@ https://ntrs.nasa.gov/search.jsp?R=19800012238 2020-03-21T18:21:16+00:00Z

NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED FROM
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE AS MUCH
INFORMATION AS POSSIBLE



b S - i - - » W NN e S W ey IS
; e S o . - I/;‘ \’:5, ”‘5%
F “Mada e .
" ’?c.i;:r::uoat!e”a‘r:: N:fﬁsim”mm' R :\.\\'J
S RGO Of EHN Rosew rus Gores R
| o e ot — 80-10084 |
I Gy use made thercot,” NMA e S o x4
Technical Memorandum 80550 ;
i
EARTH SURVEY
APPLICATIONS DIVISION R
RESEARCH REPORT i
(EBO*“IOOB“) [EARTH SURVEY APZPLIC;TIONS NB80-20722 |
DIVISION: RESEARCH LEADING TQ THE EFFECTIVE ¥
USE OF SPACE TECHNOLOGY IN APPLICATICNS :
RELATING TO THE EARTH'S SURFACE AND Unclas
INTERIOR] (NASA) 298 p HC A13/MF A01 G3/43 00084 %
%

NGVEMBER 1979 | 4
.

B S

P R i’ S Rt A A LA

National Aeronautics and
Space Administration

* Goddard Space Flight Center
Greenbelt, Maryland 20771

S e TR




e T T T T R e R SRR T R L e

e . T T TR

EARTH SURVEY
i APPLICATIONS DIVISION
. RESEARCH REPORT
.
i
|
|
]
|

IS

November 1979

i e S

REALF Bk A Atte 2

T —

. GODDARD SPACE FLIGHT CENTER
Greenbelt, Maryiand




- T T ETs——— V.
i
?

A Ak A | D

7

L i o

CONTENTS

LIST OF RESEARCHERS > + ¢ ¢ o« o s o o o s 5 s o o o =
INTRODUCTION +« o o o o s s o s o o o o o o o s s o

CHAPTER 1. GEOLOGIC INVESTIGATIONS =+ =« =+ = = = ¢ =+ =

OVERVIEW « o o o o s o o o s o o o & = s o « o =
TEXTURAL ANALYSIS =+ ¢ o o + o o « o o o o o o & =
ROCK DISCRIMINATION - =+ « =« =+ =« = . e e e
GEOLOGICAL/GEOPHYSICAL RESOURCE ASSESSMENT- . e
GEOBATANICAL EXPLORATION = « =« » = = ¢ = o o ¢ =
APPALACHIAN LINEAMENT APPLICATIONS SYSTEMS

VERIFICATIONS TEST s+ » o ¢ ¢ ¢ o o = o o o o =
CHAPTER 2. CRUSTAL MODELS B T e
OVERVIEW e o o s 8 o o & s e e = s s e e s = e e
CRUSTAL MODELING +» ¢ = =« s ® o o ¢ o s o s o o =+ =
MAGNETIC FIEID STUDIES: « ¢ s« o o o s s o o o o o

COMPARATIVE PLANETOLOGY/CRUSTAL EVOLUTION

CHAPTER 3. CRUSTAL DEFORMATION AND EARTHQUAKE MODELS

OVERVIEW e e o o o o e s o s e e e @ 4« o s e s
CRUSTAL MOTION MEASUREMENTS IN CALIFORNIA (SAFE)'
MEASUREMENTS OF EARTH MOTIONS WITH VLBI =+ - - y

INTRAPLATE DEFORMATION AND VLBI RESULTS . - - - =«
PLATE BOUNDARY DEFORMATION IN CALIFORNIA - . - -
INTERCOMPARISON OF TRACKING SYSTEMS FOR PRECISE
GEODETIC MEASUREMENTS . &+ « « ¢ ¢ o o o « o =+
GSFC SITE STABILITY . « . = S
GEODETIC STABILITY OF THE GREBN BANK WEST - - -
VIRGINIA VLBI SITE . ¢ &« =« =« o o o o =« « « o o =
SPACEBORNE RANGING SYSTEM . . . . . .« .
EARTHQUAKE MECHANISMS AND CRUSTAL DEFORMATION
MODELING . « & & « o o o = o« . ..

SEISMOGENIC MODELS FOR THE 1976 TANGSHAN

EARTHQUAKE AND EARTHQUAKE PREDICTION IN THE
PEKING REGION . . . . . .

DEVELOPMENT OF A SEISMIC DATA COLLECTION PLATFORM

CHAPTER 4. GRAVITY FIELD MODELING v e e e e

OVERVIEW . . . . . . . e e e e e e s
GRAVITY MODEL DEVFLOPMENT . . . . .

DETERMINATION OF THE GEOCENTRIC GRAVITATIONAL
CONSTANT . . . . ¢« e e e 4 e . . .

ANALYSIS OF THE URAVITATIONAL SPECTRUM LI
GRAVITY ANOMALYES DETERMINED FROM TRACKING THE
APOLLO DUKING THE APOLLO-SOYUZ MISSION - - - =+ -

ii

PR ICIRERYTL, SOF S

=
1
|

N el
] | ] !
= W =N
[\

NN N
i 1
NN
> 00

w
i
-

3-20
3-21
3-23




e s AN A 4

LA A

-

CONTENTS (continued)

UNEXPLAINED LAGEOS PERTURBATION . . . . . . . . .
GEODYN PROGRAM SYSTEM DEVELOPMENT . . . . . . . .
PRECISION ORBIT DETERMINATION SOFTWARE
VALIDATION EXPERIMENT . . . « « & & « ¢ o o & =
A GRAVITY FIELD SATELLITE . . . . . . . . . +« .« &

CHAPTER 5. GLOBAL EARTH DYNAMICS AND STRUCTURE . . .

OVERVIEW . ¢ o « o o o « o e e e e o e o
INFORMATION THEORY DENSITY DISTRIBUTION e e o e
MANTLE CONVECTION AND SUBCRUSTAL STRESS . . . . .

GRAVITY ANOMALIES IN THE PACIFIC DERIVED FROM
SATELLITE~-TO-SATELLITE DOPPLER TRACKING DATA
AND IMPLICATIONS FOR MANTLE CONVECTION . .

POLAR MOTION RESEARCH . « ¢ & o o o o o o + o &

POLAR MOTION FROM LAGEOS . . . . . e e e e e

OCEAN TIDAL EXCITATION OF POLAR MOTION e e e e

WHOLE EARTH TIDAL NUMBERS . . . . . . « + .« « . .

CHAPTER 6, SEA SURFACE TOPOGRAPHY AND OCEAN DYNAMICS

OVERVIEW . . . . « .+ « « & . . . .
CALIBRATION RESULTS FOR THE GEOS 3 ALTIMETER . .
DETAILED GRAVIMETRIC GEOID COMPUTATIONS . . . . .
MEAN SEA SURFACE COMPUTATION USING GEOS 3
ALTIMETER DATA . . . . e e e s e e e e e e
MEAN SEA SURFACE FOR GULF OF ALASKA . . . . . . .
GULF STREAM STUDIES . . . . . . . . . .
OCEAN TIDAL STUDIES FROM SATELLITE ORBIT DATA .

CHAPTER 7. ©LAND RESOURCES . . . . +« « v o o v v o« &

OVERVIEW . . . o e e e o e e e
FOREST INSECT AND DISEASL INVESTIGATION e e e e .
SURFACE MINE MONITORING . . . . . « + « « + « .« .
NASA-CENSUS APPLICATIONS PILOT
TEST URBAN AREA DELINEATIOM . . . . . . . .
LANDSAT AND ANCILLARY DATA INPUTS TO AUTOMATED
GEOGRAPHIC INFORMATION SYSTEM . . . . .
EXAMINATION AND MODELING OF THE TODOGRAPHIC
EFFECT ON THE RADIOMETRIC RESPONSE OF NADIR
LOOKING VISIBLE AND NEAR IR SENSORS . . . . .

CHAPTER 8. AGRICULTURAL REMOTE SENSING . . . . . . .

OVERVIEW . ¢ & ¢ o o o s o o s o o o o o o o =
SPECTRAL CROP DEVELOPMENT STAGES . . . . . .
OPTIMAL BANDS FOR CANOPY COVER, CROP HEIGHT,

AND CROP NODES s e o e e e s & e e e o e e o o
CROP BIOMASS AND YIELD . . =« « « + ¢ o o o « o .

iii

(s




.

oy
L

IR T —T T T

CONTENTS (continued)

PASSIVE MICROWAVE TECHNIQUES FOR REMOTELY
ESTIMATING MOISTURE IN BARE AND VEGETATED
SOILS . . . . . . e ¢ s e e s s e e

COLORADO DROUGHT PROJECT e ¢ s e s e s e

SUN ELEVATED AND SENSOR LOOK ANGLE EFFECTS
CN REMOTE SENSING OR VEGETATION . . . . .

SPECTRAL DISCRIMINATION OF WHEAT . . . . .
LANDSAT SPECTRAL WHEAT CALENDAR . . . . . .
HAND-HELD RADIOMETER DEVELOPMENT . . . . .

PLANT CROP STRESS MODELING . . . e o e .
AGRICULTURAL MANAGEMENT INFORMATION o & s .
WHEAT YIELD STUDY . . ¢ & « & « o« o + + =

CHAPTER 9. ADVANCED STUDIES . . . & « « o« o«

OVERVIEW . ¢ ¢ ¢ ¢ o o o ¢ ¢ o o o o « o =
LANDSAT-D ASSESSMENT SYSTEM . . . . . . .

MULTISPECTRAL LINEAR ARRAY SENSOR DEVELOPMENT

LANDSAT-D PRELAUNCH ASSESSMENT OF SPECTRAL
RESOLUTION AND SPECTRAL BANDS . . . « .+ =«

ACRONYMS AND ABBREVIATIONS .+ & & o o o s s o o

iv




CONTENTS (continued) *

ILLUSTRATIONS
Illustration Page
1-1 Analysis of Geobotanical Data Obtained
from Cotter Basin, Montana , . . . . . . . . . 1-11 .
2-1 An Apparent Magnetization Contrast
Model for the United States « . . . . . . . . . 2-8
2-2 Interpretation of the Bangui Magnetic
AnOmaly . . 3 . . . . . ] e ° . . - . . . . . . 2_9
2-3 Global Rift Map - « « o + o o o o « o =« « « « o 2=10
2-4 Contour Map of the Top of the Mantle- ]
depth to the Moho + + « « « « « « « « « « « « . 2-11
2-5 Global Geophysical Atlas Show1ng
Scalar Magnetic Anomalies . . . e e e s e . 2-12
1 2-6 Global Geophysical Atlas Show1ng
f Gravity Field Anomalies . . e e« e« o o o . 2-13
: .
; 2-7 Global Tectonic and Volcanic Activity
§ of the Last One Million Years . - . . « . . . . 2-14
2
’ 2-8 Tectonic and Volcanic Activity of the
Arctic Regions (Last One Million Years) . . . . 2-15
r
2-9 Tectonic and Volcanic Activity of the
Antarctic Regions (Last One Million
e YearS). . . . - . - . . - . . - . . . . . . . - 2"16

; 2-10 Recent Volcanic Activity (One Million
~ Years Ago to Present) . . . . . ¢« & « + « .« o . 2=17

Bl A

2-11 Comparison of Aeromagnetic and Satellite

b Anomaly Maps of Western Canada . . . . . . . . 2=21
{ 2-12 Global Map of Crustal Magnetic Anomalies . . . 2-22 '
2-13 Map Showing United States Anomaly Field
Derived from Pogo Data . . . . e e o e+ o . 2=23
2-14 Histograms of Number of Impact Basins Versus
Diameter for Mars, Mercury and the Moon . . . . 2-30 o

2-15 Cumulative Number Versus Diameter for the
Impact Basins . . « « « ¢ ¢ « « « o « o « « « . 2-31

PR PR PR TR T S} 3 o PRI




€

A SR L

R R Ay |

T T peT——T < T

CONTENTS (continued)

ILLUSTRATIONS (continued)

Illustration

2-16

2-17

2-18

2-19

Effect of Formation of Large Impact Basins
on Earth's Topography and Resultant
Lowering of Sea Level . . . . « « +« « &« + o .

Comparison of Length and (Length/Planetary
Radius) for African Rifts (Top) and Martian
Canyons (Bottom} . . . . . . . . . . . . . .

Comparison of Width and (Width/Planetary
Radius) x 10 for African Rifts (Top) and
Martian Canyons (Bottom) . . . . e s .

Comparison of Major Fault Patterns for East
African Rifts and (Inferred) Faults Banding
Martian Canyons at the Same Absolute Scale

SAFE Results, Showing the San Diego-
Quincy Baseline and Quincy Heights . . . . .

VLBI Experiments Between Owens Valley
and Haystack . . . . .« + + ¢« ¢« ¢ « + o« .

Distribution of Ground Targets for
California Simulation (Spacing Approxi-
mately 50 Km) . . . . . . .« « « ¢ « « .+ .

Data Collection Passes for the California
Scenario

Fault System in the Pmklng Tangshan
Region e v e 4 e . .« .

Stress Concentration in the Peking-
Tangshan-Szehsien Region Caused by the
Satellite Determined Tectonic Force P

Seismogenic Model of the 1976 Tangshan
Earthquake and the Satellite-~determined
Stress Concentration .

Magnitudes of Earthquakes in the Taihangshan-
Tsangtung Fault System from 1600 to 1976

Strain Release Map of the Peking-Tangshan-
Szehsien Region From 1830 to 1976

vi

Page

~-32

N

ey




CONTENTS (continued)

ILLUSTRATIONS (continued)

Illustration Page

3-10 Historic and Predicted Major Earthquakes )
in the Peking Region . . . . . . . . . . . . 3-42

4-1 Geoid Surface Computed from the GEM IOB -
Model . . v v v v v ¢ v e e e e e e e e e e 4~6

4-2 Mean Sea Surface from Geos 3 Altimeter . . . 4-7

4-3 Geopotential Spectra from Measurements .
and Crustal Topography . . . . « + + « .+ « . 4-18

4-4 Free-air Gravity Anomalies , ., . . . . . . . 4-21

4-5 Apollo-Soyuz Ground Tracks . . . . . . . . . 4-22

5-1 Information Theory Density Distribution
Using Maxwell-Boltzmann Statistics (Curve A)
and the Optimum Density Distribution of
Bullen, 1975 (Curve B) Shown as a Function
of Radial Distance r ., ., . v v o o o o o o 5~5

5-2 Computer Printout Used to Plot Earth's
Density Distribution e e e, 5-6

5-3 Sample Plots Showing the Earth's Density
Distribution e e e e e e e e e e e e e e . B=T

5-4 Subcrustal Stresses Exerted by Mantle
Convection Under Australia e e e e e 5-11

5-5 Mantle Convection Pattern Under Australia
and the Australian Basin Systems , , ., . ., . 512

5-6 The Distribution of the Principal Mineral
and Metal Deposits in Relation to the R
Tensional Subcrustal Stress Systems in
Australia ., . . . . ¢ . ¢« ¢« ¢« ¢ « « o« « . . 5-13

5-7 Subcrustal Stresses Exerted by Mantle '
Convection Under Asia . . . . + & o« & « o « . 5-14

5-8 Subcrustal Stress Pattern and Seismological
Features in China 5-14

5-9 The Distribution of Mineral and Metal

Deposits in Relation to the Tensional
Subcrustal Stress System in China

vii




3
3
-
3

;
.

CONTENTS (continued)

ILLUSTRATIONS (continued)

Illustration
5-10 ATS 6/GEOS 3 SST Geometry .+ +« « « o « o o o
5-11 GEOS 3/ATS 6 SST Range Rate Residuals
Computed Using PGS~-110 Gravity Model
Coefficients to Degree and Order (4,4) .
5-12 GEOS 3/ATS 6 SST Rate Residuals Computed
Using PGS~110 Gravity Model Coefficients
to Degree and Order (4,4). . . ¢« « ¢ « o« . .
5-13 Contour Map Showing GEOS 3/ATS 6 Satellite-
to-Satellite Accelerations Relative to the
PSG-110 (12,12) Gravity Model ., . . . . .
5-14 Lageos Polar Motion (June 1976 to
December 1977) . v v ¢ o« o o « o s s o s+ &
5-15 Polar Motion and Excitation Pole
5-16 Power Spectrum of Residuals in GEOS 3 Inclina-
tion after Removal of Major Tidal Effect . .
6-1 Ground Tracks of GEOS 3 Altimeter Calibration
PASSES + + o o o o o o o o s o o o o o o o
6-2 Contour Map of Global Detailed Gravimetric
Geoid & v 4 h e e s e e e e e s e e e e e
6-3 Contour Map of Detailed Geometric Geoid
for U.S./Bermuda/Caribbean Area - « « « « .
6-4 Comparison of GEOS 3 Altimeter Pass 260
and GSFC Detailed Gravimetric Geoid in
the Northwest Atlantic . . « « ¢« + + « + .
6-5 Contour Map of the Ocean Surface Derived
from GEOS 3 Altimeter Crossover Data,
Contour Interval 1 Meter . . . . .
6-6 GEOS 3 Altimeter Residuals Based on a 5-day
Laser Orbit and the Altimeter-derived Mean
Sea Surface .+ ¢ ¢ o o s o s e e e . .
6-7 Contour Map of the Ocean Surface Derived
from GEOS 3 Altimeter Crossover Data
6-8 GEOS 3 Altimeter Geoid for Gulf of

Alaska AX€a « « o « s o e o o o e o o o o .

viii

Page
. 5-22
5-23
. 5—24
. 5=25
5-31
. 5-41
6-7
6-16
6-17
6-18
. 6-24
. 6=-25
. 6-26
6-30




CETE T T TR T T TR T n S T T e T T e
‘e

CONTENTS (continued)

ILLUSTRATIONS (continued)

Illustration Page
6-9 5° x 5° Gravity Anomaly Recovery Solution
for the Gulf of Alaska Area . . . . . . . . . 6=-31

6-10 Difference Between Estimated 5°x 5°
Gravity Anomalies and Ground Truth . . . . . . 6=32

6-11 2°x 2° Gravity Anomaly Recovery Solution
for Gulf of Alaska - +» + « « o « o o« « & « +» . 6-33

6-12 Differences Between Estimated 2°x 2°
Gravity Anomalies and Ground Truth . . . . . . 6-34

6-13 Ocean Drifter Being Parachuted Into a
Gull Ring, September 22, 1978 . . « . . . . . 6-38

6-14 107-day Trajectory of Buoy No. 0760
- Trapped in a Cyclonic Gulf Stream
- Ring West of Bermuda « + « « » o = « « &« « « . 6-39

L 6-15 Comparison of July and August 1978
' Oceanographic Observations With
Seasat Altimeter Data . . . . « « « .+ + . . . 6-40

i 6-16 350-m Temperature Plotted Against Dynamic

6-18 Residuals in Inclination for Starlette . . . . 6-48

Height of the Ocean Surface Relative to
L 3000 dB (Approximately 2958m). . . . . . . . . 6-41
i , 6-17 Inclination Residuals for 1967-92A
r_ (Transit) . . . . . . . . . . . . . . . . - . 6—47
E
|

6-19 Inclination Residuals for GEOS 3 . . . . . . . 6-49

6-20 Residuals in Longitude of Ascending

NOde fOI' GEOS 3 . . . . . . . . . - - . . - . 6_50
!
| 8-1 Spectral Crop Development Stages for Corn . . 8-4

8-2 Spectral Crop Development Stages for

Soybean . ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 4 e e e 4 e« o . . 8-4
B 8-3 Plot from 21 Separate Regressions of the

VI Regressed Against June 23, 1978 Above

Ground Biomass - « + s + s s s s o« & + « « o « 8=9

ix

ey S ¥ o % TR T SRR N, 3




Rl et o

T T

T e T T T T TR R T T e e

CONTENTS (continusd;

ILLUSTRATIONS (continusd)

Illustration

8-4

8-6

Visual Representation of Integration
Technique of Spectral Data Curve for

All PlotS ¢ « v & o o o o o o e o o o « o

Relationships Between Dry Green Biomass
and R and NR Radiances for All Green

Alfalfa, October 11, 1978 . . . . . « . . .

Relationships Between Dry Green Biomass
and Infrared/R Ratio and ND Parameter

for all Green Alfalfa, October 11, 1978 . .

Prototype for Hand-held Radiometer . . . .

Integrated Radiance for Three Wavelength
Intervals Pleotted Against the Leaf Water
Content for :he September Sampling Period
for Calvocoresses' Proposed Band 1 . . . .

Integrated Radiance for Three Wavelength

Intervals Plotted Against the Leaf Water
Content for Calvocoresses' Proposed Band 2.

e Y ¥

L]

8-17




Toen

Ty

T T YTy

Eﬁwv'

CONTENTS (continued)

TABLES

Spectral Analysis of Rock Types Showing

Optimum Range . . . . . e e e e e e
Baseline Chord Differences . . . . . .« . .
Baseline System Differences . . . .« .
California Simulation Baselines =« -« -
Goddard Earth Models <« *» ¢ = =+ = =« ¢ ¢ =«
Accuracy of Recent GEM's . - . - . -

Estimation of the Geocentric Gravita-
tional Constant, GM, from Individual
Satellite Laser Observations . « « . . .

Comparison of Recent Determinations of
the Geocentric Gravitational Constant:,

GM L . . 3 . . . - 3 3 . . . L] . . .

Statistics of Comparisons for 5°x 5°Mean
Free-air Anomalies Recovered from Apollo .

Products of Inertia Due to Short-period
Ocean Tides, fl‘l e e e e e e e

Products of Inertia Due to Short-period
Ocean Tides, Wx and Wy . . o « -« +« « + =+ .

Products of Inertia Due to Short-period
Ocean Tides, x and y e e e e s e 4 a4 e

Whole Earth Tidal Parameters . . . . . .

Computation of GEOS 3 Altimeter Bias
Estimates Using Two Bermuda Overflights-

M, Ocean Tide Parameters With Recent
Solutions e a4 o o o 8 e o e 2 o e o o o

Summary of Pfincipal Ocean Tidal Effects
on the Deceleration of the Moon's Mean
Longitude =+ - « « &+ ¢ o o o o o . o .

Recent Values for the Deceleration of
the Moon's Mean Longitude =« - - « + » - -

xi

el e

Page

* s B




Tablg

8-1

- T e TN TN T T TR R A

CONTENTS (continued)

TABLES (continued)

Rank Discrimination of Winter Wheat
Versus A1l Confuser Crops for Eight
Spectral Regions . .« « + o =« « o s o « o =

Parameters for Spectral Regions that
May Contain Maxima in the Discrimination
Function « ¢ o o o o o o o s s o w o & &

Coefficient of Determination (rz) Values
Resulting frow the Regressions Between
Integrated Radiance and the Various
Sampled Canopy Variables for the June
Data ¢ ¢ o o o o & ¢ o ¢ o o 2 o e o @

Coefficient of Determination (r2) Values
Resulting from the Regressions Between
Integrated Radiance and the Various
Sampled Canopy Variables for the September
Data « o v v 4 4o ¢ s e s e e e e 4 4 .

xii




|
:
g

EARTH SURVEY APPLICATIONS DIVISION

CODE 920

LIST OF RESEARCHERS

Louis 8. Walter, Chief

Ph.D., 1260, Penn. State U.
Geochemistry

(Betty Wilson, Secretary)

GEODYNAMICS BRANCH
Code 921

David Smith, Branch Head
Ph.D., 1966, University of London
Mathematics

(Beatrice Boccucci, Secretary)

Lloyd Carpenter, B.S., 1951, U. of Missouri, Mathematics

Robert Chenev, M.S., 1974, U. of Rhode Island, Oceanography

Stephen Cohen, Ph.D., 1973, U. of Maryland, Physics ‘

Theodore Felsentreger, M.A., 1961, U. of Maryland, Mathematics

Michael Graber, Ph.D., 1870, Princeton U., Physics

Werner Kahn, M.S., 19585, U. of Illinois, Mathematics

Ronald Kolenkiewicz, M.S5., 1965, Catholie U., Space Science and
Applied Physics

Francis Lerch, M.S8., 1950, U. of Delaware, Mathematics

Han-Shou Liu, Ph.D., 1963, Cornell U., Physics

James Marsh, M.S., 1963, West Virginia U., Physics

Patrick McClain, M.S., 1959, Howard U., Mathematics

Barbara Putney, B.S., 1960, Brooklyn College, Mathematics

David Rubincam, Ph.D., 1978, U. of Maryland, Physics

Braulio Sanchez, Ph.D., 1975, U. of Texas, Aerospace Engineering

Frederick Schamann, B.S., 1967, City College of New York, Mathe-
matics

Carl Wagner, M.S., 1960, Columbia, U., Engineering Mechanics

George Wyatt, B.S., 1962, North Carolina State College, Mathematics

xiii




A SR

St A B S ki

-

s E———TT

GEOPHYSICS BRANCH
CODE 922

Gilbert Mead, Branch Head
Ph.D., 1962, U. of California,
Berkeley, Physics

Barbara Luders, Secretary

Richard J. Allenby, Ph.D., 1952, U. Toronto, Gevphysics

Herbert Frey, Ph.D., 1977, U. of Maryland, Astronomy

Robert Langel, Ph.D., 1973, U. of Maryland, Physics

Paul D. Lowman, Jr., Ph.D., 1963, U, of Colorado, Geology

Chopo Ma, Ph.D., 1978, U. of Maryland, Physics

James Ryan, M.S., 1968, George Washington U., Mathematics

Patrick T. Taylor, Ph.D., 19656, Stanford U., Geophysics

Herman H. Thomas, Ph.D., 1973, U. of Pennsylvania, Geochemistry

William J. Webster, Jr., Ph.D., 1870, Case Western Reserve U.,
Astronomy

EARTH RESOURCES BRANCH
CODE 923

Charles Schnetzler, Branch Head
Ph.D., 1962, MIT, Geochemistry

Karen Doyle, Secretary

Arthur Anderson, B.S., 1961, City U. of New York, Geology

John Barker, Ph.D., 1967, Chicago U., Nuclear Chemistry

Emmett Chappelle, M.S., 1954, U. of Washington, Biochemistry
Jerrold Christenson, M.S., 1975, San Diego State U., Geography
Donald Deering, Ph.D., 1978, Texas A. & M. U., Range Sciences
Brent Holben, M.S., 1975, Colorado State U., Agricultural Sciences
James Irons, M.S., 1978, Penn State U., Agronomy

George Jacobs, Ph.D., 1955, U. of Mississippi, Biology

Daniel Kimes, Ph.D., 1979, Colorado State U., Natural Resources
Charles W. Louns, M.S., 1966, George Washington U., Geology

Mark Labovitz, Ph.D., 1978, Penn State U., Geostatistics

Brian Markham, ¥.S., 1978, Cornell U., Civil Engineering

Kenneth Meehan, Ph.D., 1978, Idaho U., Geology

John Schutt, Ph.D., 1954, Rochester U., Physical Chemistry

David Toll, M.S8., 1978, Colorado State U., Natural Resources
Compton J. Tucker, Ph.D., 1975, Colorado State U., Remote Sensing

-Jean Welker, B.A., 1975, Hofstra College, Physics

Steven Wharton, M.S., 1979, Penn State U., Forestry/Computer
Setences

Darrell Williams, M.S., 1975, Penn State U., Forestry

Frank Wood, Technician

xiv

TR UL S PO ) PR




— A T ks Adiand aanent sam el
‘e

Postdoctoral Associates

Christopher Justice, Ph.D., 1978, U. of Reading, England, Geography
James Uhl, Associate Professor, on sabbatical leave from Penn
Stute U.

