes
climatological (i.e., sponge), biological, and MOAA data that is ultimately
applicable to global vegetation stratification and monitoring.

To accomplish the initial objective, mean monthly and annual sponge values
are calculated for 75 Texas locations for the "normal" period of 1941-70.
Similar values are also computed for approximately 25 stations along an
east-west transect across Texas for 1979 and 1980. Results suggest that as
a generalized climatic index, sponge's simplicity and sensitivity make it
particularly appropriate for trans-regional biogeographic studies.

The latter two objectives were approached by acquiring vegetation, clima-
tological (sponge), and AVHRR pixel data (cnannels 1 and 2) for 12 locations
along the east-west Texas gradient. The normalized difference (ND) values
-for the AVHRR data when plotted against the vegetation characteristics (hio-
| mass, net productivity, leaf area) and. the sponge values suggest that a
multivariate gradient model incorporating AVHRR and sponge data may indeed
be useful in global vegetation analysis,




I1. THE SPOMGE: A NEW ECO-CLIMATOLOGICAL VARIABLE

The planetary distribution of types of natural vegetation is largely a
function of climate, most especially of spatial variationc in energy and
moisture budgets. As a general rule, climate is recognized as the pre-
eminent control of natural vegetation at subcontinental-to global-scales.
For small areas, geologic, pedologic and other local factors may dominate
for long, even indefinite, periods of time.

Natural scientists such as ecologists and biogeographers have attempted to
utilize climatic measures and indices in surveys, stratifications and
classifications 6f natural vegetation. Typically, it is assumed that most
major ecoregion and native vegetation-region "boundaries" actually represent
climatic discontinuities or "breaks". This assumption, while not entirely
valid, probably is reasonably accurate,

A key problem for such scholars has been the determination of a simple but
accurate climatic "index" (or indices) which would reflect the primary
spatial variations in moisture and energy balances and, hence, could be
applied to the classification of native vegetation. Climate itself, a
complexly synergistic synthesis of many variables, does not readily succumb
to quantitative classification. [For example, what is the "real" boundary
between a desert and a (semi-arid) steppe? In fact, of course, there is no
"abrupt statistical 1imit but rather a gradual transition from one type into
another.] '

Identifying and quantifying climatic factors which explain the distribution

of natural vegetation is even more challenging. Temperature and precipitation
by themselves are poor descriptions of climate and, hence, explainers of
vegetation distributions (Mather and Yoshioka, 1968).

It is therefore essential to select and/or develop climatic indices which
influence vegetation growth and development. Most recent approaches to this
problem emphasize the importance of moisture availability (e.g., surpluses
versus deficits) and, more specifically, evapotranspiration. Unfortunately,
evapotranspiration is measured at very few places, and even evaporation
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itself is not widely monitored. Numerous models have been developed which
estimate evaporation from measurements of air temperature, average wind
speed, and net radiation (Penman, 1948; Jensen et al, 1970), but their
usefulness is constrained by the sparcity of stations which record solar
radiation and wind speed.

Simpler evapotranspiration schemes which require only air temperature and
precipitation -- both commonly measured around the world -- have been de-
vised (e.g., Thornthwaite, 1948; Criffiths, 1964; Moe, 1955; Trenchard,
1976). Thornthwaite's classification made use of mean monthly temperature
and precipitation values to generate a moisture index. Because of its
relative simplicity and accuracy, Thornthwaite's approach has been widely
adopted (e.g., it is used to calculate the USDA's Crop Moisture Index).
However, its use of average monthly temperatures somewhat limits its
sensitivity to variations in continentality and altitude.

An alternate method of relating climate to vegetation is that of multi-
variate discriminant analysis of climatic variables to determine their
relative influence in a particular ecoregion (e.g., Biogeoclimatic Units
of Vancouver Island, Klinka and Nuszdorfer, 1979). While very accurate
for detailed, site-specific studies, the resulting multiple regression
equations tend to be (a) cumbersome and lengthy, and (b) less applicable

" to regional and global-scale vegetatiop classifications.

Thus climatologists, geographers, and ecologists interested in large-area
comparisons have found themselves forced to choose between an approach
which stratifies climate somewhat too broadly (e.g., Thornthwaite's) and
another which "hides the forest for the trees", viz., too much emphasis
on detail (e.g., Klinka and Nuszdorfer).

Recently, Trenchard and Artiey (1981) developed a new climatological/
meteorological variable whose simple form, minimal data requirements and
accuracy make it an ideal candidate for application to meso- and macro-
scale biogeographical, agroclimatological, and ecological investigations.



This hypathetical medium is termed the sponge (see Figure 1). Sponge's
rationale is summarized as follows (Trenchard and Artley):

We desired a simple moisture variable with a sound
physical basis that used common meteorological variables,
was suitable over a broad range of climates, and aopli-
cable to a single station. The result was named sponge.

Sponge is described as a simple medium with 8 inches
of water holding capacity which is initialized half-full
of water on 1 January.* Each day, in accordance with
the hydrologic cycle, water is added to the medium from
precipitation and lost through evaporation. Precipitation
(both liquid and frozen) is added at the full amount until
the layer is saturated. It is this sponge like behavior
which gives the variable its name. Any additional pre-
cipitation is assumed to be lost as run-off or drainage.
Evaporation occurs at a fraction of the Class A Pan rate,
the exact proportion being the ration of the current
contents to the total capacity of the sponge. Either
actual or estimated evaporation pan values may be used.
The daily contents of the sponge are defined as:

S; = S;q * Py - (E; *s. 1/CAP)

i i-
Where:
Si = Sponge contents on day i, in inches.
Pi = Precipitation on day i, in inches.
E = Actual or estimated pan evaporation in inches on day i.
CAP = Sponge capacity in inches

and 0 £ 5, < CAP

When evaporation pan measuremants are not available, they
may be estimated with a divisor of 30 days to convert the
evaporation function to a daily value.

j jo1 t Pi_(EP(TXi. TNi)*Si_]/CAP*BO)

*Alternatively, the final valu: of the previous year may
be used as an initial value, and the capacity may be varied
for a particular region.
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Where:

Sp = Pan evaporation function

TXi Maximum temperature on day i.

™,

Minimum temperature on day 1.

Because of its simple data requirements (daily pre-
cipitation and evaporation estimated form maximum and
minimum temperatures), the sponge can be calculated at
any temperature precipitation observation station.

Long-term (1941-1970) sponge "normals" (average values) were recently cal-
culated for all first-order meteorological stations in the counterminous

USA (Trenchard, 1981). Some representative values are presented in Table 1.
It is interesting to note that mean annual sponge values were found to range
between Yuma, Arizona (0.20") and Mt. Washington, New Hampshire (g8.00", or
absolute sponge capacity).

Sponge is concluded to present a meaningful measure of areal "environmental
moistness". As a generalized climatic index, sponge's simplicity and
sensitivity make it particularly appropriate for transregional biogeograph-
.ical studies (e.g., a large-area vegetation classification).
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Station
Mt. Washington, MN.H.
Stampede Pass, Wash.
Caribou, ME.
Duluth, Minn.
Pensacola, Fla.
Seéftle, Wash.
Cincinnati, Ohio
Chicago, I11.
Key West, Fla.
Houston, TX.
San Francisco, Cal.
Dallas, TX.
walla Vvalla, Yash.
Salt Lake City, UT.
Goodiand, Kan.
San Diego, Cal.
E1 Paso, TX.

Yuma, Ariz.

Latitude (°N)

J

Longitude (°W)

Mean January
Sponge Value (")

lean July
Sponge Value (“)

p
Mean Annual
Sponge Value (")

44,
47.

27
28
46.37
46.83
30.47
47.45
39.05
41
24

29

.98
.55
.97
©37.62
32.90
46.03
40.78
. 39.37
C 3.7
31.80
32.67

Table 1.
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S,
121.
68.
92.
87.
122.
84.
87.
81.
95.
- 122.
97.
118.
11,
101.
17.
106.
114.
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Y

8.00
8.00
8.00
7.97
6.98
.00
.89
.85
.77
.56
17
.26
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)
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2.29
0.76
0.42

Selected USA 8-Inch Sponge Normals:

1.7

1941-1970.
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.00
.78
.47
.01
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.58
.CO
.32
.66
.39
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.28

N

13
1.14
0.99
2.15
0.60
0.67
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8.00
7.49
6.89
6.73
6.41
5.67
5.24
5.04
4.50
4.27
3.35
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3.06
2.79
2.14
1.60
1.37
0.64
0.20
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I111. THE SPOMGE VARIABLE AS APPLIED TO MOISTURE AND VEGETATION
GRADIENTS IN TEXAS

There exists in Texas the most pronounced continuous, non-orgraphic,
intrastate climatological gradient found anywhere in the United States.
At least four distinct, first-order climatic types occur within the state
(humid subtropical, tropical steppe, tropical desert, and mid-latitude
steppe), with many more important subtypes (e.g., subtropical subhumid).
In particular, there is an extraordinarily steep east-west moisture
gradient, ranging from very humid .in southeastern Texas (mean annual
precipitation>>56") to true desert in far western Texas (average yearly
precipitation € 3,0"). This aradient strongly influences ecological
patterns, and virtually controls the regional distribution of natural
vegetation.

Texas is, then, an excellent natural "laboratory" to test the responsive-
ness and usefulness of the sponge variable (e.g., with respect to the
classification of natural vegetation utilizing satellite data). With this
in mind, mean sponge values were calculated for various Texas locations in
order to address these questions:

1. Does use of the sponge portray the distribution of climates
(especially moisture regions) in Texas better than, say,
precipitation alone?

2. If sponge accurately reflects the climates of Texas, can these
values be meaningfully correlated with vegetation-index ("green-
ness") values as measured from snace by NOAA meteorological
satellites (see the discussion of these indices later in this
report)?

3. If the answer to question (2) is affirmative, can a combination
of sponge and satellite-derived greenness indices be used to
classify the major natural vegetation regions/types of the
state? If so, it might wall prove feasible to utilize this
methodology for other large-area and even global-scale vegetation
surveys and classifications.
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Climatic Strata And Gradieats in Texas Using The Sponge: Long-Term "Mormals".

In order to assess sponge's potential usefulress as a climatic index in Texas,
long-term annual and monthly sponge "normal" {1341-1970 mean) values were com-
puted for 75 locations widely distributed throughout the state (see Map 1).
Sponge values were obtained by utilizing (1) the formula presented in section
1 of this report, and (2) mean monthly temperature maxima and minima, and pre-
cipitation, as compiled by t+ U.S. MNational Weather Service (NOAA)*,

The results of these computations are illustrated in Maps 2-6, while Tables
2a-2e (Appendix) present average normal (1941-70) monthly and annual precip-
itation and sponge values for each 'of the 75 locations. They are largely
self-evident, but several of the more intriguing aspects should be briefly
addressed.