IR Rk

f'

Xv

B PN e N A VU e (U W e edeael L R - L 2 LA



..V“~‘q,1,7‘1

Rar A

—ry

~wr

ey T ——— T

e

ol

e T p——

INTRGDUCTION

The function of the/Earth Survey Applications Division-.is to
perform{égsearch leading to the effective use of space technology
in applications relating to the Earth's surface and interiqig
The interests and expertise of the Division thus focus on dis
ciplines spanning geodesy, geophysics, and land resources. The
purpose of this document is to report on the progress, status,
activities, and future directions of the research being carried
out in the Division. The individual reports which generally
were prepared and updated in mid-1979 represent the status as
of that date. Annual publication of this report will permit
continued assessment of progress and will provide a basis for
evaluation of future research objectives.

XVvi

Vet e KM - e sk et PR




St Bk

e

Ty T TR
.

CHAPTER 1

GEOLOGIC INVESTICATIONS

OVERVIEW

The overall objective of the geology research effort within the
Earth Survey Applications Division is the development and evalua-
tion of the application of satellite data in solving geological
problems. In conforming with this objective and the mission and
research plans of NASA, substantial effort is being applied to
the development of new digital image processing and statistical
analysis techniques for use with satellite and aircraft derived
data. These techniques will extract relevant geologic data to
assist in the design and improvement of future orbital sensor
systems with increased geologic potential.

To meet the goals and directions of NASA within the framework of
nonrenewable resources, efforts in geological remote sensing at
GSFC have been divided into four primary research areas. These
include a texture analysis effort headed by Dr. Kenneth T. Meehan,
a rock discrimination effort directed jointly by Drs. Charles C.
Schnetzler and Kenneth T. Meehan, a geological/geophysical multi-
source data analysis effort led by Dr. Kenneth T. Meehan and a
geobotanical exploration program isd by Dr. Charles C. Schnetzler.
The work described in sections 1, 3 and 4 of this chapter will be
expanded in the future.

In the overall plan for the extracting of relevant data from re-
mote sensors to aid in the interpretation of often complex geo-
logic problems, spatial analysis techniques will be developed to
analyze multisource data. Statistical evaluation will then be
developed to ascertain original data characteristics and useful-
ness in more sophisticated stochastic processes and modeling.
These analyses serve to define the limitations of exisiting data
and thus provide criteria for the design of new sensor systems
with increased geologic information capabilities.
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TEXTURAL ANALYSIS

OBJECTIVES

The textural analysis research effort includes investigating the
ability of textural analysis of various satellite and ground data
types (e.g., spectral, magnetic, gravity and altimetry) to corre-
late with and provide indications of the primary stress regimes
related to a major intraplate, tectonic feature and its associated
mineral deposits. Definition of the primary stress regimes or

[ tectonic provinces will provide a framework within which to

| correlate known mineral deposits and further to extrapolate areas
with the potential for mineralization. Statistical analyses will
be used to perform this tectonic definition and elucidate those
variables responsible for the model that are most clearly in ac-
cordance with the features' characteristics.

BACKGROUND

Texture can be defined as the spatical distribution of tone. Spa-
tially derived texture will consist of recognition of patterns of
linear gradients within registered multisource data sets. These
patterns vary according to the crustal stress regime in which they
are found. Selective recognition of a specific arrangement (dis-
tribution) of grid cells comprising these patterns may, if proper-
ly defined, aid in identifying magnetic, gravitational, or fracture
induced lineaments. The Rio Grande Rift through central New Mexico
and Colorado was selected for study because linear patterns ap-
parent in spectral and geophysical data may aid in defining its
structural components and extent. In addition, juxtaposed con-
trasting tectonic regimes lie on either side of the rift thereby
presenting contrasting patterns within similar data. The arrange-
1 ment or pattern of intersecting lineaments has been shown to help
define the stress orientations which predominate within the rift
and can differentiate them from other stress regimes which prevail
in adjacent areas.

B

Several textural extraction algorithms have been investigated and
implemented on the IBM 360/91 for testing and evaluation. One of
these incorporates a variable size moving window within which
textural parameters are calculated. A supervised, stepwise linear
discriminant classifier (parametric) and an empirical discriminant
: classifier (nonparametric) have also been implemented to categorize
spatially a multivariate data set into its textural components.

tf
.‘
; RECENT ACCOMPLISHMENTS

SIGNIFICANCE
The ability to define, extract, and classify terrain according to

_ its textural character will provide insight to those areas more
> likely to be mineralized or be related to geothermal potential.
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FUTURE EMPHASIS

As our model for tectonic regimes becomes more sophisticated and
more data become available (e.g., via Magsat, Gravsat, Thermosat,
SWIR/MLA/MRS) , additional work will be conducted on the statistical
basis required for advanced spatial analyses of such varied data
types. Further, emphasis will be placed on extracting more re-
fined and meaningful textural parameters for tectonic definition.
Methods of preclassification will be developed. Procedures for
classification in the spatial domain and modeling tectonic regimes
will be refined to indicate areas of economic resource potential.

REFERENCES AND PUBLICATIONS:

Meehan, K., "Spatial Classification of Multisource Data Types
for Lithologic Mapping in Southwestern Idaho," paper presented
at the Sympcocsium on Remote Sensing of Natural Resources, Univer-
sity of Idaho, Moscow, Idaho, September 10-14, 1979.
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ROCK DISCRIMINATION

CBJECTIVE

T. bjective of the rock discrimination project was to analyze
sSpce . data from a wide range of rock types by multivariate
statist cal techniques to determine the optimum combination of
wavelength intervals for rock discrimination.

BACKGROUND

From seven geologically diverse test sites in Utah, radiance
measures were collected by the Bendix Multispectral Scanner and
Data System (MSDS) mounted in a NC-130B aircraft. The instrument
simultaneously viewed 15 bands in the range between 0.34 and

4.75 pm. Statistical analyses were performed on these bands as
well as on simulations of the bands present on the Multispectral
Scanner (MSS) and those projected for the Thematic Mapper (TM).

RECENT ACCOMPLISHMENTS

Using stepwise discriminant analysis, the ability of the aircraft
scanner to discriminate diverse rock types was determined as
greatest in the interval 1.18 to 1.30 pum and in the combination
of intervals (in order of importance) 1.18 to 1.30, 4.50 to 4.75,
0.46 to 0.50, 1.52 to 1.73 and 2.10 to 2.36 pm. This optimum set
achieved a higher classification accuracy of the rock types than
either the simulated MSS or TM data sets. These results are
presented in Table 1-1 by test site and simulated scanner type.

SIGNIFICANCE

The wavelength interval from approximately 1.18 to 1.30 pum should
be examined by a number of disciplines for possible inclusion on
future satellite sensors.

FUTURE EMPHASIS

Future rescarch in the area of rock discrimination will consist
of three major areas as follows:

e Inclusion of ratioed individual spectral channels into the
stepwise linear discriminant procedure for improved litho-
logic discrimination and incorporate orthogonal transforma-
tions of these data to both reduce data volume and enhance
the accuracy of thematic classification by colinearity re-
duction.
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e Utilize our Geographical Information System (GIS) to gquan-
titatively assess classification errors by category and
evaluate improvements in calssification accuracy.

® Refine the classificatory procedure using the above in con-
junction with textural analyses to incorporate lithologic
maps in the tectonic/structural analysis of the Rio Grande
Rift, in relation to its associated mineral deposits.

REFERENCES AND PUBLICATIONS

Blodget, H., F. Gunther, "Discrimination of Rock-Classes and
Alternation Products in Southwestern Saudi Arabia with Computer-
Enhanced Landsat Data," Proceedings of the Forty-fourth Annual Conven-
tion of the American Society of Photogrammetry, March 1978.

Podwysocki, M., and F. Gunther, H. Blodget, and A. Anderson, "A
Comparison of Rock-Discrimination Capabilities Based on Present
and Future Landsat Satellite Sensor Systems,” Fifth Symposium,
International Association on the Genesis of Ore Deposits,
August 1978.

Watson, A. T. and C. C. Schnetzler, "Application of Classification
Analysis to Rock Discrimination Using Remotely Sensed Data,"
paper presented at the ASP-ACSM Convention, Washington, D.C.,
March 1979.

Watson, A. T., and C. C. Schnetzler, "Optimum Bands for Rock Dis-
crimination Using Remotely Sensed Data," manuscript submitted
to Photogrammetric Engineering and Remote Sensing, 1979.
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Table 1-

1

Spectral Analysis of Rock Types
Showing Optimum Range

. MSDS Band Rank e .
Test Site (Band Midpoint, um) Classification
Location Accuracy
Optimum Simulated Simulated
1 2 3 4 5 MSDS MSS ™
Confusion Range 1.24 {1 4.62 | 0.48|0.66| 2.23 63% 45% 62%
White Mountain 1.24 ) 0.48 ] 2.2313.77} 1.62 96% 86% 90%
Star Mountain 1.24 14.62 | 1.0170.84{ 1.62 72% 60% 68%
Marysvale 1.24 | 4.62 | 2.23}1.62| 1.01 81% 72% 75%
Monroe 0.37 {1.24 1 0.6610.48! 1.01 96% 88% 98%
Waterpocket Fold 0.48 | 4.62 { 1.24[1.01{ 1.62 61% 24% 27%
Lisbon Valley 1.24 10.37(0.60(0.66| 4.62 96% 53% 52%
Optimum 1.24 1 4.62 | 0.48|1.62 2.23
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GEOLOGICAL/GEOPHYSICAL RESOURCE ASSESSMENT

OBJECTIVE

This effort will investigate the ability of satellite derived data
to identify primary tectonic provinces associated with major in-
traplate structural features and correlate these with known mineral
deposits and volcanic activity throughout the feature. Analysis
techniques and procedures specific to this effort will be developed
to: (1) Spatially and statistically delineate the structural
feature; (2) compile multisource data, including spectral, topo-
graphic, geophysical and vectorial into an easily manageable data
structure; (3) illuminate variables/data types most clearly re-
sponsible for explanation of the structure and its deformational
characteristics, as well as its relationship to surrounding prov-
inces; (4) explain reliably recognized mineralization and establish
a relationship between these (mineralization), fractures (appearing
as lineaments) and strain patterns throughout the rift, and

(5) determine the relationships of such measurable geophysical
quantities as gravity magnetism and altimetry to variations in
strain patterns and occurrences of mineralization and volcanism.
The area of study selected for the first phase of this project

is the Rio Grande Rift in Colorado, New Mexico, and the western
part of Texas.

BACKGROUND

Large gquantities of data from the Rio Grande Rift are available,
and for the most part have been qualitatively interpreted. Sys-
tematic organization of these data into a workable structure
(data base) that can be readily managed, quantitatively analyzed,
and interpreted will greatly improve tectonic and mineral im-
placement models to be developed through stochastic processes.
These intricate models will be applied to the Rio Grande Rift, a
complex structural/tectonic feature. New techniques in pattern
recognition, spatial analysis, and image processing will greatly
aid this effort.

RECENT ACCOMPLISHMENTS

Preliminary work by researchers at numerous universities and gov-
ernmental agencies has indicated that multisource spatial data
analysis can significantly improve model development in the
geologic sciences. This current effort relies on that foundation
and while just beginning, should yield improved mineralization
and tectonic models near its completion.

SIGNIFICANCE

Effective use of multisource data types in a complex spatial
analysis will demonstrate the ability of quantitative techniques

/1%
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to refine subjectively determined structural models. Thorough
evaluation of this major intraplate suture (Rio Grande Rift) and
the mineral deposits that are intermittently located along its
flanks should allow comparison with similar rifts in other plates
and perhaps those on other planets. The Rio Grande Rift has been
extensively studied and much data have been generated. According-
ly, this type of area lends itself especially well to thorough
quantitative analysis. Such an analysis is profitable in view

of the possible relationship of the rift to conduits for mineral-
ization and emplacuement of upper crustal geothermal sources.

FUTURE EMPHASIS

Future emphasis will be placed on utilization of the multisource
data in an increasingly meaningful and effective manner to derive
more sophisticated models. Results will be extended to other
rifts. Statistical analysis will be perfected to determine
optimally those data types contributing most to model development
for use on future spacecraft.

REFERENCES AND PUBLICATIONS
Meehan, K., "Spatial Classification of Multisource Data Types for
Lithologic Mapping in Southwestern idaho," paper presented at

the Symposium on Remote Sensing of Natural Resources, University
of Idaho, Moscow, Idaho, Septemper 10-14, 1979,
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GEOBOTANICAL EXPLORATION

OBJECTIVES

The objectives of our geobotanical research are to investigate the
utility of remote sensing of geobotanical indicators for mineral
and petroleum exploration, and to develop new remote-sensing
geobotanical exploration techniques and systems.

. BACKGROUND

<
1 % The use of the type or vigor of vegetation as a guide to subsurface
! mineral or petroleum deposits has been an accepted exploration
tool for centuries. However, the possibility of using remote-
sensing techniques to detect the changes in vegetation caused by
‘ nearby mineralization has just recently received attention.
| Satellite remote sensing enables investigators to analyze large
i segments of the Earth's surface repeatedly at different seasons
‘ and under different conditions, and an increasing awareness of
o potential mineral and energy shortages has stimulated the develop-
i ment of new exploration techniques. Since over two-thirds of the
x Earth's land surface is covered with vegetation, the need to
establish a research program for the development and evaluation of
geobotanical exploration techniques is essential.

i During CY '78, a longrange research effort in geobotanical explora-
‘ tion was initiated. The effort during 1978 was designed to:

(1) Survey the state-of-the-art and prepare a five~year research

i plan which could be used by NASA and the research community as a
guide to future work; (2) foster communication between researchers
in this field which hopefully would lead to cooperative, comple-

. mentary efforts; and (3) start a pilot test study on several known
1 geobotanical anomalies.

RECENT ACCOMPLISHMXENTGS

IR el

A one-day meeting was held in April which brought together re-

searchers who were ur had been engaged in geobotanical research.

The objectives of this meeting were to initiate communications
b between people in the field, to review past work, and to discuss
1 the most significant directions for future research. A summary
of this meeting was produced and sent to all participants. A
five-year geobotanical research plan was produced and sent to the
Earth Observations Division of NASA Headquarters and interested
researchers.

Dr. William Collins, an NRC/NASA post-doctoral fellow, was suppocrt- o
ed in 1978 to perform geobotanical research. He flew a Very High o
Resolution Spectrometer (VHRS) over several known geobotanical

sites in the U.S., and developed new computer techniques for the

analysis of the data. To date, only data from one site have been

analyzed: the Cotter Basin area in Montana. Certain spectral features,
which seem to be associated with retarded pigment system development,




o

correlate well with the location and strike of the vein system and
also with the available geochemical data. This can be seen in
figure 1-1 (Collins, et. al. 1979). The ratio of 10 nanometer wide
bands, centored at 745 and 785 nm, is plotted against position
along the iflight path. The mineralized zone is located between
positions 60 and 100, and it can be seen that ratios of about 1.04
are found outside of the mineralized area and ratios of about 1.0
are obtained within (the large peak at position 85 is a nonvegetat-
ed area).

SIGNIFICANCE

The information of the association of the certain spectral shifts
in the spectra of geochemically stressed vegetation would provide
a means, via satellite remote sensing, of surveying vast tracks
of heavily vegetated areas which are not readily studied by other
means. The Cotter Basin results should be confirmed and the
technique extended to other sites before the significance can be
evaluated.

FUTURE EMPHASIS

Analysis of the aircraft data will continue including data of a
second year's flight of the Cotter Basin and data from several
other sites will be accumulated. Work will be initiated on an
automated geographic data base for each site, so that ground, air-
craft and satellite data can be correlated and statistically
analyzed. This work will be done in conjunction with the U.S.
Geological Survey (USGS) and Columbia University. A second meeting
of geobotanical investigations is being planned for late spring at
GSFC.

REFERENCES AND PUBLICATIONS

Collins, W.E., G.L. Raines, and F.C. Canney, "Airborne Spectro-
meter Discrimination of Vegetation Anomalies Over Sulfide
Mineralization On Remote Sensing Technique," paper presented
at the Geological Society of America Meeting, October 1978.

Collins, W.E., G.L. Raines and F.C. Canney, "Airborne Spectroradio-
meter Discrimination of Vegetation Anomalies Over Sulfide
Mineralization in the Cotter Basin Area, Lewis and Clark County,
Montana," submitted to Photogrammetric Engineering and Remote
Sensing, 1979.

"Definition of Geobotanical Research Needs,' prepared by the

General Electric Co., Space Division for NASA/GSFC, 71, 2, July
1978.
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APPALACHIAN LINEAMENT APPLICATIONS SYSTEMS VERIFICATIONS TEST

OBJECTIVE

The objectives of the Appalachian lineaments Applications Systems
Verifications Test (ASVT) are to demonstrate and transfer the
application of Landsat-derived lineament information and mapping
techniques to state geological and planning institutions, and to
identify those structural lineaments on enhanced Landsat imagery
that define zones of increased permeability in Devonian shale

formations, and thus indicate areas prospective for gas production.

BACKGROUND

Gas has been produced from the Devonian shales along the western
margin of the Appalachian basin since the turn of the century,
and individual wells have been productive for over 30 years. Low
production rates per well and low gas prices, however, have made
this production only marginally economical in the past. The
increasing dependence of the United States on foreign sources of
petroleum has recently led to an accelerated national effort to
increase domestic hydrocarbon production. Expansion of the
Devonian shale production can contribute significantly to re-
lieving local central Appalachian energy problems, and Landsat
imagery can provide information to facilitate the exploration
process for those potential gas reserves.

RECENT ACCOMPLISHMENTS

The pilot study for this ASVT was completed and in it geologists
from Kentucky, West Virginia, and Ohio evaluated GSFC-generated,
computer-enhanced Landsat imagery for defining structure-related
lineaments. The results dictated that the study be expanded to
include two additional test sites that would include parts of the
states of New York, Pennsylvania, Tennessee, Kentucky, and
Virginia. Appalachian Regional Commission (ARC) contracts have
been signed by five of the participating states.

A variety of image contrast and edge enhancements were applied to
Landsat MSS data for the two new test areas using GSFC inhouse
computer (VICAR/SMIPS) capabilities. These images were used for
the preliminary evaluation of lineament-enhanced products at the
second short course/workshop (May 10-12, 1978), which was attended
by twenty-two state participants.

The contract to provide standard commercially-enhanced imagery for
state user evaluation, and then to later assess specific user re-
quirements and capabilities, was awarded to the GE Corporation

on Septembet 27, 1978. Preliminary image processing for the two
northern sites was initiated by year end.
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SIGNIFICANCE

Successful correlation of Landsat lineaments with fracture-related o
porosity in Devonian shale gas fields will provide a powerful tool
for locating additional gas prospects.

FUTURE EMPHASIS

Future experiment efforts will be directed toward refinement and

.extension of the technology transferred in the pilot test site
(an area of known Devonian shale gas production) to geologically
similar areas where gas production has not yvet been exploited.
Using digital Landsat data for a wide range of disciplines will
provide broader, better-informed satellite data users.

REFERENCES AND PUBLICATIONS

Anderson, A.T., "Preliminary Results of the NASA/ARC Study to Re-
late Satellite-Defined Lineaments to Devonian Shale Gas
Production," Proceedings of the D.0.E.-sponsored Second Eastern
Gas Shale Symposium, held in Morgantown, Pennsylvania, October
l6-18, 1978.

Onash, C., "Appalachian Lineament Analysis Task, Final Repqrt,"
Computer Sciences Corporation Task 20700, 1978. ;
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CHAPTER 2

CRUSTAL MODELS

OVERVIEW

The basic goal of the crustal modeling program is to use space-
derived data to increase our understanding of the structure, com-
position, and evolution of the Earth's crust. The primary data
types are satellite-derived magnetic and gravity data (described
in the sections on Crustal Modeling and Magnetic Field Studies)
and solar system data obtained under NASA's lunar and planetary
program (described in the section on Comparative Planetology/
Crustal Evolution).

The space~derived potential field data is of necessity limited in
resolution to wavelengths roughly comparable to the altitude of
the satellite from which the data was derived. In the magnetic
field studies program, global measurements of the Earth's scalar
magnetic field were taken at altitudes of 400-1000 km with the
three Pogo satellites from 1965 to 1972. These data have been
used to derive magnetic anomaly maps over the entire globe with
resolution approaching 200 km. In October 1979 the Magsat satei-
lite will be launched to make measurements of the vector field at
altitudes of 300 to 500 km, which will significantly improve the
resolution obtainable in the anomaly maps. In addition, the vector
data is expected to help resolve certain ambiguities in the inter-
pretation of the anomaly maps.

Satellite gravity data is currently limited to resolutions of about
500 to 1000 km. When data from a Gravsat satellite is available
(perhaps in the mid-80's) much higher resoluticns are expected.
Until such time, however, satellite-derived gravity anomaly maps
can only be used to study very broad-scale features of the Earth's
crust. '

The objective of the comparative planetology studies is to use
comparative planetary data from the Moon and terrestrial planets

to help define models of the earliest nature and evolution of the
Earth's continental crust. Events that took place on the Earth
over a billion years ago have largely been masked by subseguent
subsidence, sedimentation, erosion, mountain-building and continen-=
tal drift. However, clues to this early history can be obtained
from studies of other bodies, such as the Moon and Mars, whose
surface has changed far less than the Earth's over the past several
aeons.

Contributors to this chapter include Richard Allenby, Herbert Frey,
Robert Langel, Paul Lowman, Gilbert Mead, and Herman Thomas.
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CRUSTAL MODELING

OBJECTIVES

The objectives of crustal modeling are to develop methods for
using satellite magnetic and gravity data to investigate regions
of nonrenewable resource potential by constructing geophysical/
geological models of subsurface structure and composition, to
gather correlative data and utilize it to refine crustal geologi-
cal and geophysical models based on Magsat data and to compile
available data in a Geophysical Atlas consisting of geophysical
data in individual maps on a common Van der Grinten Grid. Corre-
lative data will include laboratory measurements of rock magnetic
properties, aeromagnetic, heat flow and seismology data.

BACKGROUND

Models derived from satellite magnetometer data can be mapped as
magnetization contrast or magnetic anomalies. Interpretation of
these maps requires two main inputs: a temperature-depth profile
and an upper and lower boundary for a "near surface" magnetic
layer as well as data on the magnetic properties of rocks within
the layer. Direct measurements of rock magnetic properties can
be made on samples brought to the Earth's surface rapidly enough
so as not to re-equilibrate to the new surficial P-T-fo., con-
ditions. Estimates of the pressure (and thus depth), and temper-
ature environment where the rocks are formed are obtained from
laboratory phase equilibria studies.