Mean annual sponge values are greatest in the southeast (e.g., 5.2" at
Beaumont) and decrease continuously to lows in the westernmost quadrant
(0.49") at Presid.c in the Chihuahuan Desert). This is virtually identical
to the pattern o/ average annual precipitation. However, sponge appears to
more accurately portray (1) seasonal moisture changes across the state, and
(2) the magnitude of differences in the relative moistness of the varous
parts of Texas than does either precipitation or potential evapotranspiration

. (estimated by Thornthwaite's method; see Table 3).

With respect to season, Figures 2-5 (Appendix) and Tables 2 (Appendix) and 3
clearly indicate that, for vegetative activity, winter and spring are the

wet seasons in East Texas while summer and fall are the moistest periods in
West Texas -- quite unlike the seasonal distribution of precipitation alone,
which is greatest in the summer throughout the state. (Thornthwaite's "Index
of Moisture" would also reveal this aspect but, because of its reliance on
mean monthly temperatures, with less spatial sensitivity than sponge; Carter
and Mather, 1966).

*Daily data were simulated from monthly mean temperature maxima minima, and
precipitation for each station for 1241-70 using a series of harmonic trans-
formations. For 1979 and 1280, actual daily data were used.
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Map 1.

8-INCH SPONGE NORMALS FOR TEXAS
(PERIOD 1941-70, EXCEPT AS NOTED IN TABLE 2)

LEGEND

SPONGE NORMAL IN INCHES

@,.___._— ISONORMS
(] <o B o
e R

® STATIONS FOR WHICH NOAA CLIMATIC
DATA WERE USED TO CALCULATE SPONGE
“NORMALS" (i.e. MEANS, 1940-70)
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Map °.

NORMAL ANNUAL AVERAGE OF 8-INCH SPONGE -
. STATE OF TEXAS |
(PERIOD 1941-70, EXCEPT AS NOTED IN TABLE 2)

LEGEND

SPONGE NORMALS IN INCHES

@—»—\—-——- ISONORMS
< 3.4°

2 4"

NOTE:

MAPS 2 — 6 ARE BASED ON COMPUTER-GENERATED
GRAY-SCALE PLOTS —— VALUES SHOWN ARE
GENERALIZED (1° x 1° AVERAGES].
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Map 3.

NORMAL JANUARY AVERAGE 8-INCH SPONGE -
STATE OF TEXAS
(PERIOD 1941-70, EXCEPT AS NOTED IN TABLE 2)

v

LEGEND
SPONGE NORMALS IN INCHES TR
..__.--- ISONORMS 98"
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Map 4.
~ NORMAL AVERAGE APRIL 8-INCH SPONGE -
STATE OF TEXAS
(PERIOD 1941-70, EXCEPT AS NOTEL IN TABLE 2)
- 32° 106°

LEGEND

SPONGE NORMALS IN INCHES
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Map 5.

AL JULY AVERAGE 8-INCH SPONGE -

STATE OF TEXAS
EPT AS NOTED IN TABLE 2)

NORM

(PERIOD 1941-70, EXC
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Map 6,

NORMAL OCTOBER AVERAGE 8-INCH SPONGE -
STATE OF TEXAS

(PERIOD 1941-70, EXCEPT AS NOTED IN TABLE 2)
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6"" Station

1 Paso/La Tuna

| Paso/La Tuna

| Paso/La Tuna :
1 Paso/La Tuna

1 Paso/La Tuna
icCamey

IcCamey

irCamey

‘cCamey
IcCamey

femple

ler o

iemble

Temple

femple
“ort Arthur/Beaumont
Port Arthur/Beaumont
Port Arthur/Beaumont
Port Arthur/Beaumont

Port Arthur/Beaumont

Table 3. Comparison of Normal Average Spo
Actual Evapotranspiration!, and

1o E. and A. E. values extracted from: Average Climati
Pa © VII, United States, 154, C. Y.

Period
Annual
January
Apri)
July
October
Annuai
January
April
July
October
Annual
January
Ppril
July
October
Annual
January
April
July

QOctober
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Precipitation

Potential
Evapotranspiration Evapotranspiration 5

8.06
0.41
0.15
1.61
0.70
12.75
0.64
7
1.64

o

w !
-~
—

19

38.
0.
2.
6.

.60

8.

2

40

ar

7t

26

72

.32
.24
.48

(i, AVol. 17, Ho.3, Centerton, N. J.

2a11 values in inches.

\

¢

Thornthwaite Assoc

16

Actual

8.
0.
9.
.76

0.
14,

1

72
44
32

84
28

.32
.88
.60
.20
.68
.44
.92
.20
.92
.44
.76
12
.08
.36

nge,.Pqtential Evapotranspiration],
Precipitation at Four Texas Stations.”

ponae

1

N W B W

™)

0
0
0
0
0.
0
0
0
0

.59
A
.35
.66

73

.94
.28
.61
.99
14
.03
.03
.50
.03
.24
.20
.00
.33

¢ Mater Balance Data of the Contiran

Lacnoratory oi Climatoiogy, :.i
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Regarding differences in the absolute magritude of available moisture from
place to place (i.e., how much wetter is site "x" than site "Y"?), sponge
also proves highly effective, For example, note that [ieaumont's mean pre-
cipitation is 6.4 times that of Presidio annually and, in April, Beaumont's
average rainfall is 21 times that of Presidio. Sponge shows that the
moisture gradient between these locations is actually much steeper: Beau-
mont's mean annual sponge value is 10.5 times greater than that of Presidio
and, in April, Presidio's average sponge value of 0.15" is only 3% of
Beaumont (5.33"), a difference of 35.5X. In other words, West Texas is
nearly twice as dry -- compared with the humid eastern part of the state --
as precipitation averages alone would suggest. Considering that moisture
availability is the primary limiting factor with respect to ecoregions and
natural vegetation communities in Texas, it may be concluded that the sponge
variable is an effective tool for analyzing climate-vegetation relationships.

Recent Sponge Conditions in Texas: 1972 and 1380. Mean monthly and annual
sponge values for the 75 test stations, as well as an additional number of
locations along the “Texas Transect" (see next section) were calculated for
1979 and 1980 to assess sponge's responsiveness to inter-annual moisture
variability. (Only briefly examined here, these variations, and their
associations with satellite-measured vegetative index values, will be more

»‘intensively studied in a later phase of this research effort.) Refer to

Tables 2 and 4 (Appendix; also Figures 2-5 (Appendix).

It is evident that 1979 was wetter than normal in East Texas (e.g., 1979
Ysp at Liberty - 5.31" compared with normal annual Yép of 4.41"), while it
was dry in central Texas {(e.g., at Brady, in 1979 ng = 2.09";

Xspnormal = 1.96") and near-normal in West Texes (e.g., at Balmorhea,

1979, XSp = 0.87"; Xspnorma1 - 0.81").

17
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Intrastate moisture conditions in 1980 were quite different than those of
1979. East Texas was unusually dry in 19830: For example, Huntsville's mean
annual sponge was 2.57", only 61% of the long-term normal value, The differ-
ence was especially pronounced in mid-summer, when this area experienced
drought conditions (see Figure 4 Appendix).

By contrast, 1980 was a relatively moist year in West Texas: Pecos and
Balmorhea, for instance, had annual sponge values nearly 100% above their
30-year normals (see Table 4, Appendix).

Preliminary Assessment of Sponge

Based on these early results, it may be concluded that the sponge is a
useful new climatic variable for purposes of identifying and interpreting
trans-regional moisture (and, therefore, ecological) aradients and strata.
In fact, it may well prove to be, on balance, the best such measure yet
devised for practical large-area analysis. Accordingly, sponge is utilized
in the following sections of this report as a generalized climatic index,
one which is correlated with vegetative indices derived from MOAA meteoro-
logical satellite imagery, as part of a gradient study of natural vegetation
along a hypothetical east-west "Texas Transect”.

18
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IV. THE VEGETATIOM GRADIENT UTILIZING NOAA SATELLITEC IMAGERY

Historically, two broadly conceived research methods have evolved to allow
stratification and abstraction of plan communities, classification and
gradient analysis (Kessell, 1979). Classification involves grouping samples
together on the basis of shared characteristics into an abstract class of
plant communities. Such a grouping of communities by'any definition of
shared characteristics is referred to as a community-type (Whittaker, 1275 b).
The second method, gradient analysis, deals not with discontinuous classes

but with continuity and gradient relationships. When the arrangement is

along a predetermined environmental gradient, i.e. moisture, the method is
termed direct gradient analysis. Indirect gradient analysis is the arrange-

ment of samples along abstract axes that may or may not correspond to envir-
onmental gradients. The process of arranging samples along one or more
environmental gradients is called ordination (Goodall, 1954 cited in Kessell,
1979). Since vegetation varies continuously along a moisture gradient, samples
can indeed be ordinated.

Frequently, the development of a useful classification system requires the
use of ordination methods. Discontinuities in the natural vegetation are
sought for the purpose of determining the boundaries of the comnunity types
recognized. These are often best determined objectively by employing the

. ‘methods of gradient analysis and ordination. The develiopment of a Montana

habitat-type system (Phister, et al. 79/7 cited in Kessell, 1972) is a good
example of the successful use of ordination in developing a classification
system.

Gradient modeling has been the first extensive application of gradient

analysis to the needs of resource management information systems (Kessell,
1979). Gradient modeling involves the linkage of a multidimensional aradient
analysis with a remote site-specific inventory and appropriate computer soft-
ware. Once the gradient model is complete, it can provide quantitative com-
munity inferences (i.e., biomass, cover) if the location of each site within
the gradient matrix is known (geographic coordinates, elevation, aspect, etc.).

19




The initial step is to obtain information about the vegetation., Data on

the vegetation can be obtained by field samples ("ground truth" studies)

! and remote methods (aerial photograpky and satellite imagery). Most systems
use both. Detailed ground truth data are used to derive community-types,
whereas aerial photographs and imagery are generally used to infer the
vegetation of unsampled areas.

To date, a considerable number of vegetation investigations have been carried
out using Landsat MSS imagery but very little has heen attempted with the
meteorologica! satellite systems, particularly the NCAA/AVHRR. Gray and
McCrary (1980, cited in Gray and McCrary, 1981) obtained a high correlation
for detection of vegetation greenness between the NOAA-6 AVHRR Large Area
Coverage (LAC) data sets and Landsat MSS data within identical taraet areas.
This finding led Gray and McCrarv (1981) to suggest the NOAA satellite systems
should be used for monitoring global vegetation. OQne major advantage of NCAA
over Landsat is the tremendous increase in frequency of data collection. Gray
and McCrary (1981) anticipated that variations in the AVHRR responses will
provide information about reactions of vegetation to moisture availability
and thermal effects. They have demonstrated this for croplands in southern
o) Texas before and after Hurricane Allen in April 1980. Since vegetation,
particularly in regions arid and semi-arid is very responsive to moisture
patterns, it is well worthwhile to investigate temporal changes in natural
‘Vegetation and how closely these relatg to shifts in the AVHRP vegetation
index.

Quite likely, we shall ultimately discover that the success of stratifying
different vegetation types from AVHRR vegetation indices will depend not on
spatial distinctions but on temporal distinctions, i.e., the rate and mag-
nitude of the spectral shift during a single season. £Eventually, vegetation
indices can be ordinated (indirect gradient analysis) anc correlated to

ground truth vegetation and climatological gradients (direct gradient analysis).
The ultimate gradient model, incorporating both field and satellite data, may
permit vegetation classification and monitoring of changes with minimal ground
truthing.

20
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Data Acguisition and Processing

The vegetation gradient model initially necessitated establishing a sample
series along an environmental gradient. At NASA/JSC, we were geographically
sitting at the eastern edge of perhaps one of the best natural east-west
gradients in North America: Trans-Texas, along approximately 30 (°N)
latitude. As one moves from Beaumont to E) Paso, Texas, one passes through
four major natural vegetation regions: (a) mixed pine-hardwood forest,

(b) savannah, (c) shrubland, and (d) desert/desert scrub (Map 7). Pre-
cipitation exhibits a continuum that has an annual mean > 50" (east Texas)
to ¢8" (west Texés). The elevation is 0.0' at the Gulf, 5000' just east

of E1 Paso. It would-be difficult to identify a better east-west continuum
anywhere that changes gradually, yet dramatically and without any obvious
disjunctures over a distance of approximately 750 miles. While the soil
and geology definitely change across Texas, we do not intend to include a
discussion of those variables at this time.

Our main objective has been to design a model that may ultimately allow
vegetation classification on a global scale utilizing satellite imagery.
We initially expected to use Landsat data. By a stroke of good fortune,
we discovered that NOAA/AVHRR "Metsat" data was not only being archived
locally by NOAA personnel (T. Gray, D. McCrary) in a readily useahle form

- but it fit our specifications perfectly. The appropriate software had beer

written by Lockheed, Inc., to be able to retrieve raw pixel data for AVHRP -
channels 1 and 2 along specific scanlines or bands of scarlines across the
entire state of Texas. In addition, the software provided geographic
coordinates for each pixel. In order to obtain a specific scanline, it
was really only necessary to provide the specific coordinates at the be-
ginning and end of our trans-Texas transect. Since the MOAA - n series
of satellites orbit is near-polar, sun-syncromous, and twice daily, it
crosses a given longitude at an angle and at varying places. Consequently,
since scanlines are perpendicular to the orbit, it was impossible to select
scanlines that remained “"isolatitude" or were exactly superimposed from one
date to the next. It is also important to remember that NOAA scenes cover
such an expanse that related angles to each pixel vary greatly. To permit
comparisons, the pixel radiance values have been normalized to an overhead
sun,
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Map 7.

12 SAMPLE LOCATIONS ON TEXAS TRANSECT

102° 100°

36° —{36°

106°

32°

12
-
<]
30

LEGEND

A — PINE/HARDWOOD FOREST
B — SAVANNAH '
C - SHRUBLAND

D — DESERT/DESERT SCRUB
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It has been our intention to acquire scanlines for four cloud-free days
during 1980 - one from each season. At this point we have only been able

to process 3 dates (April 19, July 10, October 9); winter has heen excluded
for lack of data. We requested and received bands of 5 adjacent scanlines,
extending essentially from E1 Paso to Beaumont (Figure 6). At predetermined
locations which corresponded to our ground truth sites along the strip, we
sampled a 25 pixel grid (5 x 5), obtaining an average grid value of pixel
counts for each two channels. The selection of the 25 pixel sample grids

was somewhat difficult because it was not possible to accurately ground-
truth the transeét line. The intentior has been to select 12 sites, approx-
imately 3 sites in each of the four major vegetation regions bisected (Map 7).
Using Texas vegetation-type maps (Texas Parks and 'ildlife Department - based
on Lendsat data), original Landsat MSS scenes, aerial photos, Aeronautical
Navigation maps (1:1,000,000), and selected vegetation references (Gould,
1975; see Smeins, 1973), an effort was made to choose "homogeneous"” natural
vegetation sites, devoid of water, urbanization, and cultivation. The site
locations were shifted slightly between sampling dates because the scanlines
could not be superimposed.

It was difficult deciding just how to initially treat the satellite data.
Gray and McCrary (1981) have devised their own vegetation index, that they

"now rather appropriately call the Gray-McCrary Index (GMI). The GMI is

simply the difference between the solér-zenith corrected albedo value for

the two channels. At least initially, we are using the Landsat-derived

normalized difference (ND) equation of Rouse, et al. (1973) and Neering,

et al. (1975) where;

Channel 2 - Channel 1
Channel 2 + Channel 1

ND =

23
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Normalized difference values were obtained for each of the twelve (12)

sites on the three (3) dates. The next step was to decide how to best
statistically treat the ND values. At this stage we have simply been

able to do some preliminary analysis of variance. Normalized difference
values were plotted as a function of longitude, sponge and certain vegetation
characteristics (i.e., biomass, net productivity, leaf area).

Vegetation Regions on the Texas Transect

The Texas transect selected for our model essentially runs from Beaumont
(94°4) to E1 Paso (106°) and the 12 sample sites have been numbered east

to west (see Map 7). Since it was not feasible to visit the transect for
optimal site selection, it was necessary to utilize vegetation maps. At
this level of our investigation, the ground-truth precision was not terribly
critical since our initial concern has been to get a general feeling for the
potential of NOAA imagery for global vegetation stratification.

Gould's (1975) vegetation map and discussion of the vegetation regions of

the state is large-scale but is the best complete map available. The

Texas Parks and 4ildlife Department is in the process nf completing a state-
wide series 01 land-use clacsification maps based on Landsat data. Utilizing
primarily those two sources, it appears as though our transect bisects four

"major vegetation regions. Table 5 enumerates those four regions from east

to west, their approximate longitudindl boundaries on the transact, and
document vegetation. For a more complete vegetation description, see Gould
(1975), Texas Parks and Wildlife vegetation-type maps, and Smeins (1978).
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OF POOR QUALITY

GOULD (1975) LONGITUDE (W)

VEGETATION REGION NOMENCLATURE LIMITS DOMINANT VECETATION
Pine-Hardwood Pineywoods 13.45%-95.45°  1oblolly pinz, slash
Forest pine, sweetgum, oak,
' elm, pecan, blackgum

Savannah Post oak savannah, 95.45°-98, 30° grasses, oak, elm,
.. Blackland prairies . hackberry, (cropland)

Shrubland Edwards Plateau 98.30°%-102° oaks, ash, juniper,

mesquite, (rangeland)

Desert/Desert- Trans Pecos 102%-106° creosote, tarbush,

scrub Mountains & basins yucca, (rangeland)

TABLE 5. The vegetation regions, their approximate longitudinal boundaries, and
dominant vegetation along the Texas transect.



ORIGINAL PAGE IS

OF POOR QUALITY
Pesults and Discussion

1. Mormalized difference (ND) as a function of longitude. As pre-

viously mentioned it was impossible to insure superimpesition of pixel
sarpling locations between dates because the satellite orbit fluctuates.
For‘example, while still in pine-hardwood forest, site 1 on April 19 is
not geographically identical to site 1 on October 9. The tabular and
graphic summaries when the three sample dates were individually plotted
as a function of longitude are presented below (Table £, Figures 7, 8).

There is generally a high correlation between ND and longitude
(mean rz = ,756); ND decreases from east to west.

The sample size of 12 is not sufficiently large crough to merit serious
discussion as tn significant differences among the three sampling periods.
Neither can we eliminate the real possibility of cloud cover affecting
reflectance values. We definitely know that there was some cloud cover

in West Texas on Octeoher 9. What the regressions do suggest is what one
would expect knowing the phenological nature of the vegetation regions on
the transect. April and July values are high in the mixed forest because
the deciduous trees have leafed out. By October, they have dropped their
leaves, reducing their "greenness". Progressing westward across the state,
"2 grea'er percentage of the perennials are non-deciduous but the vegetation
becomes less dense and more dependent on infreguent precipitation. In
addition, the amount of exposed ground in the desert scrub poses problems
of separating soil spectra from vegetation spectrore,iectance (Miller,

Lee D., pers. comm).

The variation between seasons a, pears to diminish going from east to west.
The mean regression for all three dates (Figure 8) indicates not only that
the greater betwecn-date variation is in the pine-hardwood forest but also
that April, and to a lesser extent July are well above the line for the
three dates. We would have expected much higher values during the annual
biooms in April in the Trans-Pecos but more extensive sampling may clarify
this.



ORIGINAL PAGE 15
OF POOR QUALITY

Site April 19 July 10 Dctober 9 Combined
1. .258 ' .238 161
2, .289 .229 A7
3. .286 221 .215
4, .259 136 147
5. .224 .205 151
6. 126 137 .090
7 138 125 .033
8 062 141 101
o9, .038 .159 i
10. .044 .029 .051
1. .046 .095 .044
12. .035 .001 .063
X .150 .128 12 130
A
Y 2.526 - .024X 2.268 - ,022X 1.23 - .011X 2.00 - .019X
e 752 .934 636 756

TABLE 6. Indidivuda) normalized difference (ND) values, means, regression

equations, and rz for 3 dates in 1980 along Texas transect.
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2. Sponge index as a function of longitude. For a discussion of a
new moisture variable, the sponge, we refer you to earlier sections II, III
of this report. Long-term annual "normals" (1941-70) were calculated for
26 stations along or near the Texas transect. These values were plotted
as a function of longitude (Figure 9). The results indicate an extremely
high correlation (r .911) between sponge and longitude; sponge increases
(as does precipitation) from west to east.

h

3. Normalized difference (ND) as function of sponge. Since both the
vegetation index; MND, and sponge showed similar positive correlation with
neographic position on the transect, it seemed appropriate to interpolate

- sponge values from the 26 stations (see Table 4 in Appendix; Maps 8,9)

along the transect “9r each of 36 MD values (3 values for each of the 12
sites). When ND was plotted against sponge, there was a good correlation

(r2 = ,777) (Figure 10). Regressing the two regressions, (ND (Figqure 8)

vs. Sponge (Figure 9), the result is a very please (rz - 1.001) but transect-
limited, prediction model that permits estimating longitude, sponge index,
and ND value, requiring input of only one of the 3 variables (Figure 11).
This model serves to illustrate the very high correlation between the
vegetation index and the sponge. To further establish this correlation,

if one plots the highest NO value of the three dates at each 12 stations

- against the long-term sponge value for that particular month, rz = ,946.