In those regions where the sampling of rocks from depth is in=~-
adeguate, indirect methods may suffice. Gravity anomalies, as

an indicator of rock density, will frequently agree in sense

and magnitude with magnetic anomalies; in cases where there is

a lack of agreement, petrologic and physical conditions must

be modelled so as to explain them. Seismology offers another
indirect means of estimating rock composition at depth, but is,
by itself, unable to accurately delineate rock type due to the
many rock types which have similar seismic velocities. Heat

flow models are unconstrained as to depth of heat production
sources and thermal conductivity of intervening rock types, so
unambiguous models are obtained infrequently. The aforementioned
data sets can often jointly constrain models so as to improve the
odds for a unique solution.

Tectonic style, to the degree that associated rocks have nearly
the same composition, may serve as a basis for interpreting mag-
netization models. Rifts, sutures, subduction zones, etc., pro-
duce characteristic rock types and thus are expected, with minor
modifications for individual cases, to form a foundation for a
comprehensive global model. Conversely, the models may aid in
locating hidden structures with their contained mineral resources.
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Surface geology and drill cores to crystalline basement can, in
many cases, give clues to the lithology of inaccessible levels
in the Earth's crust.

Inasmuch as the Mohorovicic Discontinuity (Moho) is a chemical
discontinuity, it would be expected to have a pronounced effect

on a magnetic profile with depth. To the extent that the Moho

has relatively constant chemistry globally, it could provide a
calibration point at variable depths in various regions from which
lithospheric magnetization can be estimated. An obvious need
therefore exists for global depth to the Moho models.

RECENT ACCOMPLISHMENTS

Completed magnetization models include: the United States, Austra-
lia, and Canada. Figure 2-1 shows an apparent magnetization con-
trast model for the United States. Units are emu/cc x 104. Areas
such as Kentucky appear to require more intensive investigation.

A comprehensive model, with seismic and heat flow correlative
data, has been completed for the western United States (Mayhew
1979).

Results from a comprehensive study of the Bangui magnetic anomaly
and a correlative gravity anomaly show that the anomalies do

not correspond to surficial features, but they are crustal in
origin. An interpretation consistent with available data is

that the anomalies are the result of an intrusion into the crustal
rocks of the region (see figure 2-2 and Regan and Marsh 1979).

Magnetic data for mantle-derived periodotitic and eclogitic
xenoliths show the samples to be insignificantly magnetic at
room temperature. Petrologic and magnetic field modeling data
support this finding that the Earth's mantle is nonmagnetic
(Wasilewski, Thomas, and Mavhew 1979).

A revised basement map of the interior of the United States has

been prepared. This map is based on all data available prior to
1977. A preliminary basement rock lithologic map of the eastern
midcontinent has been prepared based on gqualitative correlations
of rock type with small scale Bouguer anomalies (Lidiak 1978).

A correlation study of near surface gravity and magnetic data
over the Great Lakes region of North America has been completed.
The study shows that rock density and rock magnetization do not
agree on a one-to-one basis (Purdue University group).

Global correlations between free-air gravity and magnetic anomalies

have been examined using data contained in the Geophysical Atlas
(Lowman and Frey 1979). There is evidence of geographical coin-~
cidence(Frey 1978).
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Two tectonic maps of the rift systems and sutures of the world
from the Archean to the present have been completed. These data
will be invaluable in potential field modeling inasmuch as both
regimes have nearly constant mineralogy and they serve as indica-
tors of present and past plate boundaries and regions of magnetic
and gravity anomalies. The global rift map (figure 2-3) shows
continental rifts, which are extensional ruptures penetrating a
substantial thickness of lithosphere. Oceanic rifts and spreading
centers are not shown, as they are very well documented in other
published maps (SUNY at Albany Group).

A survey has been completed of all available seismic refraction
lines penetrating the upper mantle in the conterminous United
States and the border areas of Canada and Mexico. From this data,
a contour map of the top of the mantle-depth to the Moho (figure
2-4) has been constructed (Allenby 1979).

A global atlas of geophysical data has been compiled and is ex-
pected to facilitate correlations of satellite gravity and magnetic
data with surface and lithospheric features. The beauty of the
atlas lies in the common Van der Grinten projection for all of

the maps which allows instant comparison of severzl geophysical
data sets (figures 2-5 and 2-6) over a given region of the Earth
({Lowman and Frey 1979).

Maps of global tesctonic and volcanic activity have been completed
covering the central global region and the two polar regions as
part of a synthesis of satellite geophysical data (see figures
2-7, 2-8, and 2-9). These maps, which are the first of their
sort, show major geologic features which are active now or have
been active within the past million years. The central map was
drawn as an overlay on the National Geographic Society's "The
Physical World" map, with the addition of data from other
sources, including Landsat mosaics and a computer plot of seismic
epicenters.

Five major types of geologic features are shown. Zones in which
new crust is being created are the active oceanic spreading centers
and their continental extensions. The complementary zones of
crustal destruction are subduction zones, or in some areas, con-
tinental overthrusts such as the front of the Himalayas. Shear
zones such as the San Andreas, in which one plate is moving past
another, are major active faults. Tensional features include
grabens, rifts, and individual normal faults. The criterion for
recency (i.e., activity within the past million years) in all
these is either seismic activity or geomorphic evidence of youth.
Volcanos are similarly included on the basis of reported activity
or physiography.

One of the completed maps intended for inclusion in the Geophysical

Atlas shows distribution of recent major volcanism, i.e., the
centers of volcanic activity of the Earth during the past 1,000,000
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years (figure 2-10). These data were compiled from the published
literature and Landsat imagery. Most of this activity is asso-
ciated with the present active plate margins. In some areas,

such as the interiors of Africa, the Western United States, or
China, this relationship is not clear, and the volcanism may be
associated with incipient plate boundaries (rift zones) or earlier
plates already subducted under continental masses.

Although the maps are chiefly a compilation of previously available
information, they have some interesting tectonic implications. 1In
particular, they illustrate the fact discussed in papers by
McKenzie and Atwater, i.e., that continental crust is much more
deformable than oceanic crust, and that plate boundaries may be
extremely broad, or "diffuse" in Atwater's term. The area of ac-
tive faulting in central Asia, for example, is bigger than several
recognized plates. When considered in the light of McKenzie's
work, the maps suggest that orthodox plate tectonic theory, based
on movement of rigid plates, i1s not applicable to large parts of
the continental crust. A specific implication of this for GSFC
projects is that space-related geodetic techniques, such as VLBI
and laser ranging, must be carefully planned to allow for diffuse
plate boundaries and intra-plate deformation.

There is no further updating planned for the map showing volcanic
activity of the past 1,000,000 years (figure 2-10), but a separate
publication on the three tectonic activity maps will also be
prepared.

FUTURE EMPHASIS

In the future, magnetization modeling will: produce final maps
and models based on processed vector data; develop structural
and thermal models based on these results; and interpret the
models in terms of temperature and composition in the crust, and
the implications for resource distribution.

Future laboratory work in rock magnetism will include the follow-
ing:

® Analysis of rocks characteristic of the
Earth's crust and modeling of the magnetic
mineralogy properties of the lower crust
and the upper crust.

® Investigation of the role of serpentinization
in local and regional crustal magnetization.

e Development of a body of rock magnetic
property data for rocks characteristic
of tectonic style, e.g., rifts, sutures, etc.

® Development of comprehensive models delineat-
ing temperature, magnetization and magnetic
mineralogy for selected areas.




Crystalline basement research will include petrologic and geo-
chronologic work on drill cores as well as updating maps of
basement lithology.

: Additional work in tectonic style investigations will include
j mapping the world's "hot spots" and mapping unusual topography.
Research correlating magnetic and gravity anomalies globally will
be extended to include fits with structure and tectonics.

The polar regions will be added to magnetic and gravity maps in
the Geophysical Atlas (Lowman and Frey 1978).
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MAGNETIC FIELD STUDIES

OBJECTIVES

The objective of the magnetic field studies program is to develop
models of the Earth's core field, secular variation, and crustal
field from satellite data. Models of the crustal field are use-
ful for probing beneath the surface to increase our knowledge of
the structure and composition of the Earth's crust.

BACKGROUND

Until Magsat is launched in October, 1979, our basic data set is
from the Pogo satellite. This is supplemented in varying degrees
by data from other satellites (Triad, Kosmos-49, Kosmos-321), by
aeromagnetic and shipborne magnetic data, and by observatory

and repeat station data. Representations of the internal (core)
field of the Earth are via the traditional spherical harmonic
analyses. Representations of the crustal, or anomaly, field are
in terms of suitable maps and of equivalent source models. The
first global scale crustal anomaly map from satellite data was
published in 1975. Since that time, various refinements have
been developed. Some have been published (Mayhew 1976, 1977)
and some are in progress.

RECENT ACCOMPLISHMENTS

Models of the Internal Field

During the past year three efforts have been underway:

® An evaluation was prepared of the relative
merits of secular variation models.

@ A determination and recommendaticn was
made concerning the value of observatory
and repeat station data in support of the
Magsat project.

® An effort to prepare software for derivation
of spherical harmonic models utilizing
Magsat was begun. Already completed are
the incorporation of an ability to solve
for angular biases in the spacecraft
coordinate system, an evaluation (with
negative results) of the value of prediction
error filtering to secular variation modeling,
optimization of inversion code, inclusion
of cubic time terms for representation of
secular variation, and selection of suitable
0GO-6 data for use in future modeling.
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Separation of the Measured Field Into its Various Sources

This effort is focussed on isolating the crustal anomaly fields
from the core and external fields. External fields are partic-
ularly a problem at high latitudes. By visual data selection

we have obtained an anomaly map over western Canada which is

in good agreement with aeromagnetic data (see figure 2-11). This
confirms our ability to adequately accomplish the separation

of anomaly fields from external fields for scalar data.

Representations of the crustal anomaly field are obtained to

first order by subtracting a field computed from a spherical

harmonic analysis from the measured data and then removing a

field with mathematical form equivalent to that expected from

sources deep in the magnetosphere. A more consistent separation

is then achieved by removing a linear or quadratic trend from

the field. A map was produced for the Geophysical Atlas and

for publication in E®S utilizing this technique (see flgure 2-12).

The dlfflculty with this technique is that it undoubtedly is also

removing scme of the core field from the anomaly map. An alter-

nate technique, consisting of two-dimensional filtering, was

also applied to the data to produce the other map used in the .
Geophysical Atlas. Work in this area is continuing. ‘

Representation of Anomaly Fields

Software was developed to derive equivalent source models from
the Pogo data. These programs are now available for use and a
report has been written. Results for the United States are shown
in figure 2-13.

Correlation of Magnetic and Gravity Anomalies

Purdue University has developed a quantitative technique to
measure various aspects of magnetic and gravity anomaly correla-
tion. Based on Poisson's theorem, the technique identifies
areas of high positive or negative correlation and estimates

the quality AJ/Ac, when AJ is magnetization contrast and Acg is
density contrast. Interpretation of these results is in its
infancy and is being carried out under crustal modeling.

FUTURE EMPHASIS

The main emphasis in internal field modeling will be investigating
the best way to represent secular variation and incorporating

the best possible methods of evaluating the accuracy of derived
models. Alsoc, effort will be expended to further optimize the
existing software.

Application of techniques of separating anomaly fields from
external fields to high latitude data is continuing. High latitude
anomaly maps from Pogo are expected to be published during FY 79.
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Further investigation of the longest wavelength component of the
aromaly field is under way. In particular, researchers are
evaluating the effect of inaccuracies in its representation on
modeling efforts at the same time as they seek to find the best
method of estimating its value.

Equivalent source models will be modified to incorporate vector
data and to model vector magnetization. The existing equivalent
source model will be utilized to derive a global anomaly map
reduced to common elevation and inclination.
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COMPARATIVE PLANETOLOGY/CRUSTAL EVOLUTION

OBJECTIVE

The objective of comparative planetology and crustal evolution
research is to use comparative planetary data to constrain models
of the earliest nature and evolution of the Earth's continental
crust.

BACKGROUND

The present~day structure and composition of the Earth's litho-
sphere and crust is a result of a long, complex history of vol-
canic and tectonic activity. Understanding that evolutionary
process as well as the nature of the original crust is essential
to a complete understanding of the present-day crust and how
that crust is evolving.

There is almost no terrestrial data available that can constrain
models of the earliest Earth. This is due to the scarcity of
very old rocks, which are almost nonexistent from before about
3.5 billion years ago. Yet this is the very time when so many
of the processes which continue today to change the Earth had
their origin. Those processes have been so active for so long
that they have literally destroyed the old rocks in the process
of making new ones. It is very unlikely that the necessary data
for understanding the early Earth will be found on the Earth.

The smaller terrestrial planets have had simpler, shorter and
generally more sluggish evolutionary histories. They therefore
preserve a greater percentage of their ancient, even primordial
crusts. When allowance is made for differences in size and mass,
bulk composition and position in the solar system (all of which
can affect thermal histories, for example), the study of the
crust and crustal evolution of these smaller planets can be used
to constrain models of the early Earth. This results directly
from the greater preservation of the effects of both external
and internal processes which shaped those crusts 3 and 4 billion
years ago.

One example is the effect of major, basin-forming impacts which
occurred on all the terrestrial planets prior to 4 billion years
ago. No trace of these immense impact structures remains on the
Earth, yet these impacts were the dominant process affecting

the structure and crust of the smaller terrestrial planets.
Previous study has shown that these impacts may have had important
consequences for the Earth (Frey, 1977a,b; 1979%a,b). These in-
clude: (a) Conversion of some 50 percent of the Earth's original
global sialic crust (Lowman 1976, 1978) into deep basins (b) con-
centration of high density basaltic crust ("oceanic crust") at
the surface making subduction possible, and (c) steepening of the
thermal gradients below the lithosphere, which may have triggered
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an early form of plate tectonics. The effects of major impacts
are almost always ignored by those who construct models of the
early BEarth, yet these impacts may have been responsible for the
most basic characteristic of the Earth's crustal structure: the
dichotomy between low density continental crust and high density
oceanic crust. Likewise the earliest oceans formed at this same
time.

Precise calculation of the effects of these major impacts required
knowledge about the number of such impacts, which was obtained by
scaling from observed lunar impact basins. This was necessary
because no direct trace of the impacts remains on the Earth. Like-
wise no evidence of the original uplift, rifting, and spreading
that began plate tectonic motions remains on this planet, but

Mars shows rift-like structures associated with crustal uplifts
that suggest an early aborted form of "incipient plate tectonics”
began on that planet. The origin of that process is much more
clearly preserved on the much smaller world.

Therefore, the study of sialic crusts on the other terrestrial
planets offers clues about the nature and occurrence of the origi-
nal sialic crust of the Earth. Thermal history calculations for
the terrestrial planets, combined with the knowledre obtained
about surface features, can be used to model their early litho-
spheric evolution, which can then be extrapolated for the larger
and hotter Earth. Variations in lithospheric thickness can be
inferred from modeling the gravity fields of the smaller planets.
This has important consequences fcr the deep structure cf the
Earth's lithosphere and crust, and the cause of the variations

in that thickness. The occurrence and timing of volcanism on

the smaller planets can be related to lithospheric thickness and
thermal history models. These in turn may be useful in understand-
ing the mode of emplacement of some volcanic materials on the
present Earth, as well as the development of volcanic activity
throughout Earth history. In short, the improved constraints on
the nature and composition of the early crust of the Earth makes
possible the construction of more plausible models of the Earth's
crustal evolution than has been possible before.

RECENT ACCOMPLISHMENTS

The effects of major impacts on the earliest crust of the Earth
have been studied in more detail during 1978. The question of
the relative sizes of impact basins on the Earth and on the Moon
when produced by identical impact bodies has been investigated,
including the effects of gravity fields confining the crater
dimensions. We have also explored the likelihood that basins
larger than those which formed on the Moon may have formed on the
Earth. This is quite likely, given that most populations of
impacting bodies will produce a D-2 distribution in diameters.
Previous estimates that at least 50 percent of an original crust
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would have been converted into large deep basins have been con-
firmed, but the uncertainties in that estimate can now be related
tn the various parameters that come into the calculation.

We have also attempted to obtain a better estimate of the nature
of the impacting population by studies of large impact basins on
Mercury and Mars. Comparison of the number/unit area versus size
distributions for Mercury and the Moon shows that many proposed
populations can probably be eliminated if both planets have been
recording impacts for the¢ same period of time (see figure 2-14).
We have been able to relate our counts of major basins to the
predicted numbers from dynamical and other studies, and find
several candidate populations are more likely than most of the
others suggested (see figure 2-15). This can now be related to
the flux that should have impacted the Earth, making the Earth/
Moon scaling more accurate in terms of the collective effects

on the Earth's crust.

One of the effects of the major impacts was the reduction of:

sea level if, as some have proposed, the original crust of the
Earth was covered by a global sea. The topography which resulted
from the formation of the large impact basins was such that, by
the time the bombardment was over 4 billion years ago, roughly
half of the Earth's crust stood above sea level (see figure 2-16).
Thus not only has the division of continental crust/oceanic crust
been part of the Earth for most of its history, but likewise the
separation of dry land and seas has been present for at least 4
billion years.

Studies of the rift valleys of Mars as they compare with the well-
known rifts of East Africa have shown that both planets have a
very similar distribution of rift lengths, when measured in units
of the planetary radius (see figure 2-~17). That is, compared with
the size of the planet on which they formed, rifts of Mars have
lengths comparable to those in East Africa. This suggests that
the rifting mechanism is probably the same on both planets. The
fact that rifts on Mars are wider than those on Earth reflects
differences in crustal thickness; the Martian crust and lithosphere
were undoubtedly thicker than the African crust and lithosphere

at the time of rifting (see figure 2-18). This is important

for understanding the extent and timing of thermal evolution on
both planets.

We also find that the rifting pattern is more simple on Mars, and
that two major periods of crustal uplift were significant in pro-
dycing the observed Martian structures. The simple pattern on
Mars compares with a very complex pattern of faults on the Earth,
which is due to the complex tectonic history of the Earth's crust
prior to the present episode of rifting (see figure 2-19). Thus
the extensional features we observe on Mars are likely to be the
first major breakup of that surface due to tectonic processes.
Therefore, the continued study of the Martian rifts offers a chance
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to better understand how the rifting process was related to early
mantle convection. When compared with thermal history calcula-
tions, it should be possible to relate mantle processes with
lithospheric responses on Mars, and thereby infer something of
the nature of the original rifting and plate tectonic breakup of
the thinner lithospere of the Earth.

The rifting process on Mars has not progressed as far as has that
in East Africa. The late-forming features found in the Gregory
Rift (including dense fault swarms and central volcanos) are not
present in the Martian rifts. This is due to the greater thick-
ness of the Martian crust, and can be a constraint on the thermal
profile at the time of rifting. The thickness of the present
lithosphere on Mars can be determined from studies and modeling
of the gravity field. Combined with the above studies this
offers a strong possibility of determining tl:» rate of thickening
of the Martian lithosphere and how that thiclksiing has varied
over the planet.

We have discovered a previously unreported volcanic landform on
Mars, a small, dome-like structure similar to terrestrial phreatic
eruption cones where hot lava comes into contact with water or
water-logged ground. Such features are well known in Iceland,

and their occurrence on Mars indicates the presence of subsurface
ice. It also places constraints on the thickness of the lava
flows there, which can be related to the rate of eruption or
extrusion of lava, and hence to the thermal profiles in the
lithosphere at the point of eruption. This constrains the general
volcanic evolution of the surface of Mars, and can be related to

the early occurrence of some types of volcanism likely on the Earth.

FUTURE EMPHASIS

Work will continue on the redifferentiating of the original
andesitic crust of the Earth and its relation to the appearance

o0f granitic rocks common on the Earth today. This in turn will

be related to the problem of the evolution of the crust in earliest
times, and to the likely connection of that evolution with an

early microplate tectonic environment.

The group will continue to examine in more detail through the use
of numerical modeling the thermal effects of major impacts and
the resulting volcanic and convective patterns in the lithosphere
and upper asthenosphere in the early Earth. We hope through such
computer modeling to bridge the gap between the earliest crust
and the more recent crust through studies of the onset of plate
tectonic processes. We will construct early models of the litho-
sphere during the period of between 4 to 3 billion years ago in
an attempt to understand the gradual shift in evolutionary style
to large plate tectonics.
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Study of the Martian rifts will attempt to determine the timing
and sequence of uplift, rifting, and volcanism that have produced
the observed structures. When the effects of erosive modification
of the old rifts are removed it should be possible to work out the
evolutionary development of this region, and then relate that to
the internal processes which were responsible (convection).

We hope to build numerical models of the rifting process which
reproduced the sequence of events on Mars. Then, if successful,
the same techniques can be applied to the earliest rifting on

the Earth, taking into account the differences in thermal profiles,
lithospheric structure and composition.

We will undertake a comparative gravitational field analysis for
Mars and the Earth in order to determine the relative lithospheric
thicknesses and rigidities, as well as to model the upper astheno-
spheres for possible comparison of convective states.

We want to map the distribution of phreatic eruption cones on
Mars in order to determine the distribution of thin volcanic
flows on that planet. This we hope will provide constraints on
the extrusion history for Mars and its thermal evolution. We
also intend to study the relationship of the major volcanic
structures and centers to the major rifts in order to determine
the relative sequence of events that disrupted the lithosphere.

'As radar data from the Pioneer Venus mission becomes available,

we intend to incorporate this into comparative crustal structure
analysis. We expect numerous rift valleys on Venus; their size
and structure will reflect lithospheric properties and sublitho-
spheric dynamics. We know the surface of Venus retains some
more ancient crust than does the Earth. Comparison with the
surface of Mars and the Earth will help define the evolutionary
pattern as a function of size and mass, which are related to the
thermal profiles for these bodies.
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Figure 2-14. Histograms of Numbers of Impact Basins Versus
Diameter for Mars, Mercury and the Moon. Shade regions indi-
cate multiringed basins identified by Wood and Head (1976).
Note that only 47% of Mercury has been photographed, while
nearly 100% of Mars and the Moon has been observed.
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Figure 2-16. Effect of Formation of Large Impact Basins on
Earth's Topography and Resultant Lowering of Sea Level. The

large basins provide drains for the presumed global ocean,
eventually exposing dry land.
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CHAPTER 3

CRUSTAL CEFORMATION AND EARTHQUAKE MODELS

OVERVIEW

The goals of the crustal deformation and earthquake models program
are to improve the current understanding of global and regional
scale motions of the crust, to improve understanding of the driv-
ing mechanisms for earthquakes, and to provide measurements of
crustal deformation and crustal motion of potential use in long-
range earthquake forecasting.

NASA 1s currently developing a crustal dynamics and earthquake
research program to conduct basic research and make precise geo-
detic measurements useful for understanding crustal movements and
production of earthquakes. Several technologies (i.e., satellite
Doppler, satellite laser ranging, lunar laser ranging, and Very
Long Baseline Interferometry (VLBI) have been developed to the
point at which geodetic measurements of geophysical significance
are possible. Research programs are underway in the following
areas to make measurements and help interpret the data:

® Laser ranging across the San Andreas Fault.

) Modeling earthquake mechanisms and crustal deformation
in California.

) Transcontinental baseline measurements with VLBI.

[ Geodetic stability of key laser and VLBI sites.

° Seismogenic models in China.

® Development of a seismic Data Collection Platform (DCP).
® Spaceborne laser ranging system concepts.

) Intercomparison of geodetic systems.

A description of these various programs is given in the following
sections.

Contributors to this chapter include Richard Allenby, Steven Cohen,

Werner Kahn, Ronald Kolenkiewicz, Han-Shou Liu, Paul Lowman,
Chopo Ma, James Ryan, David Smith, and William Webster.
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CRUSTAL MOTION MEASUREMENTS IN CALIFORNIA (SAFE)

OBJECTIVES

The objectives of the crustal motion measurements in California
and the San Andreas Fault Experiment (SAFE) are to determine
present-day crustal motion in the western United States, and to
develop and demonstrate the method of laser ranging to satellites
for high precision, long baseline geodesy.

BACKGROUND

Since 1972, an experiment has been in progress to measure the
total present-day plate motion taking place across the San Andreas
fault system in California. The SAFE experiment was initiated as
both a test of the concept of using laser ranging to satellites
for geodynamics and also to improve our large scale perspective

of the strain accumulation in the western United States (and the
frequency cof very large earthquakes). The basis of the experi-
ment is that the distances between points on opposite sides of the
fault will change with time as the tectonic plates of North
America and the Pacific slowly grind past each other. Consequent-
ly, the measurement of the change in distance between points on
opposite sides of the fault can be used to infer the present-day
plate velocity.

The geological history of western North America tells us that the
San Andreas fault is predominantly right lateral strike-slip with
an average motion of about 5 to 6 cm/year over the last several
million years. Whether the motion along the fault varies over
years or centuries and what the present-day motion is in California
are basic questions of plate tectonics. The scientific objective
of SAFE was to provide a first attempt at answering these ques-
tions.

RECENT ACCOMPLISHMENTS

The method that is being used in the experiment is laser ranging
to satellites. The two primary locations for the experiment are
Otay Mountain near San Diego and Quincy in Northern California.
The stations are nearly 900 km apart, are on opposite sides of the
main strike of the fault and the line between the stations makes
an acute angle of about 25° with the general direction of the
fault. In the fall of 1972, mobile laser stations were estab-
lished at the San Diego and Quincy sites and each station tracked
the Beacon Explorer 3 spacecraft, which is equipped with laser
retroreflectors, on every pass simultaneously observable from
stations (weather permitting). The laser tracking systems measure
the distance from the ground to the satellite approximately once
every second as the satellite passes near the station and from

the analysis of the quasi-simultaneous data collected at each of




the sites, the relative locations of the tracking stations can be
determined.