4. Normalized difference {ND) as a function of vegetation. As earlier
mentioned, it was not feasible to actually ground truth the transect to
verify and quantify the vegetation. MNo doubt this should be done at some
later stage. In lieu of a better alternative, biomass, net productivity,
and icaf area estimates from Whittaker and Likens (1972) wers used (see
Table 7). Since the predominant vegetation timiting factor alona the Texas

gradient is moisture, these vegetation parameters predictably cdecline from
east to west. It has been previously demonstrated that all of these para-
ﬁeters have been correlated with spectral data (see introduction to Tucker,
et al. 1981 for literature review). While general, when ND means for each
site are plotted against biomass, net productivity, and leaf area inean
values, the results are prophetic as to which vegetation characteris*ic has
the highest correlation with the satellite data (Tahle 8).
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NET PRODUCTIVITY BICHASS LA

aqn/M /¥y Kg/M Wl
Temperate Evergreen/Deciduous 12590 32.5 8.5
Forest
Savannah 900 4.0 4.0
Shrubland 700 6.0 4.0
Desert/Desert - 20 0.7 1.0

TABLE 7. Mean values for world-wide estimates of net productivity biomass
and leaf arca index (Whittaker and Likens, 1973).
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2
Net primary productivity (g/mzyr) .895
Leaf area (MZ/MZ) .815
Biomass (Kg/Mz) .650

TABLE 3. Coefficients of determination (rz) when mean ND values for the 12
‘Texas transect sites are plotted against net productivity, leaf
area, and biomass.
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The inference is that net productivity has the highest correlation to the
vegetation index, biomass the lowest. Several studies have recently shown

that currently used remote sensing techniques are not sensitive to non-green-
leaf components of the phytomass. However, there appears to be a high corre-
Jation of spectral data with green-leaf area (biomass) and net production of
certain vegetation types (see Introduction, Tucker, et al. 1981). Our selection
of ND as a vegetation index was largely founded on Deering and Haas' (1977) high
correlation between Landsat-derived ND and rangeland biomass.

In Table 7, it is' noted that of the three parameters of vegetation, biomass

is the only one that dcesn't consistently decline from east to west along the
transect. Shrubland, consisting largely of woody perennials, does not produce
the annual net production that a savannah, containing more herbaceous annuals
would, but its accumulative biomass would be greater. The ND does not re-

spond to the increase i» biomass from savannah to shrubland because much of

that biomass is tied up in non-green components in snrubland whick is not as
true in the savannah. Because net productivity and leaf area more closely re-
flect the actual spectral component of those vegetetion regions on our transect,
we would anticipate their previously higher correlation with HD,

5. Vegetation-Sponge Index (VSI). Having previously established a high
'correlation between ND and sponge, we would like to propose a new index that
represents the multiplicative of the two variables: the Vegetation - Sponge
Index (VSI).

ND X SPONGE = VSI

The mean VSI values for the 12 sample sites are presented below in tabular
and graphic form (Table 9, Figure 12).
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TABLE 9.

VEGETATION REGIONS

Pine~ha:dwood forest

Savanan/crpp]and

Shrubland

Desert/desert scrub

Sponge, normalized difference (ND), and Ve

SPONGE
5.20
4.6)
4.40
4.10
3.3
2.70
2,12
1.7
1.36
0.70
0.67
0.63

VEGETATION-SPONGE
INDEX (V1S)

1.13
1.06
1.07
0.74
0.64
0.32
0.2
0.17
0.10
0.03
0.02
0.02

getation-Sponge Index

(vS1) mean values for three dates ir 1980 (April 19, July 10,
October 9) for 12 sites along Texas transect.
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When VSI is plotted as a function of longitude, the separation of the four
major vegetation regions becomes much more apparent (Figure 12). It is
ever possible to suggest boundaries for the four classes:

>1.0 pine-hardwood forest
0.4-1.0 savannah/cropland
.05-0.4 shrubland
< .05 desert/desert scrub

Using these suggested 1imits, it becomes readily apparent that the least
within-class variation occurs in desert and forest; the greatest variation
is in the shrubland and savannah/cropland classes. This seems consistent
with what we would expect. The desert and mixed forest would be more homo-
geneous in the sense that desert has extensive bare soil during much of the
- year while the forest would have relatively little. The shrubland and
savannah would be considerably more het rogeneous.
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V. THE TEXAS MODEL: CONCLUSICNS AiD PROJECTIONS

It has been demonstrated that the sponge variable is a superior tool for
the analysis of climate/vegetation relationships. Furthermore, NOAA/AVHRR
satellite data proved useful for vegetation stratification. Finally, a
preliminary multivariate model of vegetation distribution, the VSI, was
developed based on an experimental east-west Texas gradient. The next
stage of this research effort will involve a more extensive analysis of
the application of the model to the Texas transect (e.g., increasing the
sample size), to be followed later by refinement of the model which will
then be tested against other natural vegetation regions across North
America. It is anticipated that ultimately such a model may be utilized
for global vegeta’ion surveys, and as a means of remotely monitoring
vegetation region dynamics (e.g., desertification).
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Feneay .| .82 ]97.25 |54 |2.38]2.39]2.64] 0.99] 2.19 2. 70| 1.93] 3. 50| 2.52]2.08]2. 38 .48[ 1.4

‘ inesve 0 2753 197,25 .43 |1.521.64]1.86] 0.8¢] 1.57 [1.26|1.13| 3,40 1.87 2.69{2.29{1.21{ 1.4

E o ;— 2 an -

f erito” (2513 97.63 .01 1.52]1.38]1.63] 0.65 1.32 1.49]1.15{2.34{ 1.54(2.58[1.86 {1.39{ 1. 4¢
E Lovide 20 22£9.77 1,20 11.54,1.55]1.79 115 1.6 2.06]1.54/2.96) 1.96/2.5311.95 [1.63 1.3
© Eooour / .
*3 -ac g watal, A1 values - inches. Data from Cliratalnzical Summaries for Texas, Nat
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cipitaticn and 8-Inch Snonge Normal Va 1941-1970*. South Texas Group ‘J; I;;«:::»: fw ‘Y
APRIL UNE JULY AUG. SEPT. | ocCT. NOV. DEC.

[ spl P | spl Plsp ! Pl spl P lsp | p | spl p [ sp |

80 2.¢311.91{2.96{2.11] 1.96[1.70{2.28(1.28/4.90 [2.41 |2.69 .41 p.03 [1.55 )1.97

43 .16 |3.52{3.40{ 2.26(2.80]4.49]|2.89]5.82 [4.19|3.97 11 B.72 2.80 B.67

:;é .5412.69|2.40] 2.14{1.81]2.58{1.53/4.68 [2.51 (2.94 .95 .70 p.41 [1.59 p.28

.74 .5912.06/1.55{0.81{0.87{1.530.70{2.94 [1.42 [2. 44 .26 1.81 11.03 .64
.50 .7712.27]1.88]{1.37{1.14{2.23]1.14]2.69 1.57 [2.51 .03 p.87 N1.79 p.82 }.42
5;5 .83[1.63]1.5411.61}0.98{2.01{1.00{2.96 [1.52 f1.96 70 1.37 p.78 }.13

i;é 173{2.291.69{1.21{0.98/2.03(0.89|3.11 [1.52 [2. 28 13 01.62 h.os 1.47

jés .75]2.68]1.95{1.19]1.26]2.38]1.05(4.83 |2.35 2. 38 0 077 f2a Dgo | 1
i;7 .83]2.49]2.07{1.71{1.52|3.04{1.54(4.50 |2.68 [2.56 .77 [i.43 P.03 ].57 [N.89

:55 .2112.131.29]0.564{0.90]1.54 {0.624.05 |1.88 [2. 11 .20 .68 J0.66 {1.37

557 .7312.72]2.42)1.65]1.49(2.43]1.24]3.89 [2.01 [3.00 .41 .27 [1.50 {212 §

E;Q 52|2.982.38]1.48]1.49]2.28|1.16|3.64 |1.86 [3.03 19 .31 h.83 [2.47

?;é .8712.69(2.29(1.21{1.49{2.76 {1.36 [5.01 [2.70 .63 .21 {2.01]1.19 |1.69 |
49/1.15) .5412.581.86{1.39]1.463.08[1.534.97 [2. '8 3.09 .43 2.3311.18 191 ks,

06 2.961.95/2.5311.951.63/1.32/2.30/1.19[3.10{1.68 .89 p.98 11.570.92 1.47 3.
irataietical Summavies for Texas, National Weather Service, NOAA. EOLDOyT ERAME
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Sta. Lati- Longi- January July Year

“t~\on  Hn. Period  tude (°N) IL'.‘.'.“__’J' ) Precin__Svonge  Precip. Sponae Pracin. Sor
umont 0613 1941-70  30.08 94.10 4.57  7.00 5.7 4.30 54.77 5.
umont 0613 1980 30.08 94.10 5.84 5.04 0.95 1.34 57,59 4,
umont 0613 1979 30.08 94} 7.61 7.43  15.50 3.93 79.56 5.
kin 4524 1941-70  31.23 94.75 4.29 6.32 2.83 2.63 44,93 4,
erty 5196 1941-70  30.05 94,82 4,21 6.2 4.65 3.49  49.61 4,
erty 5196 1980 30.05 94.82 0.40 3.99 0.36 2.65 56.77 4.
erty 5196 1979 30.05 94,82 8.9 7.43 7.61 4.08 70.11 5,
itsville 4382 1941-70  30.72 95.57 3.80 6.25 3.28 3.10° 45,95 4.
itsville 4382 1980 30.72 95.57 0.94 2.61 0.05 0.78 28.30 2.
tsville 4382 1979 30.72 95.57 7.65 7.64 5.90 3.20 64.07 5,
‘nham 1048 1941-70  30.15 96.40 2.78 4.84 1.90 2.01  38.96 3.
ple 8910 1941-70  31.10 97.35 2.35 4.08 1.96 1.97  33.87 3,
' Marcos 7983 1941-70 29,88 97.95 2.06 .08 1.89 2.04 33.86 2.
! Braunfels 0832 1941-70  30.10 98.42 2.12 3.23 1.98 1.79  34.39 2.
Heo 6276 1941-70  29.70 98.12 1.88 2.92 1.83 1.78  32.61 2.5
no 5272 1941-70  30.75 98.68 1.37 2.16 1.20 1.22  26.16 2.
i bd 1138 1941-70  31.72 98.98 1.72 2.63 1.85 1.92  27.20 2.
rville 4782 1941-70  30.05 99.15 1.86 2.36 2.10 1.96  20.7: 2.4
dy 1017 1941-70  31.12 99, 35 1.52 2.16 1.34 .41 23.27 .
vdy 1017 1980 31.12 99.35 1.18 2.42 0.00 0.44 24.21 2,
dy 1017 1979 31.12 99.35 1.14 2.98 1.96 1.33  23.47 2.0
ora 8449 1941-70  30.57 100.65 0.82 1.2 1.61 1.33  19.28 1.4
orado City 4974 1941-70  32.38 100.87 0.82 1.46 2.14 1.39  19.80 1.
na 6734 1941-70  30.72 101.20 0.81 .21 1.30 .19 17.59 1.
n2 6734 1980 30.72 101.20 0.08 2.52 . 0.00 0.87 17.10 1.
1 Spring 0786 1941-70  32.25 101.45 0.63 1.30 j 1.97 1.28  15.72 1.,
amey 5707 1941-70  31.13 102.20 0.64 0.98 1.64 1.42  12.75 0.
amey 5707 1979 31.13 102.20 0.08 0.67 1.0 0.58 5.2) 0,
-t Stockton 3278 1941-70  30.87 102.92 0.83 0.98 1.44 0.95 12.23  0.i
K 9829 1941-70  31.78 103.20 0.59 0.79 1.64 0.86 11.11 0.
os 6892 1941-70  31.42 103.50 0.34 0.57 1.35 0.66 9.05 0.
0s 6892 1980 31.42 103.50 0.04 1.46 0.09 1.44 15,78 1.
-ng; 6892 1979 31.42 103.50 0.75 1.0 0.9 0.40 8.19 0.
Imorhea 0498 1941-70  30.98 103.75 0.64 0.86 1.56 0.86 12.12 0.
imorhea 0498 1980 30.98 103.75 0.26 1.27 0.00 0.14 18.15 1.
Imorhea 0498 1979 30.98 103.75 1.43 1.51 - 1.89 0.68 12.78  0.:
n Horn 9311 1941-70 = 31.05  104.83 0.54 0.89  1.75 ° 0.80 10.23 Q.
R T S o T SRR E v bbbt ticlintiog s e o . icnbscidallnati i ki s
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Y 2 reiivens
¢ L PP R

‘ PVP'1D1tat1nn ; onge values
SRR aﬂd sponge in inches,

Data from National Climatic Center, NOAA,

amey 5707 1941-70 .
amey 5707 1979 31.13  102.20  0.08  0.67
t Stockton 3278 1941-70 30.87 102.92 0.83 0.98
X 9829 1941-70 31.78  103.20  0.59  0.79
0s 6892 1941-70  31.42  103.50 0.3  C.57
0s 6892 1980 .42 103.50  0.04  1.46
, 6892 1979 31.42  103.50  0.75  1.10
imorhea 0498 1941-70  30.98  103.75  0.64 0.6
imorhea 0498 1980 30.98  103.75  0.26 V.27
imorhea 0498 1979 30.98  103.75  1.43 1.5
n Horn 9311 1941-70  31.05  104.83  0.54  0.89
't. Flat 7620 1941-70 31.78 104.90 0.30 0.C5
't Flat 7920 1980 $1.76  104.90  0.11  0.56
't Flat 7920 1979 3178 104.90  0.88  0.88
leta 9966 1941-70  31.70  106.32  0.40  0.56
! 9966 1930 31.70  106.32  0.96  1.38
lnta 9966 1979 3.70  106.32  0.80 0.5
i 4931 1941-70  21.97  106.60  £.41 o™
. Table A Pezrinies
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ORBITER FUEL CELL : N82 2 31 2 1

IMPROVEMENT ASSESSMENT

Richard E. Johnson, Ph. D.
Le Tourneau College, Longview, Texas
1981 NASA-ASEE Summer Faculty Fellow

Supervisor:
Hoyt McBryar
Power Generation Branch
Propulsion and Power Division

Abstract - The history of fuel cells and the theory of fuel cells is given.

Expressions for thermodynamic and electrical efficiencies are
developed. The voltage losses due to electrode activation, ohmic
resistance and jonic diffusion are discussed. Present limitations
of the Orbiter Fuel cell are given as well as proposed enhancements
These enhancements are then evaluated and recommendations are
given for fuel cell enhancement both for short-range as well as
long-range performance improvement. Estimates of reliability

and cost savings are given for enhancements where possible

NATIONAL AERGNAUTICS AND SPACE ADMINISTRATION
LYNDON B. JOHNSON SPACE CENTER
HOUSTON, TEXAS
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DEFINITION OF A FUEL CELL

A fuel cell is a device for converting chemical energy directly into
electrical energy where the reacting materialc are supplied from

reservoirs external to the electrochemi-al cell.
HIsTORY OF THE FueL ceLt ()

In 1839, Sir William Grove of England constructed the first known

fuel cell. In 1842 he built a "gaseous-voltaic battery" (Figure 1)

with 50 H, - 0, cells in series. Fifty years later the name "fuel-cell"
was given to the bank of cells built by Mond and Langer which operated
with a 50% efficie.icy and produced 1% watts. However, it wasn't until
the early 1930's that Sir Frances Bacon in England built a 5 kilowatt
fuel cell using nickel electrodes of dual porosity, H, and 0,, and KOH
electrolyte. This cell operated at 205°C and 600 psi. Industry (e.g.,
Allis Chalmers) began developing fuel cells in the 1950's for terrestrial
use and then NASA gave impetus to the tzchnology in the 1960‘s with funding
to companies such as GE and Pratt and Whitney who developed fuel cells
for the Gemini and Apollo programs respectively. The advantages of
fuel cells were seen to be high efficiency compared to heat engines,
operation independent of environmental conditions,’;na potable water as

a by-product for use by crew -(for hydrogen-oxygen fuel cell).
THEORY OF THE FUEL CELL

Since the fuel cell is a voltaic cell in concept then there is an
oxidizable material (fuel) and an oxidizing material (oxidant). Some
fuels that have been used include hydrogen, hydrazine, methane and

methanol; oxidizers have commonly been oxygen or air.(z) The main fuel

cell development thus far has lzen on the hydrogen-oxygen system and thus
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the remainder of this report will deal with this system utilizing an
alkaline (KOH) electrolyte. In Figure 2, a schematic of the fuel cell 1is
shown. In contrast to a conventional battery, note that in a fuel

cell, the electrode materials do not react chemically but they provide
reaction sites for the fuel, oxidizer and electrolyte as well as a
conduction path for electrons through an external circuit. Between the
electrodes in the cell is the electrolyte which is shown as an alkaline
solution such as potassium hydroxide in water. The electrolyte could be
an acidic solution also with appropriate cell materials. Through the
electrolyte the electrical circuit 1s completed by ion transoort.
between the electrodes. One advantage of the fuel cell is obvious from
the diagram since the use of several external storage tanks or a re-
chargeabie tank system allows for continuous operation of the cell
without interrupting the external electrical circuit. By contrast, the
circuit would have to be interrupted to recharge secondary batteries

or to replace primary batteries.

In order to understand the fuel cell operation consider the basic reaction:
Ha(g) + %0(g) + H,0(1) + Energy

Figure 3 illustrates how the energy released is utilized in a heat

engine-gcnerator system and in a fuel-cell. The heat engine must operate

at high temperatures to get reasonable efficiencies but, then other

components still bring down the overall efficiency to near 30%. The

fuel cell has a much higher overall efficiency at ordinary temperatures.

For example the fuel cells on STS-1 were operating at about 64% efficiency

based on data given in Rockwell Internal letter (PG-MWF-81-027).
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FIGURE 2  SCHEMATIC OF HYDROGEN-OXYGEN FUEL CELL
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FIGURE 3

Heat Engine-Generator

Combustion |
Heat Loss o + %0, + H,0
90% Energy
Efficiency
High Ter erature
Res voir
60%
Efficiency *
Engine . g5y
Innefficiency‘**""' Engine Electrical
—Enerqgy
Thermodynamic
Heat Loss Generator
Low Temperature Inefficiency

Reservoir

* Carnot efficiency fop heat engine operating
between 900 F and 70°F.

Approximate overall efficiency 0.90 x 0.60 x 0.80 x 0.95 = 0.41 or_41%

BLOCK DIAGRAM OF HEAT ENGINE-GENERATOR VS. FUEL CELL SYSTEM
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Cell

Energy
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Heat
Loss

Thermodynamic Heat Loss, TaS = 16X

Current and Voltage ~
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The energy given off when hydrogen and oxygen are burned to form 1iquid
water at constant pressure is called enthalpy, aH, of this reaction and
for 1g-mole (18g) of the liquid water formed, aH = -68.317 kcal. The

negative sign means that the reaction {s exothermic (heat is liberated).
That would be the maximum heat available to operafe a heat engine. The

efficiency of that engine would be n = work out) 100 (o0 yne pasis of

ca
one g-mole H,0 1iquid formed).
The maximum efficiency of a heat engine is limited by the Carnot cycle
and is given by
T, - T
= : X 100 where T, is Absolute T t
P -ZT;——L- 2 ute Temperature

of high Temperature Reservoir,

In Figure 3, t, = 900°F
o T, 1s Absolute Temperature of
T, = 1359°R
o low Temperature Reservoir,
t, =70°F
Ty = 529°R
Therefore "N = (1359155329)100 = 61%

Other energy losses due to boiler inefficiency, friction and electrical
loss reduce the efficiency of heat engine-generator system to about 40%

and in actual practice it would be less than this.

For the fuel cell operating at a fixed temperature and pressure, the
energy available for conversion to electricity is not equal to aH
hut is given by th~ Gibbs free energy AG, where

AG = AH - TaAS
and AS for Hp(g) + %0,(g)-» H,0(1) is -0.039 keal

mole K
Therefore at 25°C

a6 = - 17 + 298(0.0390) = -56.69 §§%%1e H,0(2)
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AG 1s the energy available for extzrnal work in a system other than P-V
work and the only work we are considering {s electrical work so

4G = -nft
where E fs voltage of fuel cell, F is Faraday's constant and is equal to
23.060 %%%% and n equals the number of moles of electrons involved in the
reaction. Ta find n, the reaction can be broken down into an ox{dation
half and a reduction half where by definition oxidation occurs at the

anode of a cell and reduction occurs at the cathode of a cell. The

overall reaction can be divided as follows:

Oxidation (Anode) Hy(g) + 20H™ - 2H,0(1) + Ze
Reduction (Cathode) 30,(g) + Hy0(1) + 2e + 20H™
Overall Reaction H, + 40, + H,0

From the half reactions n=2, since 2 moles of electrons are transferred
through an external elr-trical load for each nole of water produced.
Since AG = -nfE
then E = -56.69 kcal
mo ‘€& kcal
~{Z moTes) (23.060 ———) = 1.229V.

This is the maximum voltage obtainable from H, - 0,fuel cell in basic
solution at 25°C. However, to compare on an equivalent basis to the

heat engine the theoretical efficiency of a fuel cell should be given by

_ 3G x 100 _ -56.69 x 100 .
N t=Mm " 6832 - 83.0%

or in terms of the voltage ratio, it would be

_ 1,229 x 100 _ 1.229 x 100 _ g oo
Nt =832 = 1481 '
2 X 23.060

This is the maximum thermal efficiency of the fuel cell at 25°C and 1

atmosphere pressure.
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The actual thermal efficiency of the fuel cell {s

r\Tﬁ = Ei%l%%g = 67.52E(%) where E {s the measured voltage

output of the cell. If the electrical efficiency of the fuel cell is of
interest then Ne-= %—%2%99 = 81.37E(%) where E is the actual
voltage and 1.229 is the'maximum theoretical voltage of the cell at 25°C

and 1 atmosphere.

The electrical efficiency should contain a factor for current inefficiencies,
however current efficiencies are normally > 95% unless there are mechanical
problems with the cell such as cell shorting, diffusiar of reactrats to
opposite eiectrode to react directly, or leakage of reactants out of the
cell. The voltage inefficiency has been a major concern of developmental
work in the fuel cell. The factors involved that result in the cell
voltage being less than the theoretical voltage of 1.229V can be summarized
into three categories:

(1) Electrode Activation

(2)_ Ohmic Losses

(3) Diffusion Losses
The first effect of electrode activation can be understood from the fact
that almost every reaction has an activation energy as shown in Figure 4.
Even though the products are more stable (lower energy) than reactants,
there is a certain energy ba}rier that the reactants must overcome in
order to react and form products. This energy barrier is the activation

energy. For example, the reaction of H,(g) + %0,(g) - H,0(1) is very

_exothermic (-68.3 kcal/mole H20), and yet a mixture of il;(5) and 0,(g)

is stable almost indefinitely because of a high activation energy for this
reaction. Heat or a spark added to this mixture would then cause an

explosive reaction with the formation of H,0(1).