In the fall of 1974, the mobile lasers returned to San Diego and
Quincy and repeated the measurements of the relative locations of
the two sites. At each location a permanent marker has been
established to which all the measurements are referred. 1In the
fall of 1976 the lasers returned a third time to San Diego and
Quincy and a third laser was set up at Bear Lake in Utah. This
third site is some 800 km east of Quincy across the basin and
range province and was set up because the basin and range is
believed to be undergoing extension at the rate of about 0.5
cm/year. From the 1976 tracking data the relative locations of
all three lasers were determined. Beacon Explorer 3 was the
primary spacecraft, but Lageos, launched in May 1976, was also
tracked and provided an independent solution. 1In future occupa-
tions of these sites, Lageos is expected to be the prime space-
craft because of its greater altitude and better orbit stability.

The primary source of error in estimating the relative locations
of the tracking stations is the Earth's gravity field. Model
errors in the gravity field distort the orbit of the satellite
and pollute the recovery of the station coordinates. The best
gravity fields presently available are believed to be the GEM 9
and 10 models (Lerch, et al. 1977). The GEM 9 is based on satel-
lite tracking data alone and is complete to degree and order 20
while GEM 10 uses satellite and surface gravity data and is
complete to degree and order 22. Both of these fields have been
used to analyze the laser tracking data and provide estimates of
the relative station positions for each of the three observation
periods (Smith, et al., 1977).

Figure 3-1 shows the San Diego-Quincy baselines and the Quincy
heights obtained with GEMS 9 and 10. The baseline values suggest
a decrease has occurred over the four years of the experiment of
nearly 9+ 3 cm/year (GEM 9). This value appears to be signifi-
cantly larger than the geological average of 5 to 6 cm/year, but
because of the large uncertaintly in the laser result it is too
early to be sure that it is geophysically significant. The GEM
10 solution for the baseline also indicates a similar decrease in
the baseline, but this solution is best used as an indication of
the effect of changing the gravity model and suggests that the
error bars shown in figure 3-1 for GEM 9 are probably optimistic.

Figure 3-1 also shows the height obtained for Quincy each year.
The height at San Diego was adjusted but kept the same for the
whole four-year period so that the Quincy height variations may
more properly reflect a height variation between San Diego and
Quincy. The indication from figure 3-1 is that the Quincy height
probably did not change throughout this period. There is a
slight suggestion of a height increase, but considering the magni-
tude of the error bars this is not significant.




SIGNIFICANCE

As a demonstration of the technique of using satellite laser
ranging for measuring crustal motions the experiment has shown
that the method is capable of providing consistent results to the
level that the behavior of the baseline is geophysically under-
stood. Geophysically, the experiment is tending to confirm the
plate tectonics hypothesis about motion along the fault with the
suggestion that the motion may be larger than the geological
average. The rate of change of baseline is equivalent to a strain
rate of 0.1% 0.03 micro-strain/year which is consistent with the
results of Savage, et al. (1978) for southern California deter-
mined from local geodetic surveys of several areas. However, 1if
the larger rate of motion across the fault system is finally
demonstrated, it will imply that variations in plate motion do
exist and that at the present time strain is accumulating at a
higher rate.

FUTURE EMPHASIS

Further measurements from San Diego, Quincy, and Bear Lake are
scheduled for early 1979 and should provide a fourth measurement
between San Diego and Quincy and an equally important second set
of measurements from Bear Lake to both San Diego and Quincy.
Subsequently, it is hoped that the network will be expanded to
include more sites in California in order to better understand
the distribution of plate motion and strain accumulation across
the San Andreas Fault system.
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MEASUREMENTS OF EARTH MOTIONS WITH VLBI
OBJECTIVES

The objectives of the recent Very Long Baseline Interferometer
(VLBI) activities were threefold: (1) To make new observations
as time and personnel permitted; (2) to analyze the data acquired
prior to and during 1978, and (3) to upgrade the Mark III VLBI
system software in order to improve the data analysis. These
objectives are preparatory for the geophysical interpretation of
the much better data expected in the next few years.

BACKGROUND

The VLBI activities are a continuation of efforts begun in 1974
under the proposed Pacific Plate Motion Experiment (PPME). The
primary objective of PPME was the direct measurement of the motion
of the Pacific plate relative to the North American plate in
order to increase understanding of global tectonic plate motion.
PPME is now a part of the Crustal Dynamics Project. Other ob-
jectives are to determine polar motion and variations in rotation
rate in order to examine the relationship with major earthquakes
and to study and improve models and experimental techniques
through comparison with other high precision systems. To meet
these objectives, new instrumentation and software (the Mark IIT
system) with greater sensitivity, reliability and flexibility

has been developed and is currently being deployed.

RECENT ACCOMPLISHMENTS

Observing sessions in January, February and May, 1978 were sched-
uled on the Haystack (HO)/Owens Valley (OVRO)/ Green Bank (NRAO)
baselines. These were the last observations made using the
360-kHz bandwidth Mark I equipment which is now retired.

The entire set of HO/OVRO data has been processed. A graph of the
baseline length as a function of time shows a weighted RMS scatter
of 3.3 cm. The slope is 4mm#zllmm per year. The associated polar
motion and UT1l parameters are being analyzed and compared with
lunar laser and satellite laser results. A preliminary compari-
son was presented at the International Astronomical Union (IAU)
Symposium No. 82, on the rotation of the Earth. The complete

data set was also used to derive values for source coordinates,
the precession constant, and the Love numbers h and 1. Older

VLBI data now intergrated into the data base will improve these
determinations.

The HO/OVRO data from January and February, 1978 were used in the
validation and intercomparison of the Goddard/HO VLBI, JPL/Deep
Space Network (DSN) VLBI, Lageos satellite laser and NGS Doppler
systems. The comparison of baseline results was done by NGS at
the request of 0Office of Space Tracking and Data Systems (OSTDS).
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HO/OVRO data.
as well as weather and equipment problems with
made it impossible to achieve agreement at the
ﬁ all parameters. The GSFC and JPL VLBT results

than 10 cm in baseline length but disagreed by
baseline vector components. The source of the
traced to errxors in the JPL data,

and these errors were only un-
- covered when the JPL data was analyzed by the GSFC team.

In order to present the best analysis possible, we used revised
astronomical constants and new source coordinates based on earlier
The absence of phase calibration for the JPL data

the OVRO laser
desired level for
agreed to better
up to 90 cm in the
disagreement was

Of the

three hardware systems participating in the intercomparison ex-
periment, the GSFC/HO VLBI system had by far the fewest problems.

Several large software subsystems were upgraded to improve the
flow of data and the precision of analysis. The data base handler
ﬁ was revised to increase the retrieval speed and to improve com~-
patibility with other machines. A paper was presented at the
Second Working Group on Oceanographic Data Systems on the struc-
ture and use of the data base. Material was supplied to Dr. G.
Lohman at JPL, who is doing a study for NASA Headquarters on the
data requirements for geodynamic research. An interactive P
scheduling program was written for the VLBI minicomputer. Several ¢
modules were coded for CALC, which is the program which calculates :
theoreticals and partial derivatives for parameter estimation.
These new modules account for elastic corrections to astronomical
models and provide for the impending change to epoch 2000.0
coordinates. SOLVE, which prepares and solves normal equations
for parameter estimation, was modified to take advantage of arc-
parameter elimination in analyzing large amounts of data. The
design of a comprehensive data and software catalog/archive system
was initiated and is largely implemented.

FUTURE EMPHASIS

Future work will be in two areas: New observations and refined

analysis and interpretation.

M B A A e b AR A A 2 i

The Mark III VLBI system is about to become operational. The

', hardware implementation schedule is appended. The first full test
} will be in April, 1979 on the HO/OVRO/NRAO baselines. Fort Davis,
3 ’ : Texas should be ready by the end of 1979. Consequently, a large

| effort will be directed to testing the equipment and field soft-
ware, making observations on a bimonthly basis, analyzing the
data, and integrating the new observations into the data base.

The field operating system which will automate data acquisition
and equipment monitoring must be completed and debugged.

In the other direction, the exisiting data will be analyzed and
interpreted. Since much of the software development has been
finished, more emphasis will be placed on improving the models
used and the analysis of data. Atmospheric calibration will be
added to the 1969 through 1975 data. The effects of source struc-
ture and antenna flexure need to be included. A new version of
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SOLVE with more flexible algorithms and interactive capabilities
is being coded and should be operational by August, ]1979. This
version of SOLVE will also incorporate an expanded solution
library.

The combination of better data, longer time base, and refined
models should make it possible to examine several problems of
geophysical and astronomical interest. The May American Geophys-
ical Union (AGU) meeting and June meeting at MIT on radio inter-
ferometry techniques for geodesy will be appropriate forums for
discussing the results. .

A proposal was submitted under the Lageos Announcement of
Opportunity (A0). If it is accepted, a considerable fraction of
our activities will be devoted to analyzing and comparing VLBI and
laser data at a level of detail which will validate the techniques
against each other. '

Over the longer term :» expect to study several areas in more
detail: (1) Interplate motion, (2) intraplate deformation, and
(3) polar and rotation rate.

Through cooperation with several European VLBI groups we expect

to make observations between the North American and Eurasian
Plates. These measurements will be of use in determining whether
interplate motion is continuous or episodic. A full international
network of VLBI stations will contribute strongly to understanding
of contemporary interplate motion on a global scale.

A network of VLBI stations is planned within the North American
Plate. The probable sites are HO, NRAO, Fort Davis, Goldstone,
and OVRO. The baselines between these stations will enable us
to study the deformation within the North American Plate over
such areas as the Basin and Range Province, where local deforma-
tion has been suggested. :

The area of polar motion and rotation studies will be expanded,
particularly by cooperation with the National Geodetic Survey
(NGS) Polaris project. The high spatial and temporal resolution
expected should enable us to examine the relationship between
these parameters and such driving effects as major earthquakes,
atmospheric distribution, and ocean circulation.

REFERENCES AND PUBLICATIONS

C. Ma, "Very Long Baseline Interferometry Applied to Polar Motiun,
Relativity, and Geodesy," NASA TM-79582, 1978.

Wittels, J.J., I.I. Shapiro, H.F. Hinteregger, C.A. Knight,
A.E.E. Rogers, A.R. Whitney, T.A. Clark, C. Ma, L.K. Hutton,
D.S. Robertson, B.O. Ronnang, O.E.H. Rydbeck, A.E. Niell,
G.M. Resch, "A High Declination Search at 8 GHz for Compact
Radio Sources," 4dstron. J. 83, 6, p.560, 1978.

%Z{

PR SR . P R it N e ke it i e ke G et ¥ L

"t




o AR A

e My TR T p———— T

v T T ooy oy MR R T T R A T T

REFERENCES AND PUBLICATIONS (continued)

J.W.

Ryan,

Ryan, T.A. Clark, R. Coates, C. Ma, D.S. Robertson, B.E.

Corey, C.C. Counselman, I.I. Shapiro, J.J. Wittels, H.F.
Hinteregger, C.A. Knight, A.E.E. Rogers, A.R. Whitney, J.M.
Moran. "Precision Surveying Using Radiointerferometry,"

J. of the Surveying and Mapping Div. Amer. Soc. Civil Engineers,
104, No. SUl, 25, 1978.

J.W., and C. Ma, "A Small Data Base Handler for Scientific
Applications," Transactions of the Second Working Group on
Oceanographic Data Systems, April 1979.

Robertson, D.S., W.E. Carter, B.E. Corey, W.D. Cotton, C.C.

N.R.

Counselman, I.I. Shapiro, J.J. Wittels, H.F. Hinteregger,
C.A. Knight, A.E.E. Rogers, A.R. Whitney, J.W. Ryan, T.A.
Clark, R.J. Coates, C. Ma, and J.M. Moran. "Recent Results
of Radio Interferometric Determinations of a Transcontinental
Baseline, Polar Motion, and Earth Rotation," Proceedings of
the TAU Symposium, No. 82, in press.

Vandenberg, T.A. Clark, L.N. Foster, C. Ma, J.W. Ryan, H.F.
Hinteregger, C.A. Knight, E.F. Nesman, A.E.E. Rogers, A.R.
Whitney, B. Rayhrer, R. Lacasse, and B.E. Corey, "The Mark
IITI VLBI System," B.A.A.S., 10, p. 640 (abstract), 1978.

g e i i e L Snsbeot] S R R U O VNP S 55




A

INTRAPLATE DEFORMATION AND VLBI RESULTS

OBJECTIVE

The purpose of this project is to interpret the intraplate de-
formation and VLBI data obtained by GSFC.

BACKGROUND

Very Long Baseline Interferometry (VLBI) experiments over the last
2 years between Owens Valley, CA and Haystack, and MA Radio Ob-
servatories suggest an upper limit of east-west crustal deform-
ation between the two sites of well under 3 cm/year over a dis-
tance of almost 4,000 km. In view of the fact that the baseline
between the two sites traverses most of the major geological
provinces of the United States (figure 3-2), this relatively low
ceiling on the rate of crustal deformation has direct relevance to
intraplate-crustal Tectonics. The most active region traversed

by this baseline is the Basin and Range Province which has been
estimated by various researchers to be expanding in an east-west
direction at rates of .3 to 1.5 cm/year. The Colorado Plateau

and Rocky Mountain system also appear to be expanding, but at
somewhat lower rate. East of the Rocky Mountains, while the
stress field is complex and not well understood, the predominant
stress appears to be compressional, nearly horizontal, and east

to northeast trending.

RECENT ACCOMPLISHMENTS -

The experimenters have developed four possible explanations for
the relatively low rate of change of distance between the two
VLBI observatories are:

° The North American Plate, as required by con-
tinental drift theory, is perfectly rigid.

° The North American Plate is sufficently elastic
to absorb intraplate regional tectonic motions
but, overall, behaves as a nearly rigid plate.

° Intraplate crustal motions are episodic and
this is a quiet period.

° Motions in the various geologic provinces
counteract one another.

While the available data are not sufficient to resolve the above
explanations, it is suggested that the last one is the most
plausible explanation and that opposing motions between various
geological provinces do exceed the 3-cm/year limit.




FUTURE EMPHASIS

In order to advance our understanding of an area as complex as
the contiguous United States, continued observations over a sig-
nificant time period (5 to 10 years) are required at a variety
of sites. Continued analysis is planned utilizing NASA and
ground-based gendynamic data as it becomes available,

REFERENCES AND PUBLICATIONS
Allenby, R.J., "Implications of Very Long Baseline Interferometry

Measurements on North American Intra-Plate Crustal Deforma-
tion," Tectonics, in press 1979.
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PLATE BOUNDARY DEFORMATION IN CALIFORNIA

OBJECTIVE AND BACKGROUND

NASA's geodynamic programs at Goddard and Jet Propulsion Labora-
tory (JPL) have now conducted geodynamic measurements at a few
California sites over a sufficient time period to provide signif-
icant data related to crustal motion within the "slushy" border
between the North American and Pacific Plates. Of particular
interest is comparing these results with similar results obtained
by conventional land-based surveys.

RECENT ACCOMPLISHMENTS

We have found that the relative motion between the North American
and Pacific Plates, based on sea-floor magnetic striping patterns,
is about 6 cm/year averaged over the last 3 to 4 million years.
Results of ground line resurveying across this plate boundary

by the National Geodetic Survey (NGS) in the Salton Sea area
suggests a present day motion of 8 to 10 cm/year. Local ground
surveys directly across the San Andreas fault show it has a maxi-
mum motion of 3.5 cm/year.

The SAFE program has measured a baseline shortening between Otay
Mountain (San Diego) and Quincy (Northern California) of about

9 cm/year. This baseline crosses most of the major northwest
trending California coastal faults and the baseline measurements
are in general agreement with the Salton Sea measurements. The
baseline measurements suggest that if 10 cm/year is the total
interplate motion, then this motion is all being taken up along
the coastal fault system, with a third along the San Andreas and
the rest along parallel faults.

Results from the JPL ARIES program suggest an east-west extension
between Goldstone and Pasadena of 5 cm/year, corresponding to a
motion along the coastal fault system in this area of 5.6 cm/year.
Because this baseline begins to the east of some of the major
northwest trending coastal faults, this measurement may reflect
only a portion of the total motion across the system. Conversely,
it may indicate that some of the interplate motion is not being
absorbed into the coastal fault system, but into the basin and
range province to the east of California.

The results of these experiments suggest that:

° Relative motion today between the North American
and Pacific Plates-is about double the 3 million
year average of 6 cm/year.
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] Three cm of this motion is taken up by the San
Andreas fault, and the rest is either absorbed by
other California coastal faults parallel to the
San Andreas or into the Basin and Range Province.

B FUTURE EMPHASIS

Continued work on the plate boundary deformation problem in
California is planned using all available pertinent data.

REFERENCES AND PUBLICATIONS

Allenby, R.J., "SAFE and ARIES Results Related to California
% Geodynamics, " in progress
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INTERCOMPARISON OF TRACKING SYSTEMS FOR PRECISE GEODETIC
MEASUREMENTS

OBJECTIVES

The principal objective in this investigation is to perform a
series of experiments designed to evaluate various systems'
capabilities in making measurements of geophysical significance.
Three such systems currently in operation are Satellite Laser
ranging (SLR), DOP (Satellite Doppler), and the VLBI system.
These systems are able to make valuable scientific contributions
through precise measurements of length used in the determination
of items such as crustal motion, Earth rotation, and polar motion.
The first experiment performed was to compare the distance meas-
urements between systems collocated at several locations in the
United States.

BACKGROUND

The scientific community has long realized that precise measure-
ments between points located great distances apart on the sur-
face of the Earth could yield useful information on the physical
processes occurring in the Earth's interior and observed on the
Earth's surface. Direct measurement of tectonic plate motions
could possibly explain Earth rotation, polar motion, and earth=-
quake locations and frequencies.

Until the last decade the only practical method of obtaining these
measurements was by traditional ground survey, which was limited
by accuracy and frequency. During the 1970's, several new
techniques emerged which promised to give intersite distances
within centimeters on a routine basis. The systems which could
supply this information include:

SLR

DOP

VLBI ,

Lunar Laser Ranging (LURE)

Since NASA has funded the development of several of these systems

and has need of the data provided, by them in order to carry out "
its mission, the question arises as to how good they are in per-

forming their common objectives, and if in fact all these different

types of systems are necessary. In an effort to evaluate the

accuracy of the systems, it has been decided that a series of
intercomparison experiments will be performed using SLR, DOP, and ¢
VLBI. ;

During the period January to March 1978 each of the above systems
was operated from Owens Valley, CA, Goldstone, CA, and Haystack
Observatory, MA. In addition, SLR was located at Greenbelt, MD
during the experiment, and DOP was located at Greenbelt at a later
time period. The purpose of this experiment was to compare the
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distance between each site as obtained by each type of system.
Two teams (GSFC and JPL) independently used different data and
techniques to reduce the VLBI data at Haystack and Owens Valley.

RECENT ACCOMPLISHMENTS

From this first experiment a comparison of the same distance
measured by each system can be made. The SLR data collection ‘
and analysis was performed entirely by GSFC and the results were

as follows:

@ Satellite Tracked: Lageos.
e Tracking Dates: March 18, 1978 - March 31, 1978.

® Tracking Sites: Haystack, MA; Goldstone, CA; Owens
Valley, CA; Greenbelt, MD.

e Number of Data Points: 16,000.

® Solutions Contained: New speed of light (299792.458 km/sec)
New GM (398600.5 km)

The results for the chord difference obtained (meters) are given
in table 3-1. The differences between the laser distance and
distances obtained by other systems (centimeters) are given in
table 3-2.

In general, SLR agrees well with VLBI, the largest difference being
27 cm between the Owens Valley-Goldstone (shortest) baseline.

This 27 cm may be due in part to the fact that the Owens Valley
laser was somewhat erratic during the course of the experiment,
measuring rms ranges of 40 cm rather than the normal *10 cm.
SLR did not compare as well with DOP, the largest difference of
94 cm between the Greenbelt-Goldstone baseline. This may be due
to the fact that the Doppler data at Greenbelt was not obtained
during the same time period as the other Doppler data was taken.

Techniques in reduction of data have apparently caused the 5-cm
difference in the Haystack-Owens Valley distance as determined
by the two VLBI teams.

SIGNIFICANCE

This was the first direct comparison of the ability of precise
measuring systems to determine intersite distances. As a conse-
quence of this experiment, the VLBI teams from GSFC and JPL have
agreed on data reduction techniques still to be implemented which
will bring their results into better agreement. It has also been
noted that SLR indicated station heights approximately 5 m higher
than DOP heights. This apparent shift of the center of mass of one
of the coordinate systems along the Z-axis will be investigated.
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FUTURE EMPHASIS

These results are the first of a series of tracking system inter-
comparison experiments which are planned to be carried out under
the direction of NASA Headquarters during the next few years.
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Gr=enbelt-Owens Valley

3562310.78 + 0.08

L.

Table 3-1. Baseline Chord Differences
| Station S Chord Differences (m)
From-To Laser Dopplexr JPL/VLBI GSFC/VLBI
| Haystack-Owens Valley 3929896.72 + 0.09 .69 .83 .78

Haystack-Goldstone 3899845.27 + 0.07 4.68 .16

Owens Valley-Goldstone 237190.94 + 0.08 1.43 1.21
§ Greenbelt-Haystack 602031.52 + 0.05 2.36
H o
LN
3 i Greenbelt-Goldstone 3503665.33 + 0.07 4.39
|
i .
] .50
L
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Table 3-2. Baseline System Differences
3 é Station System Differences (cm) 441
Pl From-To Taser Minus Laser Minus Laser Minus
- Doppler JPL/VLBI GSFC/VLBI
. Haystack-Owens Valley 3 -11 -6
é Haystack-Goldstone 59 11
Owens Valley-Goldstone -49 =27
2 . Greenbelt-Haystack -84
b
™~
Greenbelt-Goldstone 94
i
Greenbelt-Owens Valley 28
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GSFC SITE STABILITY

OBJECTIVE

The objective of the GSFC site stability piroject is to monitor the
site's geodetic stability.

BACKGROUND

The STALAS site near GSFC is the main reference station for the
laser ranging programs. Accordingly, it is important to know
the level of geodetic stability of STALAS. It is also important

to detect any regional earthquakes which may influence measurements
from STALAS.

RECENT ACCOMPLISHMENT

A field reconnaissance showed no convincing evidence of surface
expressions of faulting and determined that the area is all
tertiary and quaternary sediments of a poor grade of consolidation.
A telemetered seismic station was established on the nearest bed
rock exposure (Ellicott City, MD), and continues to monitor for
possible local ground displacements.

FUTURE PLANS

A "hammer" refraction survey is planned for late spring to tie the
STALAS site to the Maryland well log network. This will allow an
accurate estimation of the elastic properties of the sediments at
STALAS. A three day monitoring period will take place during the
summer to measure the acoustic noise at the site. Two-Hz and 7-Hz
sensors will be employed. This will allow a complete determination
of the acoustic "transfer function" at STALAS. This effort is
necessary since the STALAS pier does not go to bedrock. At the
conclusion of the work, it will be possible to estimate the STALAS

response to local seismic events seen on the Ellicott City system
accurately.
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GEODETIC STABILITY OF THE GREEN BANK, WEST VIRGINIA VLBI SITE

OBJECTIVE

A paper is being submitted to Tectonophysics, describing the results
of a combined geological and geophysical study of the National
Radio Astronomy Observatory at Green Bank. The study was under-
taken in support of the VLBI program to assure the stability of
the Green Bank site at the 2 to 5 cm level. t is essential to

be sure that the sites on the east coast are really stable,
locally, in order tc use the precise continental-scale distance
measurements from VLBI.

BACKGROUND

Because numerous lineaments, including the track of the so-called
38th parallel lineament, cross the region around Green Bank, a
field survey was undertaken to measure any offset on the linea-
ments. Such offsets would indicate both the potential for move-
ment and the magnitude over geologic time. Surprisingly, no
offsets were found although the lineaments are clearly old,
stratigraphically.

In addition to the field survey, a short-period high-gain seis-
mometer has been in operation at NRAO for over two years. This
system is intended to check for micro-earthquakes in the region
around the observatory. Although no activity has been detected
within 20 km of Green Bank, the previously known centers of
activity near Elkins, W. VA and West-Central, VA, have been re-
sponsible for about 20 earthquakes with a maximum magnitude of 3
during the period of operation.

RECENT ACCOMPLISHMENTS

A major water impoundment project is being constructed by VEPCO
about 35 km east of the observatory. Because of the possibility
of impoundment-induced strain and loading-triggered micro-
seismicity, monitoring at NRAO will be continued to assure that
the current stability does not deteriorate as the resevoir is
filled to capacity.