FIGURE 4 ENERGY RELATIONSHIPS IN A CHEMICAL REACTION
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Another alternative to going over the high activation energy barrier is to
provide another reaction mechanism by means of a catalyst. A cataiyst
is a substance that alters the activation energy and thus the rate of
the reaction but is not used 1p itself in the reaction. Most catalysts
lower the activation energy and speed up the reaction, but there are cases

when "negative" catalysts or inhibitors are desirable.

Thus in Figure 4 the reaction path with a catalyst has a much lower
activation energy than the normal path and the reaction will proceed
faster. Increasing the temperature will increase the thermal energy of
the reactants and will also increase the rate of the reaction since the

reactants will have more energy to go uver the activation energy barrier.

In the fuel cell there are two half reactions and each one must be
catalyzed separately and each one has a separate effect on reducing the
voltage output of the cell due to its activation. At the anode of the cell
the following reaction takes place:

B, + 20H + 2H,0 + 2e
Many of the transition metals, Ruthenium, Indium, Platinum, Paladium,
Osmium, Gold, Rhenium, Turgsten, and Nickel catalyze this reaction.

For practical use Platinum-Palladium mixtures have been found to be the

best for catalyti- activity and long 1ife. However, carbon monox{ﬁé and
chloride ions have had a detrimental effect on the catalytic activity of
rt-Pd mixtures. The catalyzed reaction appears to be a 2-step mechanism
as illustrated below. . . (1), physical adsorption of hydrogen on the
metal surface followed by (2), dissociation into chemi-sorbed hydrogen
atoms which are chemically reactive.

' H-H—y ~H-Hy

Pt-Pt-Pt- » -Pt-Pt-P{-pt- - -PtoP{l—Pg-Pb
() (2)
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The anode reaction takes place on a catalytic electrode with very
Jittle voltage 1oss and usually it 1{s not a problem in the fuel cell cp-
eration. At the cathode of the cell the.other half of the reaction
is as follows:
30, + 2e + H,0 » 20H

This reaction is also catalyzed by many transition metals but best results
have been achieved with & Gold-Platinum alloy catalyst. This reaction
is more complicated than the anode reaction and has several steps in
the mechanism. One postulated mechanism is as fol]ows:(3)

0, + Pt » Pt(0,)

Pt(oz) tet uzo + Pt(HO,) + OH™
Pti40,) + e » Pt{HO,
PtzHOZ ) + 2 + ﬂzo + Pt + 304
The cathode exhibits the greatest voltage loss due to activation. If
the perhydroxyl ions do not break down in the last step, the voltage
loss is very high. Gold seems to be a very effective catalyst in the
decomposition of perhydroxyl ions and therefore, il is used in combination
with platinun on the cathode to reduce this activation loss. In general,
activation losses can be reduced by better catalysts, more surface
area of catalyst exposed for reaction, increasing temperature of system,

rd

and increasing the pressure of the reactants.” ™~

The second type of voltage 1655 in fuel cells is the ohmic loss. This

is due to the electrical resistance internal to the cell (usually called
internal resistance of a battery). This generally depends upon the cell
electrolyte, electrode geometry (area and distance between electrodes)

and the temperature of the system. The use of an alkaline cell meant that
some type of hydroxide must be used and potassium hydroxide (KOH) was

chosen because it has a high electrical conductivity. Within limits,



the more concentrated solution of electrolyte also i{s more conductive, but
viscosity and phase change effects rule out very concentrated solutions
except at higher temperatures. For cell operation at approximately

180°F. KOH concentrations of about 30% have been satisfactory. Design

considerations determine the electrode area for required performance.

The last type of voltage loss is that due to diffusion effects. Both
electrodes involve reactions with ijonic speéies. For the reaction to
proceed it is necessary that the active catalyst be in contact with
reacting gas and dissolved ionic species. At very nigh current flow

the diffusion of ionic species into or away from reacting sites becomecs a

current-1imiting factor.

The diffusion-limited region can be extended by increasing temperature,
increasing electrolyte concentration and by electrode design, but eventually
current will become diffusion-limited. The three effects are summarized
in Figure S.(4) This fiqure summarizes many of the concepts for the
hydrogen-oxygen fuel cell. It gives the total heat energy pussible and
thus a scale for the therma?! efficienc,); QT and also it gives the maximum
free‘energy which determines the maximum voltage of a cell and the
assocfated electrical efficiency based on that value.’le. The activation
loss is evident at low currents. There is a diagnostic test called the
Taffel plot in which voltage is plotted as a function of the log of
current in the low current region. The slope of this plot compared with
a nom established from other cells determines the quality of activation
for the electrodes. The ohmic loss is a linear function of current, but

finally the current reaches a limiting value due ta diffusion of ionic

species in the electrolyte. The linear region of the graph is the range
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FIGURE 5 HYPOTHETICAL HYDROGEM-OXYGEN FUEL CELL
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of performance utilized in the design of a fuel cell for a specific

application.
ORBITER FUEL CELL

With this background of fuel cells, the Orbiter fuel cell will be considered

in regard to its components, present status and future improvements.

v

CELL COMPONENTS

Pigure 6 {1lustrates a single fuel cell in a schematic as well as con-
figurational diagram.(s) In actual use 32 of those cells are connected

in series and then two of these stacks are connected in parallel to form
the power section of the Fuel Cell Powerplant. This provides 27.5 - 32.5
VOC with a 2 - 12 kw output. In Figure 7 this power section is shown

with auxiliary equipment such as reactant gas regulators, water condensing
equipment, coolant system and associated valves and pumps.(S) This
schematically represents the fuel cell powerplant. However, this rejort
deals with the fuel cell itself and referring back to Figure 6, the componen

are as follows:

1. 'iOxxggn Electrode (Cathode) -~ Nickel screen plated with.gold and
then 20-25 mg/cm? Gold-Platinum alloy with 20% TFE deposited on
screen and sintered at 590°F (TFE is tetrafluorethylene and acts as
a wet-proofing agent which prevents electrodé flooding while
providing more interfacial area befween catalyst, gas and electrolyte).
2. Electrolyte- Potassium Hydroxide in water with an allowable concentrati
range of 25 - 45%.
3. Matrix - Porous asbestos mat to cortain electrolyte. RAM refers to
reconstituted asbestos matrix devleoped as a process by H. McBryar

at JSC to produce a more uniform matrix with high bubble pressure
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(prevents crossover reactions of one gas to the other electrodes).
Also a side benefit is that some contaminating material has been

leached out.

Hydrogen.Eiectrode - (Anode) - Nickel screen with gold plating

and then 10 mg/cm2 of Platinum-palladium with 30% TFE is deposited on

screen and sintered at 590°F.

Electrolyte Reservoir Plate (ERP) - Porous Nickel plate is present to

provide additional inventory of electrolyte and to accomodate volume
changes of the electrolyte during use. This plate is perforated in
order to permit passage of hydrogen to the reactive electrode surface.

Separator Plates - between series cells are gold-plated magnesium

separator plates grooved for reactani gas flow or coolant flow as
specified by power plant design.

Frame - Cells are separated with fiberglass-epoxy material and sealed
against fluid leakage with rubber rings seated into grcoves around the

periphery of the cell plates.

T B.. STATUS OF ORBITER FUEL CELL

A shuttle prototype stack of 32 cells referred to as DM2A fuel cell was

evaluated by the Thermochemical Test Branch at JSC and the following comments

were made concerning cell performance:’

1.

(6;

The fuel cell experienced.a high performance degradation rate for the

first 100 hours of operation; the degradation rate then tapered to a

normal value.

2‘

The Phase I performance loss was attributed to a change in catalyst

activity.

3.

Approximately half the performance loss experienced during Phase I

testing was regained upon startup for Phase II testing,
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4. The performznce recovery was attributed to regeneration of the degraded
catalyst activity. l
5. Fuel cell performance during Phase II testing was erratic and unpredictabl
6. The erratic performance complicated the definition of the fuel cell
dedradation rate; however, the average degradation rate during Phase I1I
testing was approximately 0,168 millivolts per hour,
7. If the cause of the high initial performance degradation rate could
be determined and alleviated, the fuel cell stack useful lifetime could
be extended considerably.
£. High continuous loads (150 amperes) resulted in accelerated degradation
as much as 16.2 times that of moderate current loads.
9. Less than half the degradation associated with high current loads was
due to a change in catalyst effectiveness; the majority of the loss was
due to increased internal resistance or increased electrode diffusion loss.
10. The fuel cell required as much as two hours to achieve voltage stability
follewing a step load change.
11. The stack and individual cell voltages exhibited high amplitude damped
oscillations with "instantaneous" load increases followed by typical
exponential decay to the voltage value commensurate.with the new load.
12. Purge gas flow blockage in specific cells precluded normal boct-
strap startups following inerting after a total on load operating time
of 3818 hours. ‘ s
13. Oxygen dual feed mode operation after an ET of 2954 hours considerably
extended the allowable oxygen purge interval compared to single feed mode;
the single feed mode resulted in rgpid inert buildup in select cells.
14. Stack voltage performance degradation between on-load elpased times

of 1920 hours and 5150 hours primarily resulted from increased electrode

diffusion losses, with some catalyst degradation also apparent.
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Previous work reported cell performance degradation due to anode flooding

" which seemed to be caused by a gray deposit containing silicon on the anode.<

Other work had shown that CO or CO2 contamination of reactant gases

result in the formation of carbonates in the electrolyte replacing the
hydroxide 1ons.(8) This is detrimental to cell performance since the
resistance of the cell increases due to a dacrease in ionic conductivity

as hydroxide ions are replaced by carbonate jons. The decrease in cell
perforamnce was evident in electrode and elect~olyte degradation.

However, the source of degradation was found to be contaminants in reactant

gases, matrix degradation and frame corrosion.
POTENTIAL IMPROVEMENTS IN THE ORBITER FUEL CELL

Goals for the orbiter fuel cell enhancement program recommended by Power
Systems Division of United Technologies Corporation are to decrease
weight, increase operating 1ife to 10,000 hours, increase power output
from 12 kW to 20 kW and reduce cost. Proposed areas of work to meet
these goals are as follows:

1. Floccing electrode process

2.  Superior Matrix

3. New Frame Material .

4. Graphite Electrolyte Reservoir Plate

5. Platinum-on-carbon anode

6. Bonded cell construction
BACKGROUND INFORMATION TO THESE PROPOSED CHANGES

1. Floccing Electrode Process

The standard process for electrode manufacture involves filtering a

suspension of Teflon and catalyst particles onto a teflon sheet, trans-

ferring to the electrode screen, wash catalyst mixutre, dry, and sinter.
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This process has produced electrodes with undesirable varfations in

performance.

An improved process {nvolves the addition of a proprietary floccing agent
to the suspension before filtering. (9 )These flocced electrodes when
compared to standard electrodes have a finer and more uniform grain
structure. This is the result of a more uniform distribution of Teflon
and catalyst particles. These flocced electrodes have less variation in
production runs than the standard electrode reducing the rejection rate

of electiodes from 10% to almost zero.

Test data on floccing have shown that with few excep*ions improved cell
performance results4 with flocced electrodes. For example data from
Navy Power Plant tests indicated that fuel cells with flocced electrodes

averajed 17 nv wigher &) t.stancard electrodes which translated to an

* ?-h X e )
increzse of 0 +V “ as ;; stack. Also, after 500 hour_test at. about
175 ampern g ;g;?flocced cells lost 6.7 mv per cell on the average

(10)

while the standard cells lost 9.9 mv per cell on the average
2. Matrix Materials

Asbestos was one of the earliest matrix materials used in fue] cells and

is stiN ;he“bestfbne,, Other materials have been | tried hut are _ .

not used for various reasons. Some of those are discussed be'low.7
a) Brucite (Magnesium Hydroxide) - Not available in quantity.
b) Litofol-S-asbestos - d%ssolved too rapidly in hot alkali.
c) Silicon nitride - also dissolved in hot alkali.
d) Polybenzimidazole (PBI) - This material had excellent resistance
to alkaline solution but NASA-Lewis research indicated that this

material poisoned the catalyst.
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e) Fybex (Potassium Titanate) (PKT) - This material had excellent
reststance to alkali solution and tests in fuel cells with
Fybex matrix indicated after 14 hours that the carbonate
production was only 50% of that in standard asbestos matrix
cell. However this material is not available. It was re-
ported by a phone conversation with Johns Manville rep-

resentative that Fybex was a rapic¢ tumor producing agent.

Since asbestos is the best material, an improved matrix may be obtained
by washing or leaching the asbestos matrix with alkaline solution or
possibly EDTA before use in cell. This has resulted in a 50%
reduction in carbonate formation when compared to the standard

asbestos matrix cell over 1400 hours of operation.(s)
3. Frame Materials

This is definitely a problem area as the fiberglass-epoxy frames
presently used in fuel cell corrode in hot alkali electrolyte solution.
Of the other frame materials tried such as polyphenylene sulfide,
polysulfone, and Celanese epoxy Novolac; the polysulfone had a very
low corrosion rate in KOH solution. It is not easily molded however,
and would best be used as a hybrid with fibergiass where contact

with the electrolyte is 1imited to the polysulfone material (Figure

8). Test by UTC reported a 44% lower carbonate level in the electrolyt
after 5000 hours in cell with hybrid polysulfone-fiberglass compared

- to standard epoxy-fiberglass frame cen. (5

4. Graphite ERP - This change compared to Nickel ERP is proposed to
effect a weight reduction in a 32 cell stack of 8.3 1bs or about 132



FIGURE 8
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weight reduction in the fuel cell stack. Graphite was used in
early fuel cells as electrode material but they were not long-
life cells. The graphite ERP is in a reducing atiosphere and

therefore no adverse - ffects on perfori. nce would be expected.

5. Platinum on Carbon as an anode has been testud and preliminary
studies show good long-term stability {6000 hours). The platinum
on carbon electrode has wore voltage loss fnitially but seems
stable and possibly improves with time although tne data are
sketchy.(g)

6. The bonded cell (Figure 9) is a technique to ‘completely encapsulat
each cell in its reactant housing with thermo-setting plastic

bond material.(ll) This technique provides a goéd seal to contain
the electrolyte and also provides a significant weight recuction,
16.2 1bs. per 32 cell stack which is about a 25% reduction in

stack weight. Howevér, the fabrication technique has produced

some problems in the cell, and further work is needed in this area.
Alco since new materials are used, these could present unforseen
problems in cell operation. Thus a thorough screening and
selection activity must be an integral part of a new cell

construction approach.
RECOMMENDAT IONS

Based on the past, present and anticipated future needs of the orbiter
fuel cell, the following recomsendations are made with regard to
future fuel cell enhancement. These recommendations are based on tne
presumptiun that for the immediate future, fuel cell operating life is

more important than w2ight reduction.
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1. Short-Range Enhancements

The following items can be considered for the Orbiter Fuel-Cell

Program in the time range from immediate use to a one-year testing

and acceptance program.
a. Electrode Floccing - This procedure is ready for
immediate incorporation and involves no major changes in
materials or processes. The major effect would be a more
uniform, consistant-performing electrode. This appears to
be almost a 0% risk of decreasing performance contrasted to
a 90% possibility of improving performance. Standard pro-
duction results in a 10% rejection of electrodes whereas
flocced electrodes have a 0% rejection so far. For *° power
plants (the present orbiter order) containing 96 cells at
$1566 x 96 x 15 x 10% = § 216,000. It is difficult to give
a dollar value for the improved performance, but this will
proivde a higher voltage per cell and a longer life before

falling below the minimum voltage specification.

b. Matrix Leaching - This procedure is ready for immediate
incorporztion into the Orbiter Fuel-Cgll Program. Tkis
procedure provides a more uniform composition of the matrix
by leaching out detrimental impurities that are present in
variable amounts. It is particularly effective in removing
calcium carbonate and this has been identified as a problem
in the deterioration of the cell electrolyte. The leaching
agent is a solution of ethylenediaminetetraacetic acid (EDTA)
and is known to complex divalent metal ions such as calcium

and iron. Data presented by Ben Gitlow from United Technology
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Corporation in a March 3, 1981 presentation at JSC indicated
that a leached matrix fuel cell had only 50% of the carbonate
build-up in the electrolyte after 1390 hours compared to a
standard production cell. This could double the 1ife of the
fuel cell since carbonate build-up is the principal degradation

mode.

Based on a presentation by Fulton Plauche' of the Power
Generation Branch, JSC dated June, 1981 the following data
are used for cost estimates. The 3-substack BOM fuel cell
is estimated to have a 4000 hour 1ife and for four orbiter
vehicles requiring 20,000 hours of fuel cell life each,

the estimated cost is $ 127.6 million. Flocéed electrodes
and leached matrix enhancements have a good possibility
(80% my estimate) of achieving a 10,000 hour fuel cell. This
would eliminate the refurbishments and rebuilds in this
total program as well as two fuel cell changeouts for a
savings of $ 42.1 million or a 33% cost savings in the fuel

cell program.

Therefore, I strongly recommend immediate incorboration of

these two enhancements described above.

c. New Frame Material - The present fiberglass-epoxy frame
is subjected to long-term degradation in the hot alkaline
solution in the fuel cell. If a satisfactory material could
be found, then my estimate would be that with flocced
electrodes, leached matrix and improved frame material the

probability of a 10,000 hour fuel cell is close to 100%.
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The most promising frame material to be incorporated in the
fuel cell in the near future would be a hybrid structure of
polysulfone and fiberglass. Polysulfone has been shown to
have a very low corrosion rate (weight loss) in alkaline
solution and also in a 5000 hour test in fuel-cells. It
exhibited a 50% reduction in the carbonate produced compared

to the standard cells with fiberglass-epoxy frames.

Therefore I recommend that effort be put forth to deveiop
manufacturing procedures for this hybrid frame and concurrently

do long term testing of this frame in short stack test cells.

" The_possible savings of $ 42.1 million-has already been
mentioned for the Orbiter Fuel-Cell Program by developing a
10,000 hour cell and these three short-range enhancemants have

the potential to provide that life.
2. Long-Range Enhancements

There are several areas of investigation that could improve fuel
cell stability and life or reduce weight and these are recommended

for longer range study (one - three years).

a. A graphite electrolyte reservoir plate (ERP) would

provide a significant weight reduction (13%) over the

standard gold-plated nickel ERP. Fabrication, assembly and
long-term testing would be required before new materials could
safely be used in the cells. At the present time, extended
cell life is more important than weight reduction and thus

this enhancement is assigned to longer term study.
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b. The platinum-on-carbon anode has been proposed for a
long-time fuel cell. Preliminary testing on this electrode

has shown a good stability for 5000 hours although the initial
performance was about 15 mv lower than the standard cell.(s)
This modification involves new material introduced into the
cell, naw electrode design and long term testing and evaluation

of this modification.

c. Finally, the bonded cell approach has the potential to
reduce the weight of the fuel cell (25% reduction in stack
weight). However, the techniques of bonding a new frame
material and all the associated problems of leakage,

thermal expansion and corrosion problems would require long-

range investigations.

The problem in evaluating these long-range enhancements is to
determine their cost effectivenass. If it were possible to
extend the life of the fuel cell stack to 20,000 hours is this
as effective as extending it from 5000 hours to 10,000 hours?
The answer is probably "no" since the accessory section
components are designed for 10,000 hours and will require
servicing at that interval. Thus it becomes uneconomical to
overdesign one bart of the fuel cell power plant compared to

the other.

It seems reasonable to continue some long-range improvement
work since beyond the first four orbiter vehicles is the
possibility of an on-going effort for other orbiter vehicles

and even other applications unknown at the present time.
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However, 1 feel that the short-range enhancements have the
potential to produce a 10,000 hour fuel cell and a major
program decision must be made concerning the effort to

develop the fuel cell life beyond this.
POTENTIAL PROBLEM AREAS

1. One of the contaminants identified in the degradation of fuel cells
is carbonate which is believed to come mainly from the matrix and

the frame materials. There is the possibility, however of almost

any organic material in the presence of oxygen, catalyst and alkaline
solution to be oxidized.to carbon dioxide and then converted to
carbonates. This means that any organic solvents used in washing of
electrodes or matrix materials must be thoroughly washed away.
Experimental work has shown that platinum and many other catalytic
metals bond very tightly to organic molecules so that heating above

the normal boiling point will not remove the organic material. In

some cases very high temperatures (400 - 500°C) and a high vacuum

are necessary to remove contaminating materials from a catalyst surface.
This heat conditioning in vacuum or in other gas atmospheres is

called "activating" the catalyst. After activation the catalyst is
handled very carefully yo avoid contaminatien before it is used.
Therefore the use of organic solvents or other organic additives in
processing the fuel cells needs to be carefully evaluated to determine
possible contributions to accelerated fuel cell degradation or to

reduced activation of the electrodes.
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2. Another potential problem area is the introduction of new

materials, graphite elzctrodes, and graphite

ERP. Poor activation of electrodes or degradation of the cell
performance could be due to trace amounts of materials present in
these materials. For example sulfur-containing substances are
notoriously bad catalyst peisons (i.e. reduce activity of catalyst)
and polysulfone which is a good frame material contains sulfur. Other
contaminants in graphite or even the products of a slow oxidation
could produce contaminants in the cell. Therefore, poor electrode

activity or cell performance degradation should not be dismissed

as just a statistical probability but careful analysis of data and
materials used as well as chemical analysis of electrodes and
electrolyte should be performed to identify other (if any)

contaminating materials.
G. OTHER POSSIBLE ENHANCEMENTS FOR CONSIDERATION

In the course of reading and preparing this study two possible enhancements

were identified for consideration.