FUTURE EMPHASIS

Because one of the largest water impoundment projects east of the
Mississippi is within 30 km of NRAO, seismic monitorxing must con-
tinue for the assessment of impoundment-induced seismicity. A
measurement of the acoustic noise spectrum in the vicinity of the
140-foot antenna is planned for late spring.
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SPACEBORNE LASER RANGING SYSTEM

OBJECTIVES i P

In the spaceborne laser ranging system project, space methods

will be used to detect and monitor very small crustal movements
which are on the order of 0.3 to 0.5 cm/year in central California.
A pulsed laser ranging system on a dedicated commandable space-
craft (free-flyer) can be used to provide continuous monitoring

of crustal deformation in California as well as many other areas
of the world and has the potential to provide an almost real-

time system for detecting precursory ground motions before large
earthquakes.

BACKGROUND

The concept of the spaceborne laser ranging system was developed
as a technique for monitoring from space, frequently and over

long time periods, the relative positions of a large number of
geodetic reference points. The spaceborne laser ranging system
consists of an orbiting spacecraft carrying a pulsed laser range
measuring system which measures the range between the spacecraft
and laser retroreflector arrays on the ground. By distributing
these retroreflectors over regions of seismic activity and crustal
deformations associated with tectonic plate boundary motion,
earthquake zones, and ground motion due to fluid withdrawal,
mountain building, or volcanic activity, this spaceborne technique
conceptually would permit the monitoring of whole regions with a
high density of points in a relatively short period of time,
creating the impression of obtaining a geodetic "snapshot" of the
area. Such measurement sets can be compared with other measurement
sets obtained at appropriate intervals and the observed displace-
ments used to develop regional maps of strain and strain-rate.

RECENT ACCOMPLISHMENTS

In order to assess the spaceborne laser ranging system's capabili-
ties in the presence of known error sources, establish mission
parameters, develop parameter estimation strategies and aid in
system design specifications, it is standard procedure to perform
computer simulations using covariance error analysis technigues.
Many simulations have already been performed to study various
aspects of the spaceborne laser system concept.

One such simulation was a survey of the State of California by
the spaceborne laser ranging system. In the simulation, approxi-
mately 150 laser retroreflectors are distributed over California
at a separation of about 50 km (see figure 3-3). We derived from
the simulation estimates of the accuracy and precision with which
the relative positions of the reflector arrays can be obtained.
The error sourtes which were used t® obtain these estimates of
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precision and accuracy are laser system noise and bias, perturba-
tions of the spacecraft motion, and errors in the refraction
calculations.,.

The orbit of the satellite is assumed to be circular at 1000-km
altitude and 50-degree inclination to the equator. A medium
inclination orbit was chosen because it provides ground tracks
across California in almost orthogonal directions (southwest to
northeast and northwest to southeast), and thus provides a strong
geometric distribution of range measurements (see figure 3-4).

The simulation results in table 3-3 assume a six-day observation
period with 50-percent cloud cover which effectively reduces the
number of successfully observed tracks over the area from 18 to 9.
The data on these tracks is simulated at a repetition rate of 10
pulses per second with a noise of + 2 cm and a bias of .3 cm.

The effect of the errors in the gravity field on the motion of
the satellite were accounted for in this simulation by adopting
the GEM 10 covariance model of the gravity field derived from
satellite tracking and surface gravity data. The effects of
solar radiation pressure and air drag on the satellite were
assumed to be in error by a constant percentage in the estimation
of their effects on the solution. The effect of atmospheric re-
fraction was estimated through a two parameter (pressure and
temperature) model. 1In this model, the temperature and pressure
are assumed known at a limited number of locations in the region
and are used to develop an atmospheric model of the whole region
from which the temperature and pressure at each of the retro-
reflectors can be estimated. 1In table 3-3, both the accuracy

and precision with which baselines between retroreflectors are
obtainable is given over various distances and summarizes the
error models and assumptions made in the simulation. The accuracy
is the estimated total error in the baseline; the precision is
the ability to repeat the measurement. The noise in the precision
is approximately 1l.44 times that of the accuracy while the
systematic errors are generally smaller in the precision than the
accuracy because of the correlations.

Table 3-3 shows that the error sources tend to increase as the
baseline distance increases. The gravity model error dominates

the accuracy while the solar radiation pressure and drag effects

on the orbit are negligible in both accuracy and precision and

over all distances. The noise level in precision is larger than
that in the accuracy but the gravity contribution is significantly
reduced in precision because the gravity error is largely systematic
in nature, and is repeated from one simulation (or observation) to
the next. The atmospheric refraction is larger in the precision
than the accuracy, showing much of this error has the property

of noise. The measurement bias contribution in precision also
behaves much like noise since the bias on one track is independent
of that from any other track. ’
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SIGNIFICANCE

Based on this simulation study, it can be concluded that a survey
of the complete state of California can be accomplished with a
precision of + 1 cm and an accuracy of +5cm in about six days.

By making allowance for an increase in our knowledge of the
earth's gravity field over the next several years, we can safely
establish as our objective an overall accuracy in the mid-1980's
of + 1 cm.

In the area of error due to atmospheric refraction, one possibility
actively considered for error correction is use of a two-color
laser system which operates in two colors separated enough in
frequency that the total atmospheric refraction can be derived

from the delay between the two pulses. This technique is still
under development, but will become available within the next few
years.

The spaceborne laser ranging system simulation demonstrates that
the fundamental application of the system should be for the
monitoring of crustal motions in seismic zones. This system has
the capability of providing high accuracy geodetic measurements
in a very short period of time, i.e., a "geodetic snapshot," and
could have significant impact on our ability to study pre- and
post-seismic motions.

FUTURE EMPHASIS

Future studies are to be expanded to determine the requirements
for a global crustal monitoring system using a free-flyer. Such
studies will include optimization of orbit altitude and inclina-
tion. Tracking, geometry, data precision, sampling rates, and
data processing techniques will also be considered in arriving
at a feasible mission for a free-flyer to monitor crustal move-
ments on a global scale.
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Table 3-3. California Simulation: Baselines
Accuracy Precision
Atm. Meas Sol. Rad Atm. Meas Sol.Rad
pistancejNoise Gravity Refr Bias Press Drag||RSS* |Noise Gravity Refr Bias Press Drag (RSS
(km) (cm) (cm) (cm) (cm) (cm) (cm) {{(cm) il (cm) (cm) (cm) (cm) (cm) (cm) |(cm)
150 .18 .54 .10 .01 .00 .00 .58} .25 .10 .14 .01 .00 .00 (.30
300 .20 1.06 .12 .01 .00 .00 li1.09¢ .28 .19 17 .02 .00 .00 |.38
600 .24 1.65 .16 .02 .01 .00 J|1.68) .34 .24 .23 .04 .01 .00 |.48
900 .27 2.21 .18 .03 .01 .00 [12.23}] .38 .33 .26 .05 .01 .00 J.57
1300 .31 3.09 .25 .05 .02 .00 |[3.11f .44 .49 .35 .07 .03 .00 |l.75
*Root sum square.
Assumptions:
e Orbit
Mean altitude: 1000 km
Inclination: 50°
® Observation period: 6 days
® Cloud cover: 50%
e No. retroreflectors: 150 @ 50 km spacing
® Measurement noise: + 2 cm single pulse, 10 pulses/sec
® Measurement bias: 0.3 cm
® Gravity uncertainty: GEM 10 covariances (%,m=22)
e Atmospheric error model: 2 parameters
Pressure noise: + 1.0 mbar
Pressure bias: 0.33 mbar
Temp. noise + 1.4 C
® Radiation pressure: 33% error
® Atmospheric drag: 22% error
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EARTHQUAKE MECHANISMS AND CRUSTAL DEFORMATION MODELING

OBJECTIVE

Research on earthquake mechanisms and crustal deformation modeling
has as its central objective the elucidation of the physical pro-
cesses associated with earthquakes, other fault motions, and
regional deformations. During 1978, the research activities
focused on three specific elements that relate to this objective:
first was the study of the time-dependent deformations occurring
coseismic to and following earthquakes; second was the simulation
of earthgquake dynamics; and third was the study of space techniques
for measuring strain accumulation near active faults. Each of
these topics is discussed separately in this section.

BACKGROUND OF COSEISMIC AND POSTSEISMIC SURFACE DEFORMATIONS

If the Ear+h were perfectly elastic then there would be no signi-
ficant postseismic motions following an earthquake rupture. There
is however considerable evidence from field studies, geodetic
measurements, and laboratory rock mechanics experiments that there
are anelastic forces within the Earth that may produce time
dependent ground deformations. In order to model these forces

and the attendant deformations, we have developed a model in
which the Earth's lithosphere which extends from the surface to a
depth of 50 to 125 km is represented by a standard viscoelastic

F solid. Such a substance response to an applied stress with an
instantaneous elastic deformation. On a longer time scale of
hours to months a transient viscoelastic response produces addi-
tional displacements. Below the lithosphere lies the astheno-
sphere. The asthenosphere also responds to a stress with an
instantaneous elastic behavior; however, its viscoelastic flow

L continues as long as a stress exists. More to the point, the

4 asthenosphere flows to relax an applied stress with a response
time on the order of several years. The rheological model of the
3 asthenosphere adopted in this work has these properties and is

t known as a Maxwell substance. Both this model and that of the
lithosphere have been used extensively in the geophysical litera-
ture to explain rock mechanic, tectonic, and geological phenomena.

RECENT ACCOMPLISHMENTS IN COSEISMIC AND POSTSEISMIC SURFACE
DEFORMATION MODELING

i SRR

In the theoretical model an earthquake occurs at some depth in the
lithospere and the fault along which the earthquake occurs is
modeled as a dislocation in this layer. The displacements that
occur at the time of the earthquake are a maximum at the fault
and fall smoothly toward zero as the distance from the fault in-
creases. The spatial scale for significant displacements in-
creases with the depth of the earthquake source. For a litho-
spheric thickness of 100 km and a source depth of 25 km the co-
seismic displacement at 50 km from the fault is about 1/3 of that
at the fault. At 150 km the displacement is reduced by an ad-
ditional factor of two.
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The postseismic displacements that occur in the model are due to
viscoelastic flows. On the time scale of the lithospheric adjust-
ment, the movements are in the opposite direction to those that
occurred with the earthquake. While these displacements due to
lithospheric viscoelasticity are less than the coseismic elastic
displacements, they can be as much as several centimeters for
major events. Such motions occurring in nature would significantly
affect the interpretation of postseismic geodetic surveys.

On the time scale of the asthenospheric adjustment the ground
mctions are in the same direction as the coseismic displacements.
The viscoelastic displacements can be a significant fraction of a
meter and may be comparable to the elastic displacements at dis-
tances equal to a few times the lithospheric thickness from the
fault.

SIGNIFICANCE OF COSEISMIC AND POSTSEISMIC SURFACE DEFORMATION
MODELING

These results indicate that for all but very shallow earthquake
significant time-~dependent postseismic deformations can occur.
Measurementz of these deformations can be used in studies of Earth
rheology and earthquake mechanisms.

FUTURE EMPHASIS IN COSEISMIC AND POSTSEISMIC SURFACE DEFORMATION
MODELING ‘

Several direct extensions of this work will be pursued in the next
year. The surface strains and stresses associated with the post-
seismic ground motions will be calculated. The effects of varia-
tions in source depth, fault length, and material parameters will
be studied. Alternative models of lithospheric and/or astheno-
spheric rheology will be formulated and their implications deduced.

REFERENCES AND PUBLICATIONS FOR COSEISMIC AND POSTSEISMIC SURFACE
DEFORMATION MODELING

Cohen, S., "Postseismic Surface Deformations Due to Lithospheric
and Asthenospheric Viscoelasticity,
Letters, 6, 129-131, 1979.

" Geophysical Research
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BACKGROUND STMULAYTION OF EARTHQUAKE OCCURRENCE MODELING

Work on this topic has been divided into two subelements. A
review of numerical and laboratory earthquake simulation studies
has been prepared under an invitation from Reviews of Geophysics
and Space Physics. This review focused on studying fault dynamics
by representing earthquakes by blocks sliding under the influence
of elastic springs. The role of viscoelasticity in producing
transient and steady state creeps and in generating aftershocks
was also considered.

Also completed in 1978 was research into the viscoelastic stiffness
model of seismicity. This work, begun in 1977, offers a possible
explanation for a number of dynamic features associated with faults.
Th2 model assumes that unstable sliding events occur along a fault
whenever friction decreases with displacement less rapidly than

the driving stress. The driving stress is assumed to be elastic

on a short time scale or viscoelastic on a longer scale in accor-
dance with the rheological model of the lithosphere discussed in
connaction with coseismic and postseismic surface deformation
modeling.

RECENT ACCOMPLISHMENTS IN SIMULATION OF EARTHQUAKE OCCURRENCE
MODELING

The review of sliding block models of earthquakes emphasezed the
fact that such models are useful for representing large scale,
general features of earthguakes. Thus they can be used to study
correlations among seismic source parameters such as fault lenth
and earthquake magnitude. They can also be features of rupture
propagation and termination. They are less useful for studying
effects of local geological conditions on earthquake properties and
for studying the generation of high frequency seismic waves.

Calculations based on the viscoelastic stiffness theory of fault
motion have revealed that viscoelastic forces and friction may play
a significant role in producing postseismic creep and aftershocks.
By contrast the interplay of elastic forces and friction can ex-
plain steady state creep, preseismic creep, main shocks, and creep
episodes and slow earthquakes. The model also suggests that the
observed occurrence of different magnitude shocks along a common
fault can be explained by variations in the spatial scale of
friction changes on the fault.

FUTURE EMPHASIS IN SIMULATION OF EARTHQUAKE OCCURRENCE MODELING

Since all currently planned work on this element is complete,
there will be no major thrusts in this area in the immediate future.
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REFERENCES AND PUBLICATIONS FOR SIMULATION OF EARTHQUAKE MODELING

Cohen, S., "The Viscoelastic Stiffness Model of Seismicity," J. of |
Geophys. Res., 83, 5425-5432, 1978. ;

Cohen, S., "Numerical and Laboratory Simulation of Fault Motion
and Earthquake Occurrence," Rev. Geophys. Space Phys., 17, 61-72,
1979.

BACKGROUND OF SPACE SURVEYS OF CRUSTAL STRAINING

This study examined the precision with which crustal strain rates
could be measured by space surveys. The study assumed that the
survey sites are separated by 25 to 50 km and can be located rel-
ative to one another to a precision of one cm. The results can

be scaled to

other choices of site separations, and measured pre-

cision. The thrust of the study was to
tion of site geometry, number of sites,
the precision in deducing strain rates.
RECENT ACCOMPLISHMENTS IN SPACE SURVEYS

The analysis indicates that measurement

of a few parts in 10° per yvear can be achieved within a few years

with resurvey period of six months to a

investigate how the selec-
and resurvey period effect

OF CRUSTAL STRAINING
strain rate precisions

year., When compared to

the expecte
parts in 10

strain rates along the San Andreas Fault of several
per year, very favorable signal-to-noise ratios are

found. A further order of magnitude improvement in the precision
can be achieved by extending the survey over a decade or two.

SIGNIFICANCE OF SPACE SURVEYS OF CRUSTAL STRAINING

The implications of this analysis are that geophysically signifi-
cant strain rates can be measured in a very timely manner using
space techniques, that spatial variations in the straining on a
scale of 50 km or longer can be determined, and that temporal var-
iations on a scale of several years or longer can also be deter-
mined. Thus space surveys are potentially useful for studying
strain variations along a fault, the relaxation of strain away
from a plate boundary, and, possible, precursory and postseismic
strain changes.

I A e

FUTURE EMPHASIS IN SPACE SURVEYS OF CRUSTAL STRAINING

|
|

Future thrusts will be directed toward analyzing data when it
becomes available.

REFERENCES AND PUBLICATIONS FOR SPACE SURVEYS OF CRUSTAL STRAINING

Cohen, S., ?Determining Crustal Strain Rates with a Spaceborne Geo-
dynamic Ranging System," Manuscripta Geodaetica, 4, 245-260, 1979.
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SEISMOGENIC MODELS FOR THE 1976 TANGSHAN EARTHQUAKE AND EARTHQUAKE
PREDICTION IN THE PEKING REGION

OBJECTIVE

The goal of this project is to apply satellite gravity data to
advance scientific understanding of intraplate earthquakes. This
project extends and carries forward the existing computational
programs in mantle convection patterns and subcrustal stress fields
under Asia and focuses them on two specific objectives. These are,
first, to propose a possible mechanism for the 1976 Tangshan earth-
quake and second, to predict major earthquakes in the Peking region.

BACKGROUND

Based on results from stress field analyses, geodetic measurements
of crustal deformation, fault motion, and focal plane solutions,
the Chinese geoscientists have concluded that under the influence
of a principal compressive force, the strain energy was gradually
accumulated within the interlocking portion of the rhombic Tangshan
fault block and a large seismic focus was then developed. Un-
resolved is the question of where the principal compressive force
originated. Most world seismicity has been related to rigid plate
interaction, but the occurrence of the seismic zone in the Tangshan
region, which is far from plate boundaries, cannot be attributed to
that cause. It is, therefore, highly desirable to examine the
applicability of the convection generated stress field as inferred
from satellite gravity data for earthquake prediction and research
in the Peking region.

RECENT ACCOMPLISHMENTS

Despite the success of earthquake prediction in China, the com=-
plete failure of the Chinese program to predict the 1976 Tangshan
earthquake in which 655,000 people died indicates that the state
of stress in the Peking region is still very poorly understood.
Our research project examines the subcrustal stress field due to
mantle convection flows under China as inferred from the satellite
gravity data. This stress field enables us to determine the cur-
rent stress regimes in the crust of the Peking region. Under the
influence of this subcrustal stress field, the rectangular fault
system in Peking region (figure 3-5) will cause stress concentra-
tion (figure 3-6). Conformal transformation and mapping of the
convection generated stresses under North China have revealed
stress concentration in the rhombic Tangshan fault block (figures
3-6 and 3-7). The magnitude and direction -f the concentrated
stress field in the Tangshan seismic district are in accord with
the geodetic measurements of crustal deformation after the 1976
Tangshan earthquake. Therefore, it can be concluded that the
mysterious principal compressional force which caused the 1976
Tangshan earthquake may be due to stress concentration resulting
from mantle convection.
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We have also modeled strain accumulation and stress release along
the Taihangshan fault system in the Peking region. Since the
correlations between the seismic data (figures 3-8 and 3-9) and
the model results (figure 3-6) are consistent, the cyclic sequence
permits us to predict major earthquakes in the Peking region as
shown in figure 3-10. Figure 3-10 shows that a major earthquake
m = 7.7 would occur in or before 1980 in the Peking-Tangshan area.
The 1976 Tangshan earthquake M = 7.8 seems to verify this result.
It is hoped that predictions as outlined in figure 10 will pro-
vide a basis for scientific and disaster planning and preparation
in the Peking region.

Interiors
SIGNIFICANCE

Major programs aimed at earthquake prediction have been initiated
in China. The routine announcements of reliable predictions have
been successful for many small magnitude events. But particularly
important and difficult to predict are large earthquakes. Since
the duration of an anomaly is likely to be monotonically related
to the magnitude of the subsequent earthquake, it is difficult to
recognize the anomaly and to determine with any useful resolution
the expected time for the earthquake. Therefore, the prediction

of time, location, and magnitude of large earthquakes in the Peking
region is especially noteworthy. While initial routine predictions

will probably be made only for small events, we have demonstrated
that the convection generated stress field inferred from satellite
gravity data can make a major contribution in predicting large
earthquakes in Peking region.
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FUTURE EMPHASIS

The methods developed in this paper will be extended and applied
to calculate stress concentration in the interiors and passive
margins of tectonic plates. We plan to examine the applicability
of the convection generated stresses as inferred from satellite
gravity data for earthquake prediction and research in isolated
zones of persistent and potentially hazardous seismicity.

REFERENCES AND PUBLICATIONS

Liu, H.S., ?Convection Generated Stress Concentration and Seis-
mogenic Models of the Tangshan Earthquake," Physics of the
Earth and Planetary Interiors, 19, 307-318, 1979.
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DEVELOPMENT OF A SEISMIC DATA COLLECTION PLATFORM

OBJECTIVE AND BACKGROUND

Geophysical data is now being collected all over the gylobe from

a variety of remote and inhospitable locations. In order to
develop any kind of a predictive system for natural crustal
hazards, such as earthquakes or volcanic eruptions, near real-
time collection of data is required. Off-the-shelf DCP's are now
available for satellite relaying of low data rate information. A
relatively inexpensive, field hardened system is not available
that can relay the high data rate seismic information. In coop-
eration with GSFC Code 700, we have undertaken the development of
a prototype seismic DCP.

RECENT ACCOMPLISHMENT

A DCP simulator has been constructed that utilizes an event
detection algorithm developed by the USGS and compresses a short
period seismic signal into a 1060 bit per second GOES satellite
channel. The simulator performs all the functions required

of a field processor and includes additional features such as
control from a printing terminal, variabie buffer length, and
variable microprocessor speed. An evaluation program to determine
precise power budgets, optimum microprocessor speed, and buffer
lengths is in progress.

FUTURE EMPHASIS

Completion of the evaluation program and preparation of a TM
describing the system will mark the termination of this program.

REFERENCES AND PUBLICATIONS

Allenby, R.J., W.J. Webster, Jr., and J.E. Painter, "Satellite
Relaying Geophysical Data," NASA/GSFC X-922-77-273, November
1977. A NASA Technical Memorandum describing the details
of the design and performance is in progress. An abbreviated
version will be submitted to Geoscience Electronics.
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CHAPTER 4

GRAVITY FIELD MODELING

OVERVIEW

Gravity field model improvement is needed for geophysical studies
of the Earth's interior and lithosphere in order to:

° Obtain more accurate orbits for analysis of satellite ac-
tivity, polar motion and tidal parameters.

o Determine the baselines in crustal motion studies.

o Provide an improved ocean geoid feor separating the dynamic
and stationary sea surface topography for the identifica-
tion and analysis of the broad features of ocean circula-
tion.

This chapter describes the develomment of global gravity field
models from satellite tracking data, surface gravity field data,
and altimetry. Special investigations are also described, e.g.,
the use of satellite-to-satellite tracking for verification and
increased resolution of the gravity field.

Contributors to this chapter include Michael Graber, Werner Kahn,
Francis Lerch, James Marsh, Barbara Putney, David Rubincam, David
Smith and C. A. Wagner.
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GRAVITY MODEL DEVELOPMENT

OBJECTIVES

The primary objective of gravity model development research is a
refined earth gravity field, which will provide a basis for further
geophysical research. In particular, improved resolution of spa-
tial variations of the field is needed for interpretation of den~
sity and stress irregularity. Moreover, a refined field for
providing highly precise satellite orbits is required to investi-
gate areas of geodynamics and ocean dynamics. Specifically, im-
proved orbits will provide for more accurate baselines for the

SAFE project and for better reduction in altimeter data for ocean
dynamics.

BACKGROUND

NASA's geodynamics and ocean processes program requires knowledge
of the global geoid to submeter levels of accuracy. Final realiza-
tion of these goals over the Earth's oceans will rely on extensive
analysis of GEOS 3 and Seasat altimetry in conjunction with im-

: proved understanding of hasic oceanographic processes. At GSFC

- the emphasis has been on using as much of the precise satellite

f tracking and altimeter data as possible to develop improved compre-
; hensive gravity models. More precise laser tracking has provided

2 for improvement of the geopotential, better orbit determination,

) and in turn more effective use of GEOS 3 altimeter data.

E RECENT ACCOMPLISHMENTS

! Recent Goddard Earth Models (GEM's) have made extensive use of the
f data provided by the GEOS 3 mission to make major advancements in
gravity modeling. Table 4-1 summarizes the evolution of these

3 models.

GEM 9 is a gravity model based solely on optical, laser, and
electronic observations taken on 30 satellites. GEM 10 is a
combination solution containing a glopal set of 5° surface gravity
anomalies (Rapp, 1977) «long with the data in GEM 9.

The use of a modified least squares method (collocation) permitted
GEM 9 to be a larger field than previous derived satellite models.
GEM 9 having harmonics complete to 20 x 20 with selected higher-
degree terms. The satellite data set has approximately 840,000
observations, of which 200,000 are laser ranges taken on 9
satellites equipped with retroreflectors. GEM 10 is complete

to 22 x 22 with selected higher degree terms out to degree and
order 30 amounting to a total of 592 coefficients. Comparisons
with surface gravity and altimeter data indicate a substantial
improvement in GEM 9 over previous satellite solutions.

GEOS 3 was the first unmanned geodetic satellite carrying a space-
borne altimeter. Two solutions, GEM 10A and 10B, have been made

e
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using this altimeter data. A significant improvement over GEM 9
and 10 has been obtained by combining the altimeter data into
these models.

GEM 10A (Lerch et al., 1978) is a field which combines the GEM 10
satellite and surface data sets with 300 passes of GEOS 3 altimetry
selected so that a 5° x 5° grid of coverage was obtained. GEM
10A is complete to 30 x 30 in harmonics. It made use of the
collocation techniques applied in GEM 10 (at a lower strength)
which was described by Lerch et al., (1977, section 3.2). GEM
10B Lerch et al., (1978) combined GEM 10 with over 700 passes

of GEOS 3 altimetry producing a field complete to 36 x 36 in
harmonics. Moreover, GEM 10B is a completely free adjustment
withou’. collocation. Using the harmonics of GEM 10B in Burn's
formula (Heiskanen and Moritz, 1967, p. 85), a geoid has been
computed (figure 4-1).

GEM 10C, a harmonic model complete to 180 x 180, has bkeen produced
as an extension of GEM 1l0B for terms beyond degrece 36. It uses

a global set of 1° means of altimeter sea surface heights and
gravimetric geoid heights. Over 2300 passes of altimeter data
have been used to produce a set of 26,800 1%k 1° mean sea surface
values which are shown contoured in figure 4-2. The gravimetric
and altimetric information was combined to form a global set of

1° geoid heights for the computation of GEM 10C. 1In combining

the data using a single value per 1° block, the altimeter informa-
tion was given precedent over the surface data so that all alti-
meter derived mean sea surface heights were used. The directly
measured part of these data sets are highly complementary with
altimetric heights over most of the oceans and gravimetric anomalies
r over most land areas. In total, there were approximately 50,500

1° x 1% equal angle blocks containing measured altimeter or surface
gravity observations employed in the computation of GEM 10C.

; Table 4-2 summarizes the estimated accuracy of recent GEM's.

{ Advancement during 1978 towards the development of a more accurate
and comprehensive gravity field has been substantial. GEM 10C
provides for geoidal resolution which is an order of magnitude
greater than GEM 9 with almost twice the overall accuracy of

t earlier fields.

FUTURE EMPHASIS

Future models, GEM 11 and 12, will use more precise satellite date
from Lageos, BE-C, GEOS 3/ATS(SST), and Seasat. GEM 11 will
provide for: (a) Better accuracy in the broad wavelength features

- of the geoid down to a few centimeters, (b) improved orbits for

L , the reduction of Seasat and GEOS 3 altimeter data for ocean

I dynamics, and (c) improved BE 3 orbits for analysis of baselines

v in the SAFE project. New combination solutions GEM 12 (12A and

3 ' 12B) will be derived by employing an improved set of surface gravity

- data and altimeter data. These latter solutions will provide for
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improved resolution in the geoid down to 100 km and analysis of
sea surface topography for broad features of general ocean cir-
culation.

REFERENCES AND PUBLICATIONS

Heiskanen, W. and H. Moritz, Paysical Geodesy, W. H. Freeman and
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Reference Orbits and Altimeter Validation for GEOS-3," sup-
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Table 4-1. Goddard Earth Models
GEM Harmonics Data
GEM %9 20 x 20 Satellite Tracking
GEM #10 22 x 22 Satellite Tracking + Surface Gravity (1)
GEM #10A 30 x 30 Satellite Tracking + Surface Gravity (1) + Altimetry (1)
GEM #10B 36 x 36 Satellite Tracking + Surface Gravity (1) + Altimetry (2)
GEM #10C 180 x 180 Satellite Tracking + Surface Gravity (2) + Altimetry (3)
NOTE
Data:

1. Satellite Tracking: 30 Satellites Including GEGS 3.
2. Surface Gravimetry (1): 1654 5° (Equal Area) Mean

Gravity Anomalies (Rapp 1977).

3. Surface Gravimetry (2): 38400 1°x 1° Mean Gravity

Anomalies.

4. GEOS 3 Altimetry (1): 300 Passes Globaily Distributed

Altimetry (2):

Altimetry (3):

with 5° Spacing.

700 Passes Globally Distributed
with 2° Spacing.

28000 1°x 1° Block Means Using
2300 Passes.
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Table 4-2. Accuracy of Recent GEM's
‘
Est. Est. Total Approx.
Complete Geoidal Comm. Trun. Geoid No. of
Model Harmonic Resolution Error (m) Error (m) Error Coef.
GEM 9(1977) 20 1000 Km 1.6 2.1 2.7 549
GEM 10(1977) 22 900 Km 1.4 1.9 2.5 592
GEM 10A(1978) 30 650 Km 1.4 1.6 2.4 958
GEM 10B(1978) 36 550 Km 1.3 1.3 2.2 1366 |
GEM lOC(l978) 180 100 Km 1.5 0.5 1.6 32758 j
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DETERMINATION OF THE GEOCENTRIC GRAVITATIONAL CONSTANT

OBJECTIVE

The objective is to improve the accuracy of the geocentric gravi-
tational constant (GM). It is a fundamental geodetic parameter,
and a new value will provide a refinement in the Earth's reference
ellipsoid for gravity anomalies and geoid undulations. Specifi-
cally, an accuracy is needed to provide an absolute scale of the
geoid to within 10 cm for analysis of ocean circulation from
spacecraft altimetry. Moreover, a precise scale is needed for
satellite orbits for accurate utilization of spacecraft altimetry
(10 cm) and for absolute determination of baselines for plate
motion studies where mixed observing systems mav be used.

BACKGROUND

Most reductions of data from lunar and interplanetary probes have
included re-estimation of the gravitational constant times the
mass of the Barth, GM (Earth plus atmosphere). These missions
include the Ranger, Surveyor, Lunar Orbiter, Pioneer, Mariner,
and Viking series of flights, as well as a number of Russian
interplanetary probes. The results of these GM estimations have
been summarized by Esposito and Ng, 1976. The GM obtained from
the best available interplanetary investigations has been adopted
by the XVI General Assembly of the IUGG/IAG (Moritz, 1975). This
value, based upon the IAG adopted value of the speed of light
(c=299762.458 km/sec) is 3$3600.5 km3/sec2.

Laser ranging to the retroreflectors left on the moon during the
Apollo Missions has been carried out at the McDonald Observatory
in Texas since 1969. Williams (1974) has reported a value of

GM obtained from these observations, which is in good general
agreement with the interplanetary estimates. This wvalue 8f GM
and its uncertainty that he reported is 398600.48 + .1 km /sec2
for ¢ equalling 299792.458 km/sec. King, et al. (1976) combined
lunar laser and Alsep VLBI observations to obtain a value of GM
of 398600.51 + .03 for the IAG value of c.

In the present work (Lerch, et al., 1978), near-Earth laser
ranging is used for a new determination of GM. It provides the
most accurate estimate and, except for lunar laser ranging, it.
considerably recuces the uncertainty in GM.

RECENT ACCOMPLISHMENTS

Laswer range observations taken on near-Earth satellites Lageos

({a = 1.92 e.r.), Starlette (a = 1.15 e.r.), BE-C (a = 1.18 e.r.)
and GECS 3 (a = 1.13 e.r.), have been combined to determine an
improved value of the geocegtriczgravitational constant (GM). The

value of GM is 398600.61 km”/sec“, based upon a speed of light,
c, of 299792.5 km/sec. Using the IAG adopted value of c equalling
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299792.458 km/sec scales GM to 398600.44 km3/sec2 The uncertain-

ty in this value is assessed to be + .02 km3/sec?2

The GM "ermination reported (Lerch, et al., 1978) was performed
in the « ltonment of the recent GEM 9 and 10 models (Lerch, et
al, 1977). . r the first time in the GEM series, these gravity

models includ.d an adjustment of GM.

Table 4-3 presents combined as well as individwal solutions of
GM using observations taken on four satellites. In all cases,
the laser ranges were reduced in arcs of 5 days length. The
value of c used was 299792.5 km/sec. Relativistic effects were
modeled for light/time correction (Moyer, 1971) and reduced GM
by .024 km /se(,2

The individual satellite estimates of GM varied by less than .05
km3/sec? from the combined result. Due to the high altitude of
Lageos, its data dominated the combination solution as it has an
order of magnitude greater capability than the other satellite data
to separate GM from the orbital semimajor axis and station co-
ordinate adjustments. Also, it is the only satellite that pro-
vides consistent subset solutions.

Table 4~4 intercompares the near-Earth laser determination of

GM with other recent experimental results._ The results obtained
from our analysis (GM = 398600.44 + .02 km /secz) generally con-
firms the latest results obtained from radiometric data taken
when numerous interplanetary missions departed Earth and those
obtained from lunar laser ranging. Moreover, the uncertainty
assessed for GM determined from the near-Earth laser observations
reduces the known uncertainty of GM (figure 4-1). These results
are important for satellite missions requiring submeter radial
orbital accuracies.

SIGNIFICANCE

It can be seen from table 4-4 that considerable improvement is
made in GM, either in the uncertainty estimate or the actual value.
Except for lunar laser ranging, at least a factor of 5 improve-
ment is achieved. From the relationship

Aa = A GM

where a is the sémimajor axls of the satellite, the new uncertain-
ty estimate of GM (+ .02 km /secz) reduces the radial scale error
on geodetic satellites of approximately 1000-km altitude to about
10 cm. Baselines scale similarly as with the semimajor axis,
hence baselines which are separated by 100 km should be accurate
to about 2 cm as far as absolute scale is concerned.
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FUTURE EMPHASIS

Because of the significance of GM as indicated above, it is
desirable to see if GM can be reproduced from additional sets of
data. Because of the capabilicy of estimating GM from Lageos,

Dr. David Smith, as project scientist for Lageos, has continued
with this work. Six months of data have been employed in the
work for Lageos, and presently, some preliminary values are being
analyzed from 20 months worth of Lageos data. Subset solutions

on a monthly basis show a steady decline in the estimated GM to
about 20 lower than the above value. Hence, because of the impor-
tance of GM for scale, such as with baselines and a 10-cm absolute
scale for the geoid, this work needs to be pursued.

REFERENCES AND PUBLICATIONS

Esposito, P.B. and S.K. Wong, "Geocentric Gravitational Constant
Determined from Mariner 9 Radio Tracking Data," presented at
the International Symposium on Earth Gravity Models and
Related Problems, St. Louis, Mo., August 1972.

Esposito, P.B. and A.T.Y Ng, "Geocentric Gravitational Constant
Determined from Spacecraft Radiometric Data," Physics of the
Earth and Planetary Interiors, 12, 283-289, 1976.

King, R.W., C.C. Counseman, and I.I. Shapiro, "Lunar Dynamics and
Selenodesy: Results from Analysis of BLBI and Laser Data,"
Journal of Geophysical Research, 81, 6251-6256, 1976.

Lerch, F.J., S.M. Klosko, R.E. Laubscher, and C.A. Wagner,
"Gravity Model Improvement Using GEOS-~3 (GEM 9 & 10)," NASA/
GSFC X-921-77-246, September 1977.

Lerch, F.J., S.M. Klosko, R.E. Laubscher, D.E. Smith, P?. Kolen-
kiewicz, B.H. Putney, J.G. Marsh, and J.E. Brownd, "Deter-
mination of the Gravitational Constant from Laser Ranging
on Near-Earth Satellites," Geophysical Research Letters, 5, 12,
1031-1034, December 1978.

Martin, C.F., S.M. Klosko, and J.W. Regan, "Determination of the
Masses of the Earth, Moon and Sun and The Size of the Earth
from Mariner 9 Range and Doppler Observations," NASA/GSFC
X=922-75-134, June 1975.

Martin, C.F., and I.H. Oh, "Utilization of Satellite~to-Satellite
Tracking Data for Determination of The Geocentric Gravita-
tional Constant, J. Geophys. Res., 84, B8, 3944-3950, July
1979. '

Moritz, H., "Report of the Special Study Group No. 5.39 of IAG:
Fundamental Geodetic Constants,"” presented at the Sixteenth
General Assembly of IUGG/IAGG, Grenoble, France, August
1975.




k.

Lol O
g i

Cr

p o

i

o

REFERENCES AND PUBLICATIONS (continued)

Mozer, T.D., "Mathematical Formulation of the Double-Precision

Orbit Determination Program (DPODP)," NASA/JPL TR32-1527,
p. 17, May 15, 1971.

Williams, J.G., "Lunar Laser Ranging," presented at the 1974 Fall

Annual Meeting of the American Geophysical Union, San Fran-
cisco, California, December 1974.

U U SIS SR PR A SO




Table 4-3, Estimation of the Geocentric Gravitational
Constant, GM, from Individual Satellite
Laser Observations . ‘

Semi-
major
Axis Inclina~- Recovered
Satellite (Earth Eccen-~ tion No. of No. of GM
Name Radii) tricity (Deg.) 5D Arcs orbits (km3/stc2)
Lageos 1.92 .004 109.83 32 88,800 398600.60
Starlette 1,15 .020 49,80 20 23,000 398600.61
BE~-C 1.18 .026 41.19 20 18,500 398600.65
GEOS 3 1.13 .001 114.98 37 90,900 398600.60
Combined Results: 109 221,200 398600.61% .02
i Note

Speed of light, ¢ = 299792.5 km/sec

e T

f | Table 4-~-4. Comparison of Recent Determinations of
the Geocentric Gravitational Constant, GM

Value of GM*
Investigators (Km3/Sec2) Type of Investigation
{ .
; : (A) Esposito and Wong, 1972 398600.63 + .4 Interplanetary - Mariner 9
‘ x
; (B) Williams, 1974 .48 + .1 Lunar Laser Ranging
- (C) Martin et al., 1975 .66 + .06 Interplanetary - Mariner 9
(D) Esposito and Ng, 1976 .55 + .2 Interplanetary - Mariner 9
é .45 + .2 Interplanetary - Mariner 10
; } (B} King et al., 1976 .51 + .03 Lunar Laser Ranging and ALSEP VLBI
' (F) Esposito, 1978 .40 + .2 Interplanetary - Viking 1
.60 + .2 Interplanetary - Viking 2
. ) (G) Martin and Oh, 1978 .35 + .15 Near—-Earth - Satellite-to-satellite
o Tracking on ATS 6/GEOS 3
- ‘ (H) This paper .44 + ,02 Near-Earth Laser Ranging on Four
. , - Satellites

*Assuming ¢ = 299792.458 km/sec.
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ANALYSIS OF THE GRAVITATIONAL SPECTRUM

OBJECTIVES

Objectives of the analysis of the gravitational spectrum research
are:

) Calculation of the geoid spectrum to high degree from
altimetry and gravimetry.

) Estimate of the strength of the crust from comparison
of the topographic and geoid spectrum.

® Development of a method for predicting gravitational
spectra directly from circular arcs of diverse data.

° Development of a method for predicting gravitational
spectra directly from range-rate tracking of eccentric
planetary orbiters.

BACKGROUND

Previous work, principally by Allan (1972) and Lambeck (1976) has
established the usefulness of the gravitational spectrum in deter-
mining the depth of the sources (density contrasts) for the field.
In addition, comparison of regional spectra of gravity with topo-
graphy has generated new data on the strength of the crust

(e.g., Dorman and Lewis, 1970; Banks, Parker and Huestis, 1977).
In 1978, efficient methods were developed to get the gravitational
spectra directly from spacecraft tracking as well as surface data.
In addition, an overall comparison was made (no correlation)
between the global spectra of gravity and topography, to establish
one parameter of crustal strength related to the concept of
regional isostatic ¢mmpensation.

RECENT ACCOMPLISHMENTS AND SIGNIFICANCE

Smooth Spectrum of the Gravity Field

The smoothed spectrum of the gravity field to about degree 400
(50-km half wavelength) was derived from 81 long arcs of GEOS 3
and Skylab altimetry and 180 meridional arcs of 1 x 1 gravimetry.
As part of this study, the spectrum of open ocean sea surface
departure topography (above the geoid) was also evaluated below
1000 km half wavelength using tide functions, oceanographic
charts, and differences of overlapping GEOS 3 altimetry. The
results were that over most of the ocean, most of the time, the
total sea surface spectrum is dominated by the geoid to 50 km half
wavelength. The derived geoid spectrum itself (figure 4-3) is
remarkably the same from either altimetry or gravimetry.




It is noted that the spectrum is significantly less powerful than
Kaula's Rule up to about degree 50 and significantly more power-
ful above degree 100 to at least degree 400, Even if the gravi-
tational field is known perfectly to a resolution of 100 km

(I x 1°), smaller scale geoidal undulations of about 50 cm are
shown by these measurements,

Detailed Spectrum of the Free Air Gravity Field

The detailed spectrum of the free air gravity field to degree 36
(GEM 10B) and the smoothed spectrum from degree 36 to degree 180
was compared to a field derived for the crust only (to degree 180)
for a range of strengths and depths of compensation (figure 4-3).
The gravitational field for the crust was found from harmonic
analysis of global 1° x 1° topography from Lee and Kaula, the
Scripps Institution and U.S. Navy Bathymetric Soundings. The
spectrum for an uncompensated (rigid) crust is obviously too
powerful to explain the true field at long wavelengths though at
short wavelengths the crust appears to be nearly unyielding. At
the other extreme, the spectrum of a completely weak crust (for
blocks greater than 110 x 110 km) can nearly match the measured
field at intermediate wavelengths (20 n 40) for a constant depth
of compensation of 30 km.

The weakness of the field spectrum of the fully compensated crust
at lone wavelengths is attributed to significant density contrasts
in the mantle. Its weakness at short wavelengths can be largely
made up by giving strength to the crust over distances greater
than 110 km. This strength can be interpreted most simply as
resulting in a smoother compensating layer at depth than the 1°
topography at the surface (regional compensation). The most
reasonable combination of depth of compensation (average crust
thickness) and extent of smoothing of the crust's bottom
topography was found to be 25 and 220 km, respectively.

Gravitional Spectra Derived from Circular Orbit #Batellite Tracking
Data

The work on inverting altimo:try and gravimetry (one dimensional)
spectra to obtain (two dimensional) gravitational spectra has

been generalized to include circular orbit satellite tracking data
(range-rate). Harmonic analysis of three, 40-minute arcs of ATS-6
to Apollo/Soyuz four-way range-rates shows excellent agreement

with the spectrum predicted from the Earth's gravitational field.
Simulations show the method is capable of deriving accurate
smoothed gravitational spectrum to high degree from just a few
well-distributed arcs of such data. The arcs do not have to be
global. But even with global arcs of data (e.g., gravity anomalies)
much more and well-distributed data is required to derive accurate
individual degree variances, than the smoothed spectrum. Neverthe-
less, as figure 4-3 shows, important geophysical information on the
state of the crust and interior can be inferred by comparison of
the easily derived smoothed spectra of gravity and topography.
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Gravitational Spectrum Derived from Eccentric Orbit Satellite
Tracking Data

The gravitational spectrum has been derived from range-rate
tracking data on spacecraft in eccentric orbits. Here the dis-
tortion of the orbit causes significant power from low-degree
harmonics to radiate into high-frequency range-rate fluctuations.
In fact, the entire spectrum of fluctuations is influenced by
every gravity harmonic, while for the circular orbit case, gravity
disturbances radiate power only to the same or lower frequencies.
The result (for the eccentric orbit) is a flatter and smoother
spectrum which has significant variation with the observer's

view of the orbit plane. The case of ithe highly eccentric Pioneer
Venus orbiter has been worked out in detail for arbitrary start
and stop positions with respect to periapsis, and arbitrary
viewing angles. Significant gravitational signal should be
observable in orbiter tracking from gravitational terms as high

A5 50 degree. However, because of high sensitivity to the data

at periapsis, more passes need to be averaged to obtain a reliable
gravitational spectrum than in the circular orbit case.

FUTURE EMPHASIS

In 1979 we will be working to derive global estimates of crustal
strength from the correlation of gravity and topographic spectra.

In addition, we will be trying to derive the density sources of a
detailed global harmonic field from satellite tracking, altimetry,
and gravimetry.
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GRAVITY ANOMALIES DETERMINED FROM TRACKING THE APOLLO
DURING THE APOLLO-SOYUZ MISSION

OBJECTIVES

The objectives of a geodynamics experiment performed during the

Apollo-Soyuz Mission in July 1975 were: (a) To demonstrate

detectability of short wavelength (i.e., 300 km and larger)

features of the Earth's gravity field; (b) to evaluate the high-

low Satellite-to-Satellite (8SST) tracking technique for geodynamic
applications; and (¢} to test the recoverability of short wave- |
length features of the Earth's gravity field. .

BACKGROUND

Interest in the knowledge of more detailed structure of the Earth's
gravity field has considerably increased during the past desade.

Major factors fostering this interest were the tectonic plate

hypothesis and the study of large ocean currents and ocean topo-

graphy in general. The gravity anomalies with lorizontal resolu-

| tion within the range of 200 to 1000 km are of principal interest.

{, Conventional analysis of satellite tracking data (e.g., angles, ,
d range, and range-rate) results in an earth gravity field model with t
L a resolution of about 2000 km.

E | An experimental technique which can resolve gravity anomaly blocks
’ : of 2°x 2° and larger in areal extent is the "high-low" SST
technique. This technique was tested during the joint US-USSk
Apollo-Soyuz Mission flown in July 1975. High-frequency range-
rate changes were observed between the "high" Applications
Technology Satellite 6 (ATS 6) in a geosynchronous orbit and the
"low" flying Apollo spacecraft in a near-circular near-earth
orbit.

AR A

] : RECENT ACCOMPLISHMENTS

A total of 348 5°x 5° free-air gravity anomalies have been
recovered using data from 30 processed Apollo revolutions from
a total set of 108 revolutions in the region bounded by the
Apollo orbit (52°N to 52°S) and the area covered by the ATS 6
satellite (64°W to 116°E) (see figures 4-4 and 4-5).

;
L
f
g

The rms error was found to be about 7 mgals. A comparison with
anomalies independently determined from GEOS 3 altimeter data
analysis, the Goddard Earth Model 10B (GEM-10B) and available
surface gravity data was found to be in agreement with the 7 mgals
quoted (refer to table 4-5). 4
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SIGNIFICANCE

It can be concluded that the high-low SST "system as tested during ‘
the Apollo-Soyuz mission demonstrated that system's capability to
detect and recover mean free-air gravity anomalies. Furthermore,
| the SST system's potential as a sensor for mapping the global grav-
i ity field fine structure is also shown.

FUTURE EMPHASIS

The remaining Apollo data arcs not yet processed will be corrected
for ionospheric refraction and a new solution for 5°x 5° gravity
anomalies will be made. The complete data set from Apollo will
also be added into GEM models.
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Figure 4-4.
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Table 4-5

Statistics of Comparisons for 5°x 5°Mean
Free-~air Anomalies Recovered from Apollo

Number of
Rms Anomalies Rms
Total Number Difference Less Than Difference
Description of Comparison of Anomalies (mgal) 15 mgals™ (mgal)
fe Apollo/GEM 10B 348 10 313 7
1
e
iE‘R Apollo/Surface Anomalies 348 i5 261 8
b Apollo/GEOS 3 73 7 69 6
*Error analyses have shown that with a system precision of + 0.05 cm/sec or better
a 5°x 5°, mean free-air gravity anomaly should be recoverable with an RMS
uncertainty of 5 mgals (3¢ = 15 mgals). Anomaly differences greater than 15 mgals
should be viewed with caution.
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UNEXPLAINED LAGEOS PERTURBATION

OBJECTIVE

The objective of the unexplained Lageos perturbation project is
to explain and model a perturbation on Lageos.

BACKGROUND

The Lageos satellite has one unexplained orbital perturbation.

This report describes the attempts made to explain it, so that

it can be understood and adequately modeled in Lageos analyses.
The perturbation is causing the semimajor axis to shrink at the
rate of approximately 1 cm/week.

RECENT RESULTS AND SIGNIFICANCE

The effects of general relativity were investigated first as the
possible cause of the perturbation. However, relativity predicts
periodic changes in the semimajor axis with a period of one year.
Data collected over a period of a year and half shows the semi-
major axis is decreasing steadily; hence, relativity is not the
cause. The relativity work is described more fully elsewhere.

Bruce Douglas (private communication) has suggested the perturba-
tion might be due to a satellite resonance with a spherical harmonic
term in the potential with degree % = 52 and order m = 51 and a
period of about 400 days. But computations with Lageos data

show the resonance to be poor, and rough calculations using
Lagrange's planetary equations show the amplitude to be inadequate
by orders of magnitude.

An attempt was made to account for the perturbation through the
interaction of the satellite and the Earth's magnetic field. 1In
particular, the field might despin Lageos and transfer its
rotational angular momentum to the orbital distance, in analogy
with tidal friction. However, a simple conservation-of-angular
momentum argument shows that the total effect of stopping the
rotation is 0.004 cm, which is not even adequate to explain a
week of data.

The Poynting-Robertson effect was' tried. This is a special
relativity effect. The satellite absorbs sunlight and earthlight
and is assumed to reradiate it isotropically in its own frame of
reference. An observer on the Earth sees the reradiated light

as blue-shifted in the direction of motion and red-shifted in

the opposite direction. Since the photons jumping off the satellite
in the front are more energetic than those in the rear, the
satellite feels a force acting in a direction opposite to the
motion. In other words, Poynting-Robertson acts as a drag. The
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force was put in a form suitable for the Gaussian form of
Lagrange's planetary equations. The secular effect on the satel-
lites semimajor axis was obtained by integrating over the true
anomaly. The result was that the earthlight decreases the cemi-
major axis by 1 cm every 18 years, and sunlight by 1 cm every 428
days. This is too small to explain the perturbation acting on
Lageos.