1. Electrode activaticn is more serious at the cathode than at the
anode. Early fuel cell work indicated that a radioactive electrode
lowered the activation potential resulting in increased cell voltage.(]z)
It seems possible then, to incorporate a wea%/f source into the oxygen
electrode to reduce the activation potential and improve the voltage

efficiency of the fuel cell.

2. If graphite electrodes are reconsidered, then the use of an acid
electrolyte is possible. The asbestos matrix and fiberglass-epoxy

frame would be less subject to corrosion in the acid medium. Also,
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carbonate formation would not be a problem in acidic solution so
that carbonate-forming contaminants in reactant gases as well as from

other materials would not be as critical.

This report is not an exhaustive review of the fuel cell work to date
nor are all factors considered in regard to cost savings or reliability.
Production costs of changeover to new processes are unknown and could

not be considered.

It was my intent to evaluate certain proposed enhancements and make a
judgement in my opinion as to the most promising enhancements to be
incorporated into the orbiter fuel cell and to provide an estimate of

the cost savings and/or reliability factor.

ORIGINAL PAGE 1S
OF POOR QUALITY



: ORIGINAL PAGE IS
BIBL I0GRAPHY OF POOR QUALITY

1. Fuel Cells, B. J. Crowe, NASA, Washington, D. C., 1973.

2. Fuel Cell Systems, G. J. Young and H. R. Lindon ed., American
Chemical Society, Washington D. C., 1965.

3. Fuel Cells, Revtew, L. G. Austin; NASA, SP-120, Washington, D. C., 1967.

4. Transient Thermodynamic Analysis of a Fuel-Cell System; W. E. Simon,
NASA TND-4601, NASA, Washington, D. C., June 1968.

... 5. Orbiter Cell Improvement Program, Presentation to NASA-JSC by B. Gitlow,
UTC, March 3, 1981.

6. Internal Note for Performance and Degradation Evaluation of the Shuttle
Prototype DM2A Fuel Cell, David Saucier, JSC-12543, NASA-JSC, June 24, 1977.

7. Development of Advnaced Fuel Cell System, Phase III, L. M. Handley,
A. P. Meyer, and W. F. Bell, NASA CR-134818, Pratt and Whitney Aircraft,
January 30, 1975. )

8. Effects of Carbon Dioxide on Trapped Electrolyte - Hydrogen - Oxygen,
Alkaline Fuel Cells, L. H. Thalier, R. E. Post, and R. W. Easter, NASA TMX-
52812, NASA-LeRC, September, 1970.

9. Final Repoi : - Advanced Technology Light Weight Fuel Cell Program,
g. E. Martin, United Technologies Corporation (PSD), NASA CR-159653, September
8, 1979.

10. Presentation to Johnson Space Cente-, Ben Gitlow, United Technologies
Corporation, July 9, 1981.

11. Development of Advanced Fuel Cell System, Phase IV, A. P. Meyer and
W. F. Bell, United Technologies Corporation {PSD), NASA CR-135030, January
31, 1976.
12. Fuel Cells II, G. J. Young, Reinhold Publishing- Company, New York,
1963.
OTHER REFERENCES
A) Fuel Cells I, G. J. Young, Reinhold Publishing Company, New York, 1960.

B. Fuel Cell Systems II, Advances in Chemistry Series (90), B. S. Baker,
American Chemical Society, Wahsington, D. C., 1969.



	0001A04.tif
	0001A05.tif
	0001A06.tif
	0001A07.tif
	0001A08.tif
	0001A10.tif
	0001A11.tif
	0001A13.tif
	0001A14.tif
	0001A15.tif
	0001A16.tif
	0001B01.tif
	0001B02.tif
	0001B03.tif
	0001B04.tif
	0001B05.tif
	0001B06.tif
	0001B07.tif
	0001B08.tif
	0001B09.tif
	0001B10.tif
	0001B12.tif
	0001B13.tif
	0001B14.tif
	0001C01.tif
	0001C02.tif
	0001C03.tif
	0001C04.tif
	0001C05.tif
	0001C06.tif
	0001C07.tif
	0001C08.tif
	0001C09.tif
	0001C10.tif
	0001C11.tif
	0001C12.tif
	0001C13.tif
	0001C14.tif
	0001D01.tif
	0001D02.tif
	0001D03.tif
	0001D04.tif
	0001D05.tif
	0001D06.tif
	0001D07.tif
	0001D08.tif
	0001D09.tif
	0001D10.tif
	0001D11.tif
	0001D12.tif
	0001D13.tif
	0001D14.tif
	0001E01.tif
	0001E02.tif
	0001E03.tif
	0001E04.tif
	0001E05.tif
	0001E06.tif
	0001E08.tif
	0001E09.tif
	0001E10.tif
	0001E11.tif
	0001E12.tif
	0001E13.tif
	0001E14.tif
	0001F01.tif
	0001F02.tif
	0001F03.tif
	0001F04.tif
	0001F05.tif
	0001F06.tif
	0001F07.tif
	0001F08.tif
	0001F09.tif
	0001F10.tif
	0001F11.tif
	0001F12.tif
	0001F13.tif
	0001F14.tif
	0001G01.tif
	0001G02.tif
	0001G03.tif
	0001G04.tif
	0001G05.tif
	0001G07.tif
	0001G08.tif
	0001G09.tif
	0001G10.tif
	0001G11.tif
	0001G12.tif
	0001G13.tif
	0001G14.tif
	0002A01.tif
	0002A02.tif
	0002A03.tif
	0002A04.tif
	0002A05.tif
	0002A07.tif
	0002A08.tif
	0002A09.tif
	0002A10.tif
	0002A11.tif
	0002A12.tif
	0002A13.tif
	0002A14.tif
	0002B01.tif
	0002B02.tif
	0002B03.tif
	0002B04.tif
	0002B05.tif
	0002B06.tif
	0002B07.tif
	0002B08.tif
	0002B10.tif
	0002B11.tif
	0002B12.tif
	0002B13.tif
	0002B14.tif
	0002C01.tif
	0002C02.tif
	0002C03.tif
	0002C04.tif
	0002C05.tif
	0002C06.tif
	0002C07.tif
	0002C08.tif
	0002C09.tif
	0002C10.tif
	0002C11.tif
	0002C12.tif
	0002C13.tif
	0002C14.tif
	0002D01.tif
	0002D02.tif
	0002D03.tif
	0002D04.tif
	0002D05.tif
	0002D06.tif
	0002D07.tif
	0002D08.tif
	0002D09.tif
	0002D10.tif
	0002D11.tif
	0002D12.tif
	0002D13.tif
	0002D14.tif
	0002E02.tif
	0002E03.tif
	0002E04.tif
	0002E05.tif
	0002E06.tif
	0002E07.tif
	0002E08.tif
	0002E09.tif
	0002E10.tif
	0002E11.tif
	0002E12.tif
	0002E13.tif
	0002F01.tif
	0002F02.tif
	0002F03.tif
	0002F04.tif
	0002F05.tif
	0002F06.tif
	0002F07.tif
	0002F08.tif
	0002F09.tif
	0002F10.tif
	0002F11.tif
	0002F12.tif
	0002F14.tif
	0002G01.tif
	0002G02.tif
	0002G03.tif
	0002G04.tif
	0002G05.tif
	0002G06.tif
	0002G07.tif
	0002G08.tif
	0002G09.tif
	0002G10.tif
	0002G11.tif
	0002G12.tif
	0002G13.tif
	0002G14.tif
	0003A01.tif
	0003A02.tif
	0003A03.tif
	0003A04.tif
	0003A05.tif
	0003A06.tif
	0003A07.tif
	0003A08.tif
	0003A09.tif
	0003A10.tif
	0003A11.tif
	0003A12.tif
	0003A13.tif
	0003A14.tif
	0003A15.tif
	0003A16.tif
	0003A17.tif
	0003B02.tif
	0003B03.tif
	0003B04.tif
	0003B05.tif
	0003B06.tif
	0003B07.tif
	0003B08.tif
	0003B09.tif
	0003B10.tif
	0003B11.tif
	0003B12.tif
	0003B13.tif
	0003B14.tif
	0003C01.tif
	0003C02.tif
	0003C03.tif
	0003C04.tif
	0003C05.tif
	0003C07.tif
	0003C08.tif
	0003C09.tif
	0003C10.tif
	0003C11.tif
	0003C12.tif
	0003C13.tif
	0003C14.tif
	0003D01.tif
	0003D02.tif
	0003D03.tif
	0003D04.tif
	0003D05.tif
	0003D06.tif
	0003D07.tif
	0003D08.tif
	0003D09.tif
	0003D10.tif
	0003D11.tif
	0003D12.tif
	0003D13.tif
	0003E01.tif
	0003E02.tif
	0003E03.tif
	0003E04.tif
	0003E05.tif
	0003E06.tif
	0003E07.tif
	0003E08.tif
	0003E09.tif
	0003E10.tif
	0003E11.tif
	0003E12.tif
	0003E13.tif
	0003E14.tif
	0003F01.tif
	0003F02.tif
	0003F03.tif
	0003F04.tif
	0003F05.tif
	0003F06.tif
	0003F07.tif
	0003F08.tif
	0003F09.tif
	0003F10.tif
	0003F11.tif
	0003F12.tif
	0003F13.tif
	0003F14.tif
	0003G01.tif
	0003G02.tif
	0003G03.tif
	0003G04.tif
	0003G05.tif
	0003G06.tif
	0003G07.tif
	0003G08.tif
	0003G09.tif
	0003G10.tif
	0003G11.tif
	0003G12.tif
	0003G13.tif
	0003G14.tif
	0004A02.tif
	0004A03.tif
	0004B02.tif
	0004B03.tif
	0004B04.tif
	0004B05.tif
	0004B06.tif
	0004B07.tif
	0004B08.tif
	0004B09.tif
	0004B10.tif
	0004B11.tif
	0004B12.tif
	0004B13.tif
	0004B14.tif
	0004C01.tif
	0004C02.tif
	0004C03.tif
	0004C04.tif
	0004C05.tif
	0004C06.tif
	0004C07.tif
	0004C08.tif
	0004C09.tif
	0004C10.tif
	0004C11.tif
	0004C12.tif
	0004C13.tif
	0004C14.tif
	0004D01.tif
	0004D02.tif
	0004D03.tif
	0004D04.tif
	0004D05.tif
	0004D07.tif
	0004D08.tif
	0004D09.tif
	0004D10.tif
	0004D11.tif
	0004D12.tif
	0004D13.tif
	0004D14.tif
	0004E01.tif
	0004E02.tif
	0004E03.tif
	0004E04.tif
	0004E05.tif
	0004E06.tif
	0004E07.tif
	0004E08.tif
	0004E09.tif
	0004E10.tif
	0004E11.tif
	0004E12.tif
	0004E13.tif
	0004E14.tif
	0004F01.tif
	0004F02.tif
	0004F03.tif
	0004F04.tif
	0004F05.tif
	0004F06.tif
	0004F07.tif
	0004F08.tif
	0004F09.tif
	0004F10.tif
	0004F11.tif