John A. O'Keefe (private communication) suggested the Yarkovsky
effect. As the satellite rotates in the sunlight, the afternoon
side of Lageos becomes the warmest part of it, much as afternoon
is the warmest time of day here on Earth. So the most energetic
photons jump off the satellite on the afternoon side, giving the
satellite a sideways kick. The kick may act as a drag or impulse,
depending on the orientation of the spin axis with respect to the
sun. Calculations by Milt Schach and David Rubincam give an
acceleration of about 10~/ cm S=2 due to the Yarkovsky effect for
a reasonable temperature distribution. Putting this in a Gaussian
form of Lagrange's equations gives a secular change of 0.0l cm/week,
which is 2 orders of magnitude too small to explain the perturba-
tion. However, the Earth's shadow has not been taken into account.
Planetarv perturbations (J. Kovalevsky, private communication)
especially from Jupiter, have also been ruled out.

Atmospheric drag may be causing the perturbation. Densities for
hydrogen and helium were computed for Lageos' altitude. (Other
constituents of the atmosphere are too heavy to get up so high).
This was done by taking the densities for hydrogen and helium at
the critical level (400 km) from L.G. Jacchia (1977) and
extrapolating them to the Lageos altitude (6000 km) using the
equations of J.W. Chamberlin (1963). Hydrogen falls short by at
least a factor of 10 to explain the observed decrease in semimajor
axis. Helium at an exospheric temperature of 2000 k, however,
gives precisely the right order of magnitude.

In summary, the following effects have been ruled out: General
relativity; orbital resonance, magnetic field; Poynting-Robertson
effect; and planetary perturbations. Possible causes are atmos-
pheric drag, and the Yarkovsky effect:

FUTURE EMPHASIS

The Earth's shadow in the Yarkovsky effect will be taken into
account in an analytical calculation, and the whole effect will
be modeled in a computer calculation. Also, an attempt to corre-
late variations in the perturbation with solar activity will be
made in order to test the atmospheric drag hypothesis.
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GEODYN PROGRAM SYSTEM DEVELOPMENT

OBJECTIVES

The purpose of the Geodyn orbit determination and parameter esti-
mation program is to recover geodetic and geophysical parameters
from satellite data in a state-of-the-art manner.

BACKGROUND

In 1971 the Noname and Geostar programs were combined to form the
Geodyn program. The philosophy of the development has been to
mold the program very carefully to maintain computer efficiency
and good program structure, appropriate orbit and Earth modeling,

y precise satellite measurement modeling, efficient numerical pro-

. cedures and careful benchmarking. This care has paid off in the
production of several GEM's, precise station locations, improved
tidal, GM and polar motion values, consistent baseline determina-
tions. Careful usage and modeling using laser, altimeter,

L and other satellite data from the GEOS satellites, BE 3,

F

t
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Starlett, Lageos, and currently the Seasat satellite as well as
many others has allowed these accomplishments.

RECENT ACCOMPLISHMENTS AND SIGNIFICANCE

The Geodyn orbit determination and parameter estimation program
has continued to evolve to meet new requirements in the areas of
modeling, data handling and machine efficiency. Two major versions
of the program were released during this year GDYN 7803 and GDYN
7808.

In support of Seasat several program modificatins were made and
are still under development. In tuning up our models, the
nutation and UT1 timing system computations were improved. The
Hendershott ocean tidal model was corrected. A new satellite
ephemeris file called the Seasat RV tape was created. Under
current development is a variable area and reflectivity satellite
model for the atmospheric drag and solar radiation computations,
three dimensional accelerations for solar radiation, variable
rotation rate of atmosphere and time dependent drag coefficient
for atmospheric drag. A separate software package using the Bent
model for the ionosphere was created to compute the ionsopheric
correction to apply range, average range rate and altimeter
observations. The processing of altimeter data was modified to
allow Geodyn to substitute computed geoid heights, ocean tidal
values, latitude and longitudes of the observations, and sea
surface heights.
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In support of Lageos, the relativity algorithms were studied and
modified to be more correct, a network timing bias was created,
| and the procedure for polar motion was simplified.
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Values of solar and magnetic flux and tables of universal and
atomic time have been updated. Program documentation has been
modified in a effort to reflect the current status of the soft-
ware. Subroutines were modified to be more efficient and the
overlay structure was updated.

In the software development, we have tried to be responsive to the
current needs. Geodyn is a very complex program, consequently,
all modifications are difficult. As we handle so many observation
data types and complex earth models any modification in one area
causes problems to the other areas. At times, the modifications
seem to come slowly and when manpower and money are lowered,
progress is even more difficult. Despite these problems, the
program has performed adequately.

FUTURE EMPHASIS

In the near future the program will be upgraded to support
Seasat in an optimal way. In particular, the variable area and
reflectivity models, three dimensional acceleration time depend-
ent drag coefficient, will be completed for better determination
of the atmospheric drag and solar radiation perturbations on the
satellite. 1In general, there will be a continued search for
improved earth and orbit modeling such as an albedo model. As
new satellite observation data types appear that are useful in
this work, they will be added to the program. In addition, there
will be a continued search for techniques and numerical procedures
that will cut down on computer time and core size without sacri-
ficing the required precision.

A background task is continuing to convert Geodyn to the CDC
Star computer. With the predicted changeover of computer systems
it is important to find a new machine to continue this work.




PRECISION ORBIT DETERMINATION SOFTWARE VALIDATION EXPERIMENT

OBJECTIVES

The objective of this effort is to intercompare orbit computation
software and to identify the differences using simulated as well
as real observational data.

BACKGROUND

Precision orbit determination is extremely important to projects
such as Seasat which have stringent orbit accuracy requirements
in order to meet the mission objectives. For example, the preci-
sion of both the altimeter data and the laser cbservations from
Seasat is better than 10 cm. In order to be able to reliably
investigate dynamic oceanographic phenomena i.e., topography
effects such as cyclonic eddies, Western boundary currents, and
equatorial and circumpolar currents at the sub-10 cm level, the
radial component of the orbit must be known to this level also.

Orbit computation errors can be attributed to several sources.

The most significant of these are due to: Inaccuracies in the

i . : .

L modzls used; errors in the tracking data used, and errors associ-

; ated with the numerical algorithms used in the orbit determination

: process. The latter errors are the result of runcation errors,

r roundoff errors, model approximations and machine or human blunders.

Detailed analyses of model accuracies, e.g., gravity model errors,
have been carried out by a number of investigators and reasonable
t estimates have been established for most of the models. Compre-
' hensive error budgets have also been established for the tracking
systems. For example, in the case of the laser systems, rigorous
verification and validation tests are continually performed to
. ensure that the data is of high quality. Many tests have been
- applied to the numerical algorithms used for orbit determination,
; separately and as a whole unit. However, until recently, detailed
g comparisons had not been carried out among the leading orbit

B

o

k v computation programs in the world to ascertain the level of numeri-
@ ; cal consistency. As part of the Seasat altimeter/orbit determina-
: tion team activities, a set of experiments were defined to identify
the differences in orbit computation software used by the various
groups.

RECENT ACCOMPLISHMENTS

Four groups with independently developed orbit determination
software packages are involved in this experiment. They are:
The Geodyn Program, developed by the Geodynamics Branch at GSFC;
the Utopia Program developed by the Department of Aerospace
Engineering at the University of Texas; the Celest Program
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developed by the Naval Surface Weapons Laboratory; and the program
developed by the Groupe de Recherches de Geodesie Spatiale of the
Centre National d'Etudes Spatiales in Toulouse, France. The pro-
grams are completely independent and in many instances use different
techniques and procedures. Furthermore they are operating on
different computers with different word lengths and so forth.
Geodyn is run on the IBM 360/95, whereas the Utopia program is run
on a CDC machine.

The experiment consisted of generating simulated data with various
gravitational and nongravitational models. The simulated data
consisted of laser ranges generated for the GEOS 3 orbit covering
the time period of September 8 to 15, 1975. The perfect simulated
data were generated at GSFC using the Geodyn program and they have
been made available to the other organizations for their analysis.
The final portion of the analyses consisted of the generation of
an ephemeris based on the simulated data which can be compared
with the original Geodyn ephemeris which was usec to generate the
simulated data. Differences between the Geodyn ephemeris and the
other orbits, as well as the measurement residuals, have been used
to identify problems in the programs.

The results of the experiment to date have been very encouraging.
No major blunders have been discovered in the programs. Some
differences and shortcomings have been revealed, however. TFor
example, the linear interpolation of the nutation rotation matrix
over a one-day interval in Geodyn was found to produce 10 cm orbit
differences. Differences larger than 10 c¢m were noted when the
solar radiation pressure perturbation was activated in Geodyn and
Utopia. This is believed to be due to some limitations in the
Utopia program.

In summary, our results to date indicate that the current level of
consistency among the Geodyn, Utopia, and Celest programs is about
1l cm radially and well under 10 cm crosstrack and alongtrack.

All options and combinations of force models have not yet been
exercised in this experiment and this task is currently in progress.

An additional experiment has been undertaken using real laser
observations on the Starlette satellite. An orbital arc of data
seven days in length has been selected for this test. The current
level of orbital agreement is 6 cm radially and 20 to 30 cm
crosstrack and alongtrack. Further tests are in progress with
this set of real data.

SIGNIFICANCE

With the sub-10 cm precision available from observational systems
such as Dopplers, lasers and altimeters, and the many applications
in many diverse areas such as studies of ocean dynamic processes,
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estimation of plate motion, variation in the Earth's rotation and
the position of the pole, orbital accuracy requirements are
reaching an unprecedented level. Although, during the development
of the programs numerous checks on internal consistency were
carried out, this experiment represents the first time that such
comprehensive software comparisons have been made.

The current results indicate that radial orbit uncertainties due
to software errors with real data on a relatively stable orbit
such as Starlette are on the order of 5 cm.

FUTURE EMPHASIS

Future work will be concerned with an expansion of this experiment
to include more details of the force models, particularly drag and
solar radiation press and with the resolution of some of the
existing differences. Further work will also be conducted with
additional real observational data on other satellites such as
Seasat and Lageos in addition to Starlette.
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A GRAVITY FIELD SATELLITE

OBJECTIVES

The purpose of the gravity field satellite mission is to study
the structure of the lithosphere, the physical properties of the
mantle, and the velocity distribution of the ocean.

BACKGROUND

The possibility of flying a dedicated gravity field satellite
mission, resulting in a worldwide set of gravity anomalies,
promises to provide important data bases in the areas of solid

Barth geophysics and oceanography. 1In solid Earth research, the

study of the mechanical properties of the lithosphere, resource
distribution, and total Earth density models each have important
positions in GSFC's overall Earth physics research program toward
a global geophysical model. The gravity anomalies give information
about the bending of the lithosphere under the weight of mountain
ranges. Models based on anomalous mass distributions under
different geological regions can be tested by looking at the
gravity anomaly structure. In the area of resource identification,
calculations have been made at GSFC relating the gravity field to
subcrustal stress fields and in turn demonstrating a correlation
between tension stress and resource deposits. Information theory
models have been formulated which convert the gravity field into

a "most likely" interior density distribution.

In oceanography, the gravity field geoid can combine with altimetry
to provide more accurate ocean circulation models. The geoid is

by definition the surface of the ocean when it is at rest. The
altimeter measures the surface of the actual dynamic ocean. The
difference between these two surfaces can be used to infer the
underlying velocities of ocean circulation. These circulation
models are an integral part of the GSFC programs in climate and
weather forecasting. Ocean circulation provides the primary mode
of heat transport from the equatorial region to the high latitudes.

The data set to which Gravsat would contribute is currently com-
posed of gravity anoleies acquired through land and ocean surface
surveys. On 1° x 1° blocks, these vary in accuracy from 10 to 90
mgals, with the more accurate being on the land areas. A new

data set is currently being made available based on the recent
GEOS 3 altimetry. These measurements can be converted to gravity
anomalies over the ocean areas. Papers being published in the
next month claim that these GEOS 3 gravity anomalies are good to
the 7 mgal level. This accuracy level has been demonstrated by
comparison with highly accurate ship measurements which can be
made on the 4-5 mgal level. GEOS 3 promises to map much of the
ocean area from 65°S to 65°N latitude with + 7 mgal, 1° x 1° gravity
anomalies. The major mission areas are the land masses of South
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America, Africa, and Asia (where the altimeter cannot measure the
approximate geoid represented bv the sea surface) and the polar
areas (which are bevond the GEOS 3 orbital range).

RECENT ACCOMPLISHMENTS

During the current fiscal year, the main effort in the mission
science area has been to define the goals in ocean sciences and
Earth physics and to describe the programmatic inputs needed to
achieve these goals. The two general goals which have been
identified are improved weather forecasting capability and a
global geophysical model. The inputs in the weather area include
incident solar radiation, sea surface state, ocean circulation,
etc. In the global geophysical model, one would consider tectonic
processes, interior density models, polar motion, etc. Within
these two program goals, Gravsat can provide improved data. We
will study the error budgets in the various inputs and determine
at what level the Gravsat analysis will have to proceed in order
to contribute.

The National Academy of Sciences has held a workshop sponsored
by NASA/GSFC to study the value and applicability of a dedicated
gravity satellite. The report of this workshop provides a
detailed analysis of the scientific data which would flow from
a Gravsat Mission.

SIGNIFICANCE

The two support areas in this mission, namely, error analysis
simulations and hardware design, require immediate study. There
is at present a controversy in the error simulations as to
whether the accuracy of the resulting gravity anomalies is primari-
ly limited by the details of the numerical data reduction proce-
dures or rather by the ni:ise in the measurement hardware. If it
is hardware limited, then we should put most of our effort into
design feasibility studies. Auxiliary systems such as a Doppler
transmitter (to allow tracking by the Tranet system) and a radar
altimeter on the low orbiting satellites (to adjust intersecting
orbits) might also make significant reductions in the Gravsat
error budget.

FUTURE EMPHASIS
Studies will continue to establish the data requirements within

the Gravsat scientific objectives and refine the mission
specifications. ;
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CHAPTER 5

GLOBAL EARTH DYNAMICS AND STRUCTURE

OVERVIEW

The goal of the Global Earth dynamics and structure program is
to use space-derived and other related data to understand the
global dynamics and structure of the Earth.

Data from the Earth's gravity field is derived from analysis of
pertubations in satellite orbits and provides information on:
The Earth's internal density distribution, mantle convection,
elastic properties, and rotation; and the behavior of ocean
tides and tidal friction in the Earth-Moon system.

Contributors to this chapter include Michael Graber, Hahn-Schou
Liu, James Marsh, David Rubincam, Braulio Sanchez, and David Smith.
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INFORMATION THEORY DENSITY DISTRIBUTIONM

OBJECTIVES

The objective of this project is to make a rational inference as to
what the density distribution of the Earth is and investigate its
geophysical significance, particularly with regard to convection

in the mantle.

BACKGROUND

This is the problem: We do not have enough information about

the Earth to say what the density distribution p(r) actually is.
For instance, if we know only the mass M, and moment of inertia
Cg of the Earth and assume the density distribution to be spheri-
cally symmetric, then we do not have enough information to de-
termine p(r). There are an infinite number of density distribu-
tions which satisfy the constraints of mass and moment of inertia.
We cannot invert the data; we must infer a density distribution
on the basis of incomplete data. We must find a rational method
to pick out the "most likely" density distribution.

It is of extreme interest that the information theory approach of
the physicist Jaynes (1975) gives us such a method. Jaynes'
approach is to assign each possible answer to a problem (in this
case, density distribution) a probability that it is the correct
answer. The probabilities are then assigned magnitudes by
maximizing Shannon's information measure

N
MI (P, 'Pores Pyl =-K;Z;P,1nP;

subject to the known constraints (in this case, mass ME moment

of inertia Cg). The rationale for maximizing MI is that it is
the measure of missing information, i.e., the amount of infor-
mation needed to single out the correct answer. If MI is not

maximized subject to the known constraints, then we are assuming
information we do not have.

Since MI is analogous to the entropy function in statistical
mechanics, this method is often called Maximum Entropy Method
(MEM) , but would be more appropriately named Information Theory
Inference (ITI).

RECENT ACCOMPLISHMENTS

The problem of the spherical symmetric density distribution with
constraints Mp and Cp was solved in the following way. The
earth was divided into infinitesimal cubes of equal volume. In-
distinguishable particles of identical mass were distributed
among the cubes. The density at any point was then the number
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of particles in the cube in question times the mass of the
particles, divided by the volume of the cube. Each possible
distribution of particles amongst the cubes was given a probabil-
ity Pj; and MI was maximized subject to constraints ZPlMl—M and
ZP;C; CE, where M; and C; are the mass and moment of inertia,
respectlvely of the ith model and ME and C, are experimentally
measured values for mass and moment of inertia.

The problem was then shown to be completely analogous to the
grand canonical ensemble in statistical mechanics, where particles
are distributed among energy levels. The canonical ensemble
methods were then used to obtain the average number of particles
in each cube. The resulting average density distribution is a
half-Gaussian:

"5(r) = 12.30e-1. 46r“/aE gm/cm3

and is shown in figure 5-1, along with K. E. Bullen's optimum
distribution, based on all known (mostly seismic) information.
The agreement is remarkably good, considering the information
theory density distribution uses only two pieces of information:
Mass and moment of inertia. This work described above was
published in Rubincam (1978).

Subsequent work focussed on the lateral variations in the density
distribution. The problem here was to find the most likely three-
dimensional density dlstrlbutlonp(r) using the spherical harmonic
coefficients le and S;, of the geopotential as constraints. The
coefficients are almost the only source of information on lateral
density variation. Only recently has seismic data given some
crude information on this. The emphasis in this work is to re-
late the density variations to possible convection in the mantle.

The problem in lateral variation was solved using the statistical
mechanical techniques described above, plus these important
assumptions: The density distribution can be written as a sum

of spherical harmonics of the form

0 2
p(X) = plr,p,\)= Z 2 Z i (¥) Yhgy (6,))

and the lateral variations are taken to be small perturbations
on top of the well-~known spherically symmetric density distri-
bution. In Dziewonski, et al., (1975), a parametrized model
was taken to be in the gross radial distribution.

The resulting information theory coefficients in the above equa-
tion have the form pzﬁirz where £ is the degree of the harmonic.
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A computer program was written to compute and plot relative
density variations in the mantle for shells of various radii and
slices through the center of the Earth along various great
circles (see figure 5-2). The results show that the total rela-
tive density variations are about 0.002 g/cm3 in the mantle after
subtracting off a model for 30 km of compensated crust, and about
0.02 g/cm3 for the same thickness of uncompensated crust. The
hydrostatic bulge is subtracted out in all cases, using a model
of W. M. Kaula's (1967). The maps show diminishing variations
towards the center of the Earth. Most of the variation is con-
centrated in the top of the mantle. A sample plot is shown in
figure 5-3. The density increases from -3 to +3 units. The
interval between units is 0.0001 g/cm3, The great circle inter-
sects the equator at 59° longitude and is inclined 33° to the
equator.

SIGNIFICANCE

The information theory technique is definitely shown to be a
practical as well as theoretical tool for understanding the
Earth's structure. It also indicates that the density variations
are very deep, and not confined to the crust and top of the mantle.

FUTURE EMPHASIS

Taking shells and slices here ard there did not appear to give
good indication of the three-dimensional structure of the varia-
tions, and work towards the erd of the year concentrated on taking
many slices through the Eartli along fixed latitudes. This work,
as well as interpretation of the variations, is now in progress.
The method will alsc be extended to include estimates of the
elastic parameters so that seismic data can be used in determining
the Earth's structure.

REFERENCES AND PUBLICATIONS

Dziewonski, A.M., A.L. Hales, and E.R. Lapwood, "Parliamentary
Simple Earth Models Consistent With Geophysical Data,"
Fhys. Earth Plan. Int., 10, 12-48, 1975.

Jaynes, E.T., "Information Theory and Statistical Mechanics,”
Phys. Rev., 106, 620-630, and 108, 171-190, 1957.

Kaula, W.M. "Geophysical Implications of Satellite Determinations
of the Earth's Gravitational Field," Space Sci. Rev., 7,
769-794, 1967.

Rubincam, D.P., "Information Theory and the Earth's Density Dis-

tribution," NASA TM 78088, 1978, revised edition. NASA ™
80586; also submitted to Geophysical Journal, 1979.

4

a8




plgm/cm3)

-— nond

) S TR T N T T O
371 1371 2371 3371 43717 5371 6371

r(km)
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Figure 5-3. Sample Plots Showing the Earth's Density Distribution
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MANTLE CONVECTION AND SUBCRUSTAL STRESS

OBJECTIVES

Research in the theory of mantle convection is currently con-
fronted with a variety of geodynamic problems of practical in-
terest. Studies on tectonic forces as inferred from satellite
gravity data have revealed a convection generated stress system
which seems to provide a unifying mechanism for uplift, depres-
sion, rifting, seismicity, volcanicity, magmatism, magnetism and
ore deposition in Africa. In order to extend the investigation
of the applicability of the convection generated stresses for
crustal deformation, this work proposes to calculate mantle
convection patterns and subcrustal stress fields under Asia and
Australia from satellite and surface gravity data.

BACKGROUND

The main problem of mantle convection currents is to determine
their patterns from geodynamics data rather than on theoretical
or speculative grounds. The departure of the Earth's gravity
field from the hydrostatic model must be explained because of

the importance of solid-state creep in the mantle in terms of the
density differences driving the convection currents. It is
therefore possible that most progress will be made in this im-
portant subject by searching for the geodynamics data of non-
elastic behavior of the Earth from satellite observations of the
geopotential and the geoid. For the development of a mechanism
unifying geodynamic phenomena, the laminar viscous flow model

of the Earth's mantle can be applied to the new satellite-derived
geopotential fields for calculations of a stress system in the
lower crust. The development of tectonic, seismic, and metallo-
genic features should be explainable in terms of this single
stress system.

RECENT ACCOMPLISHMENTS

Mantle Convection Pattern and Subcrustal Stress Field Under
Australia

Gravity data of the Earth have been applied to calculate the
subcrustal stress field under Australia caused by mantle con-
vection. According to the stress patterns, all interior regions
in the Australian continent appear to be in a state of com-
pression. The directions of these compressional stresses are
about east-west and their magnitudes are in the order of 10° dyn
cm~™2. I{ is found that the upwelling mantle convection flows
under Australia diverge to the eastern region under the eastern
highland belt and the regions under the uplifted western shield
(see figure 5-4). The Australian basin systems seem to be re-

lated to the downwelling mantle convection flows (see figure 5-5).
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The tensional stress fields, caused by the upwelling mantle con-
vection flows, are shown to be regions of structural kinship
characterized by major concentraticn of mineral and metal deposits
in Australia (see figure 5-6). The relationship between current
tension and ore deposits may be one involving uplift of the crust
and thus explosure of the Precambrian basement rocks with f£luid
inclusions of ore deposits. The uplift of the eastern highland
and western shield in Australia since the Pliocene time shows
there exists a possible correlation between the upward movement
of the fluid inclusions of ore deposits and the upwelling mantle
convection flows under these regions.

The steps from gravity field, to mantle convection flows, to
extentional tectonics, to mineral deposits are a long series of
geology. It is difficult to make a good case for the jump from
the first to the last. The essential question is one of geo-
logical time scale. In this paper, comparison of the mantle
convection pattern and the Tertiary to Recent tectonic and
igneous activities in Australia has been made to provide answers
for the seemingly puzzling question.

The concept of ultimate mantle control, via zones of tensional
weakness of the crust, on the distribution of mineral deposits

is not new. Economic geologists have provided useful reviews of
mineral exploration and genesis of ore deposits in the literature.
Striking evidence of such megastructural controls on the distri-
bution of certain economic minerals is emerging. A broader
knowledge of tensional fractures of world importance, of their
habits, their patterns and their mathematics, could have a pro-
found bearing on an exploration policy. It is hoped that this
contribution will not only enhance the economic geologist's ideas,
but also present some useful guidelines for future mineral ex-
ploration in the continent. A full description of this work has
been scheduled for publication in Modern Geology (Liu 1979}.

Mantle Convection Pattern and Subcrustal Stress Field Under Asia

Gravitational models derived from satellite tracking and surface
gravity have been used to derive the forces in the mantle of the
earth under Asia. Based on studies of tectonic forces from these
models, a subcrustal stress field under Asia has been obtained.
The stresses are due to mantle convection.

According to the stress patterns, the east and west China crustal
blocks and five seismic zones are identified. The tensional
stresses exerted by the upwelling mantle convection flows under
the crust of Tibet seem to be related to the Tibetan uplift.

The compressional orogenic region from the southern tip of Lake
Baikal, through Tien Shan, Hindu Kush and the Himalayas to
northern Burma appears to be connected with the downwelling mantle
convection flows. These tensional and compressional subcrustal
stresses caused by mantle convection are shown in figure 5-7.
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It has been found that the directions of the subcrustal stresses
under China are disposed perpendicularly to the major fault sys-
tems and seismic belts (see figure 5-8). The results of stress
calculations show that the crust of North China should be in com-
pression and that stresses within it should be sufficient to form
the Shansi Graben and Linfen Basin systems and fracture the litho-
sphere. This gives a possible explanation of why strong earth-

" quakes occurred in North China which is an isolated narrow region

of highest seismicity far from plate boundaries. The tensional
stress fields, caused by the upwelling mantle convection flows,
are found to be regions of structural kinship characterizeid by
major concentrations of mineral and metal deposits in Chira (see
figure 5-9). A description of this work has been published by
Liu (1978).

SIGNIFICANCE

The subcrustal stress fields under Australia and Asia .caused by
convection flows in the upper mantle have been established to

the twenty-fifth degree harmonics of the geopotential. The stress
fields thus derived are consistent with the tectonic, metallogenic,
and seismologic features in these continents. The results have
provided a basis for seismogenic modeling of intraplate earth-
quakes and delineating target areas for ore prospecting.

FUTURE EMPHASIS

This work will be developed and applies to establish mantle con-
vection patterns and subcrustal stress fields under North and
South America.
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GRAVITY ANOMALIES IN THE PACIFIC DERIVED FROM SATELLITE-TO-
SATELLITE DOPPLER TRACKING DATA AND IMPLICATIONS FOR MANTLE
CONVECTION

OBJECTIVE

The objective of this work has been to study the gravity undula-
tions in the vicinity of the East Pacific Rise through the analy-
sis of GEOS 3/ATS 6 SST Doppler tracking data.

BACKGROUND

Density variations within the earth give rise to convection and
also produce gravity anomalies. The connection between gravity
anomalies and thermal convection in the earth was clearly shown
in a theoretical study by Pekeris (1935). Later, in drawing
attention to the theorem by Von Zeipel which gives the conditions
necessary for hydrostatic equilibrium within a rotating radio-
active planet, Verhoogen (1949) used Pekeris's results and the
Earth's gravitational field to estimate a convective velocity

in the mantle of a few centimeters per year.

With the establishment of the kinematics of plate tectonics it has
become increasingly clear that this model furnishes explanations
for most of the magnetic, bathymetric, and heat flow anomalies
observed in the ocean basins. It is now known that only second
order variations in heat flow and bathymetry can be used to
identify the style of convections within the mantle. However,
theoretical and numerical studies (e.g., McKenzie, 1977) suggest
a more direct, first order connection between thermal convection
and gravity anomalies. 1In short, if the convection is strong
enough to deflect the lithosphere, then an upwelling current

will cause a positive gravity anomaly; the hot upwelling material
alone, were it not able to deflect the surface upward, would of
course cause a negative gravity anomaly. Current theories of
mantle convection (Elsasser, et al., 1979), (Davies, 1977) pro-
pose that convection may be taking place at two levels in the
Earth's mantle. Primary convection is believed to be taking place
throughout the entire depth of the mantle. This whole mantle
convection results in the formation of cells which have surface
dimensions comparable to the sizes of the plates. Clear evidence
of this phenomenon is presented in gravity anomaly maps which
correspond to the low degree and order (up to 12,12) coefficients
in the GSFC GEM gravity models.

In the circum Pacific area where the cold dense material is down-
welling along the Pacific Plate brundary, a clear pattern of
positive gravity anomalies is observed. Elsasser, et al., (1979)
have also proposed that near surface (700 km) instabilities in the
mantle should produce convection rolls within the overall large
scale convection pattern. The laboratory experiments of McKenzie

6
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and Weiss (1975) have shown that the convection rolls will be
established more rapidly under fast moving plates than under slow
moving ones. The tentative absolute plate velocities determined
by Minster, et al. (1974) suggest that only the Pacific, Nazca,
and Cocos plates have been moving fast enough and long enough to
have established the pattern of longitudinal rolls beneath them.
Thus our analyses of gravity data have been concerned primarily
with the Pacific plate.

In a world-wide study, Marsh and Marsh (1976) used a gravitational

field model complete to the thirtieth degree and order (PGS110,

Lerch 1976) to look for short wavelength gravity anomalies which

might indicate a pattern of convection as suggested by theoretical

studies (Richter and Parsons, 1975). They removed a field model

complete to the twelfth degree and order and the highest order

harmonics, beyond n, m=23, and found that this field consists

almost wholly of anomalies possessing a wavelength of about

2000 km. Where correlations were possible, they found a close

correlation between bathymetry and gravity and a close correspond-

, ence to surface gravity maps, aithough this latter correlation

; is not surprising since the field model contained a great amount

b of this same surface data in addition to satellite data. A

peculiar pattern of anomalies of alternating sign was also found

spanning the Pacific basin, striking approximately northwest.

s Along the east Pacific rise a hint of a correspondence between

gravity and bathymetry was also noted. Many of the anomalies

within the Pacific are of small amplitude (~10 mgal) while the

F uncertainties are often as large as 8 mgal. Although the pattern
of anomaly uncertainties does not resemble the anomaly pattern,
the map must be viewed with caution. Marsh and Marsh were also
concerned with the possibility of introducing purely numerical

| perturbations into the resulting map through the procedure of

' truncation of the spherical harmonic field model.

RECENT ACCOMPLISHMENTS

- East Pacific Gravity Ancmalies

The present study was undertaken to obtain accurate gravity
anomalies in the region of the east Pacific rise that: would

i . be independent of any particular gravitational field model,
could be used to check the higher degree and order part of
existing field models, would not use a huge collection of spheri-
cal harmonic coefficients, and would supply mucl needed gravity
data in this region which could be analyzed for the detection of
convection rolls. Since there is little hope of obtaining exten-
sive sea surface gravity measurements in this area, the new method
of SST was used.
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SST Doppler tracking data is obtained by using a stationary,
relative-to-Earth, satellite (ATS 6) maintaining an altitude of
40,000 km to track a lower satellite (GEOS 3) flying in a nearly
circular orbit (840-km altitude). See figure 5-10 for an illus-
tration of this configuration. Doppler tracking furnishes range
rates as a function of time which, when corrected for long wave-
length orbital perturbations, can be easily converted to line-
of-sight (between ATS 6 and GEOS 3) accelerations or gravity
anomalies. By reducing the orbits using a gravitational field
model complete to only the twelfth degree and order, gravity
anomalies with wavelengths smaller than about 3,300 km could be
revealed. The profiles of anomalies can then be used to construct
a gravity map.

A total of 28 passes of satellite-to-satellite tracking data have
been analyzed. The consistency of the data has been measured by
comparison of signatures of passes having a similar ground track
but separated by several weeks in time. These comparisons

revealed a high level of repeatability. An example of such con-
sistency is shown in figure 5-11 which presents results which agree
guite well for revolutions 254 and 453 which are coincident. A
test of the accuracy of the residuals is possible from passes
which traverse the U.S. where the PGS-110 field and surface gravity
data closely agree. Three such passes of SST residuals over the
U.S. show excellent agreement with the residuals predicted by the
PGS-110 model, thus confirming that the observed residuals can be
attributed to high-degree perturbations in the gravitational field
of the Earth.

Error analyses indicate that if orbital arc lengths of one revo-
lution or less are used, the effects of high-order gecpotential
coefficients will indeed produce the dominant signature in the
SST residuals.

At the outset of this investigation, orbit computations were
performed for several revolutions using the PGS-110 coefficients
through (4,4) in order to test the sensitivity of the data to
the gravity field of the Farth. The residuals due to the un-
modeled gravitational effects above (4,4) were quite large,
amounting to about one cm/sec. Such residuals for revolution

240 are presented in figure 5-12. Theoretical residuals computed
using the PGS-110 coefficients above (4,4) also shown in this
figure, are in excellent agreement with these observed residuals.
Since the main goal of this analysis was to study gravity anoma-
lies defined by the higher degree and order terms, orbital solu-
tions were subsequently computed using a (12,12) gravity model.

Figure 5-13 presents a contour map of the accelerations at the
GEOS~3 altitude derived from the 28 passes of SST Doppler data.
The uncertainty in the map is on the order of 5 mgals at the
surface of the Earth.
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A comparison of the SST derived gravity maps with corresponding
maps computed using the PGS~-110 gravity model, Rapp's model (1977)
based solely upon surface gravity data and the GEM 10 model shows
the maps to be essentially similar. The positives and negatives
are generally in the same places. On closer inspection, however,
the broad, undulating anomalies shown along track are more similar
to the pattern of surface anomalies and the GEM 10 anomalies and
less so to the somewhat shorter wavelength and more east-west
striking PGS-110 anomalies. The amplitudes of the anomalies are
generally about the same for all but the map of surface data, but
recall that the 5° surface gravity anomalies estimated in this
region were based upon sparse 1° data.

This analysis of satellite-to-gsatellite Doppler data for gravity
anomaly perturbations in the Pacific has clearly indicated the
presence of anomalies with wavelengths of about 2000 km. This
direct observation has confirmed and provided additional detail
for earlier gravity anomaly maps based upon sparse surface gravity
data or conventional tracking data. The presence of such anoma-
lies tends to imply that we may be observing upper mantle con-
vection in this area. Additional analyses with the recently
acquired satellite-to-satellite tracking data which covers the
entire Pacific with a 1 to 2° resolution are expected to provide

a clearer picture of the detailed gravity anomaly field in the
Pacific Ocean area and thus provide an important basis for forming
conclusions about convection in the mantle in this region. Further
details on this work may be found in Marsh and Marsh, 1978 and
Marsh, et al., 1977.

SIGNIFICANCE

The following important conclusions have been reached as a result
of these analyses:

) The agreement is good between the SST-derived
gravity anomalies and anomalies derived from
conventional tracking techniques.

° Gravity anomaly signatures can be derived
using simple computation techniques with SST
data

® The SST data provide a very accurate test
for existing gravity models.

° The data provide a means of accurately com-
puting gravity data over land.




geophysical interpretations and the pre-
liminary set of data available to date has :
indicated that gravity anomalies with wave-
lengths of about 2000 km exist in the

; Pacific which may be related to convection
i in the upper mantle in this area.

1 : ° The SST data provide a new data type for

° It can provide an independent check on the
F altimeter-derived anomalies at intermediate
| wavelengths.

° The existing set of SST data provides a real
data set for simulating the proposed gravity
mapping satellite mission.

f
i FUTURE EMPHASIS
|

After the previously discussed data were collected, the ground
tracking stations were modified to record the Doppler data in a
"nondestruct" mode. This modification increased the precision of
the SST data from about 0.6 mm/s to less than 0.3 mm/s. With the
new system, 5° gravity anomalies can probably be derived with an
accuracy of about 1 mgal in the surface of the Earth. Over the
past several months, we have collected a comprehensive grid of

: these data which provide about 1° to 2° coverage over the mid-
Pacific Ocean area. These data are currently being analyzed and
techniques are being developed so that they can be used to pro-
vide information on such problems as the mantle convection
processes in the Pacific.
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POLAR MOTION RESEARCH

OBJECTIVES

The purpose of polar motion research is to study the motion of
the rotation axis of the Earth in a coordiante system fixed with-
in the Earth and to correlate this motion with other geophysical
processes.

BACKGROUND

The motion of the pole was first measured 85 years ago. The
introduction of modern high-speed computers has reopened the
field, where the great masses of numbers made analysis difficult.

RECENT ACCOMPLISHMENTS

During 1978, two technical memoranda in polar motion research
were completed and submitted to professional journals and are
currently in the revision stage. These papers deal with the
description of the statistical properties of the pole position
time series as represented by the International Polar Motion
Service measurements.

In the first paper, daily average latitudes were analyzed. As

a result, significant differences in the annual wobble were
noted for each observatory. Additional oscillations were noted
for each observatory. Additional oscillations were noted at 304
days and 148 days. The residual spectrum was analyzed according
to Schuster's test and it was concluded that there remained fur-
ther time-dependent process in the data which would require a
more accurate measurement technique for their solution.

In the second paper, the primary star pair observations (which
produce the average latitudes) were analyzed. Using a least-
squares approach, the high-frequency spectrum out to two cycles
per day was analyzed. Unexpectedly large oscillations at one
and two cycles per day were developed in the analysis. Because
of the data acquisition technique used by the International
Polar Motion Service, the peaks may be due tc the mechanics of
the instrument handling. As an independent check it is proposed
to do a similar calculation using Lageos data.

SIGNIFICANCE

This area of research is important because the pole position
time series is sensitive to the internal structural properties
of the Earth. Differences in geophysical models show small
differences in the polar motion. Determining the driving
rmechanism for the central 431-day process in the Earth's wobble
will require detailed knowledge of the motion for its solution.
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FUTURE EMPHASIS

The ability to model 50-day Lageos arcs to relatively small resi-
duals opens up a new area of polar motion analysis at GSFC. Using
standard Fourier analysis orders of magnitude, data over 50 days
will provide a frequency resolution to the inverse of the data

. length, or 0.02 cycles per day. This provides sufficient dis-
crimination to allow searching the high-frequency region for the
presence of tidally=-induced polar motion and to look for possible
excitations near one or two cycles per day.

Since the Lageos data has typically only one satellite pass per
day, the high-frequency cutoff would be at about one-half cycle
per day. This cutoff can be extended by including passes from
other satellites such as Starlette and BE 3. The data for each
solution would be structured so that Lageos provides the long-
term continuity (and thus high resolution) while the other satel-
lite data provide the high-frequency sensitivity.

The typical manner for performing this type of analysis is to
first solve for a series of pole positions and then to perform a
Fourier analysis of this time series. However, with the satel-
lite range data, the optimal method is to include the high- .
frequency component in the condition equation for the polar motion
which is within the Geodyn computer program. This technique will
solve for just two additional parameters, a phase and an ampli-
tude. Preliminary tests indicate that a 30-day Lageos arc can

fit the amplitude of a high-frequency sinusoid to 0%003.

? : The analyses represent a new region of polar motion time series

4 f analysis: the high frequencies above 0.25 cycles per day. It

i ! is expected that when they are completed, a new picture of the
polar motion procizss will emerge.
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POLAR MOTION FROM LAGEOS

OBJECTIVES

The objectives of our studies are to regularly determine the posi-
tion of the pole from Lageos together with the appropriate statis-
tics, and identify the major periods and significant features in
the motion that could be ascribed to a geophysical origin.

BACKGROUND

The motion of the pole of rotation of the Earth is a sensitive
measure of changes in the distribution of the Earth's mass. Earth-
quakes, atmospheric motions and the movements in the oceans are

all sources of excitation of polar motion. Since the launch of
Lageos in May 1976 and until the end of 1977, the position of the
pole has been derived from laser tracking of the spacecraft. The
tracking data were collected by systems of GSFC and the Smithsonian
Astrophysical Observatory from sites in North and South America,
and Australia, and the pole position has been determined every 5
days.

RECENT ACCOMPLISHMENTS

The method that was used to determine the pole was to initially
form a series of contiguous precise orbital arcs of Lageos begin-
ning at launch in May 1976 and continuing through December 1977,
each about 30 days in length. During each orbital arc the sta-
tion network was rotated every five days about the x and y polar
axes to provide a new pole position. Further details of the
method can be found in Smith, et al., (1978). Figure 5-14 shows
the x and y coordinates of the pole determined from Lageos by this
method. The constants used in the calculations were the GEM 10
gravity field out to degree and order 10 (Lerch, et al., 1977),
the second degree Love number k, = 0.29, and station coordinates
derived from the first eight months of the mission (Smith, et al.,
1978). The major features of the polar motion are an annual
period of 365 days and a Chandler period of about 430 days. Solv-
ing for an amplitude and a phase for each of these in the x-com-
ponent we obtained the solid curve shown in figure 5-14. The
residuals about the solid curve appear to be almost random and the
curve seems to be a good approximation to the longterm polar motion
in x. The standard deviation of a point about the solid line is
about 0.025 arcseconds.

A similar fitting of the annual and Chandler motions to the
y-component reveals a small 212-day period as well. Including
this term as well, we obtain the solid line for y in figure 5-14.
The standard deviation about the line is about 0.02 arcseconds.




Tiie equations for the solid lines are:

0.050534 - 0.0000491246 t

X

~=0.071442 cos w, + 0.059494 sinw

-0.003751 cos wa - 0.186518 sincua (arcseconds)

y = 0.30374 =~ 0.0000864748 t
+0.048845 cos w , + 0.171850 sintuc
-0.063426 cos wa - 0.025155 sinc»a

-0.010541 cos wb + 0.017662 sincub (arcseconds)

' 27 27 = (2T
Where w, = (5z2)t, w, = (£=5)t, wp = (575—)t and t = day of
c 430 a 365 212.2 year 1976.

The time dependent terms in x and y were obtained in order to
absorb any effects due to periods long compared to the data span.
No special interpretation can be given to the amplitudes of the
annual and Chandler terms because of the shortness of the data
span. Both appear to give amplitudes of about 0.2 arcseconds.

The center of curvature of the pole derived from the solid lines
in figure 5~14 is shown in figure 5~15. Dramatic changes in the
motion are shown to occur around certain dates (marked on the
figure) but there appears to be no correlation with the occurrence
of earthquakes. The largest earthquake that occurred during this
period (May 1976 to December 1977 was near Indonesia, magnitude
7.9, on August 19, 1977, and is reported to have caused one of

the largest free oscillations since the 1964 Alaska earthquake

(A. Dahlen, 1978, private communication).

The excitation pole shown in Figure 5-15 is an extremely simpli-
fied version of the true motion because it is derived from ap-
proximation. The sudden changes in direction are probably not
geophysically meaningful, particularly with respect to the data,
but it is of interest to note that for over one year the motion
of the excitation pole was located in a small region inside the
general polar motion and in the general vicinity of the center.
he data would seemingly suggest that for this period (September
1976 to September 1977) there were no major events that caused
the excitation pole to move dramatically. Interestingly, this
period includes the harsh northern winter of 1976/1977 which it
has been speculated, might show in the polar motion due to the
existence of large and long duration low-pressure regions. If
liowever, one reads greater precision into the basic measurements,
then this simple method of estimating the curvature is completely

inadequate and it may be that a more careful derivation of the
excitation pole might reveal further information.

5529
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SIGNIFICANCE

To date, this investigation has demonstrated that polar motion can
be derived from laser tracking of Lageos by a few stations to an
accuracy comparable to the classical astronomical method.

FUTURE EMPHASIS

It is evident that both a greater precision in the polar motion
and a longer data span are necessary. The ultimate capability of
this method is believed to be at least an order of magnitude bet-
ter than is presently being achieved, and that the current major
limitations are data quality and the locations of the tracking

stations. Hopefully, improvements will be made in both these areas
in the near future.
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OCEAN TIDAL EXCITATION OF POLAR MOTION

OBJECTIVE

The objective of this investigation is to ascertain the response
of the rotational motion of the Earth to forcing functions
produced by the water mass redistribution due to the ocean

tides. In particular, it is desired to obtain the components

of displacement of the rotation axis at the surface of the Earth.
The investigation also addresses the larger question concerning
the possibility of excitation of the Chandler wobble of the
Earth.

BACKGROUND

One of the areas of interest in present day geophysics deals
with the excitation of the polar motion of the Earth, that is,
how do the different physical phenomena taking place inside and
on the surface of the Earth affect the position of the rotation
axis and the rate of rotation.

Among the many geophysical phenomena, one must consider the
redistribution of the mass of the ocean produced by the gravi-
tational tides due to the Sun and the Moon. Such a redistribu-
tion of mass yields changes in the inertia tensors of the Earth
which themselves are the causes of changes in the position of
the rotation axis and the rate of rotation. All the changes
involved are functions of time with various periodicities.

RECENT ACCOMPLISHMENTS

In order to ascertain the ocean tidal effects the Liouville
equations of motion for a nonrigid body have been simplified by
neglecting higher order terms and an analytic solution has been
found for the wy and w,, components of angular velocity. Such a
solution involves the magnitude of the changes in the products of
inertia Iy, and Iyz; due to the various ocean tidal components, as
well as the frequencies of the tides and the natural frequency of
rotation of the Chandler wobble.

The evaluation of the changes in Iy, and I,,, can be divided in
two categories. Changes produced by ocean” tides with periods of
the order of a day and changes produced by long-period ocean
tides, in particular the solar annual one. The method of eval-
uation depends on the category, and the effects produced by each
are considerably different in order of magnitude.

The products of inertia due to the short-period ocean tides have
been obtained by making use of spherical harmonic representations
of the tide heights. These representations are fits to numer-
ical soclutions of the Laplace tidal equations and, as such,
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represent nonequilibrium solutions. In particular, the harmonic
coefficients used were those provided by C. Goad (1978)* and
the LTE solution used was provided on Estes (1977).

The long-period ocean tides were treated differently since no
harmonic expansions were available. The equilibrium response of
an ocean covering the entire surface of the Earth was formulated. .
The tidal height for the real Earth was then obtained by means of
the ocean function which is equal to one over the oceans and zero
over the continents. In particular the (8 x 8) ocean function
harmonic expansion due to Munk and MacDonald was used. In order
to solve for the products of inertia, it was then necessary to
solve the integrals over the sphere of the product of three sur-
face harmonics of arbitrary degree and order. Such a solution

can be found in terms of the "3-j" symbols often found in quantum
mechanics.

A summary of the results obtained for the products of inertia is
given in table 5-1 where '

Iy, Mgz cos (fit =¢y51)

and the subscript "i" refers to the particular tjidal component.
The magnitudes My,+ M,,, are given in units of 1033 gm-cm“. The
corresponding results” for w, and wy are given in table 5-2,
where

li

Wy Wy cos (fit -¢uxi)

wy = Wy, cos (£5¢t '¢wyi)

The units for Wy and Wy are 10716 radians per second. Table 5-3
gives the maximum displacements for the x and y components of
position of the pole in cm units.

The results indicate that only the annual tidal component Sa yields
a pole displacement of any significance. This is due to the prox-
imity of its period (12 months) to the period of the Chandler
wobble (about 14 months). The calculated tide heights for Sa are
of the order of 0.88 millimeters.

SIGNIFICANCE

In general the results show the existence of a polar wobble as a
response to each of the components of the ocean tides. The magni-
tude of the polar displacement depends on two factors: The ampli-
tude of the tidal component, and its period (in relation to the
Chandler period). The changes produced by the ocean tides in the
products of inertia are periodic and regular; therefore, they can-
not be the source of excitation of the Chandler wobble.

*Goad, C., NOAA, private communication, 1978.
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FUTURE EMPHASIS

The investicgation has considered only a few ocean tidal compo-
nents. A natural and necessary extension will be to use Doodson's
expansion of the luni-solar potential to obtain a more complete
and systematic representation of the equilibrium (long-period)
ocean tides and the resulting polar motion response.

Another possible line of development is to consider the changes
in all the components of the inertia tensor (not just I, and

Iyz) and to solve the fully nonlinear Liouville equations by
means of numerical methods.

REFERENCES AND PUBLICATIONS
Estes, R., "A Computer Software System for the Generation of

Global Ocean Tides Including Self-Gravitation and Crustal
Loading Effects," NASA X-920-77-82, 1977.
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Table 5-1. Products of Inertia Due to Short-
period Ocean Tides, fl—l
Tide Period (£;71) Myy - M, %y
Sy 12 hr 2.61 -153.5° 1.58 -100.1°
M, 12.42 hr 6.30 -146.8° 4.46 -114.7°
N, 12.66 hr 1.16 -144.7° 0.81 - 13.5°
K, 23.93 hr 9.27 109.6° 22.3 47.1°
04 25.82 hr 12.8 83.1° 12.6 49.6°
Sa 1 year 26.9 0° 13.2 0°
Table 5-2. Products of Inertia Due to
Short-period Ocean Tides, Wx and Wy
Tide Wx ¢wx Wy Sy
s, 2.97 -161.8° 2.49 - 83.6°
M2 7.06 -161.4° 6.16 - 90.7°
N2 1.37 -133.9° 1.22 - 31.0°
Ky 13.3 - 25.9° 13.4 63.9°
Ol 11.3 18.2° 11.3 116.0°
Sa 26436 149.2° 29758 -111.9°
Table 5-3. Products of Inertia Due to Short-period
Ocean Tides, X and y
Tide X Y
82 0.0026 0.0021
M2 0.0061 0.0053
N2 0.0012 0.0010
Kl 0.011 0.011
Ol 0.0099 0.0099
Sa 23.16 26.07
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WHOLE-EARTH TIDAL NUMBERS

OBJECTIVE

The objectives of studying whole-Earth tidal numbers are to esti-
mate the amplitudes and phases of the major gravitational tides
produced by the combined effects of the solid-Earth, oceans,

and atmosphere; and derive the present day acceleration of the
Moon about the Earth.

BACKGROUND

The orbit of the GEOS 3 spacecraft has been analyzed to provide
estimates of the amplitude and phase of the gravity tide at
seven tidal frequencies: P, Ky, Sy, Ky, My, 07, and Np. The
amplitudes of these tides suggest lower values for the diurnal
tides compared to the semidiurnal tides indicating a larger
ocean tide effect on the diurnal rather than the semidiurnal
tides. 1In addition, the K; tide may be showing evidence of the
predicted effect of resonance in the core. From the M, tidal
numbers the acceleration of the moon in its orbit about the
earth has been derived and the result of -32 + 6 arcseconds
centuries T4 is in general agreement with other recent values.

RECENT ACCOMPLISHMENTS

During a l0-month period beginning shortly after launch in 1975,
the orbit of the GEOS 3 satellite was regularly determined from
laser tracking data acquired at the Greenbelt, Bermuda, and Grand
Turk tracking sites. Each orbit was 24 hours in length, and a
spectral analysis of the orbital inclination was obtained from
the data. The basic perturbation of the orbital inclination is

a large, long-period oscillation (Sj) modulated by a series of
shorter-period tides that together cause a total displacement

of the satellite of about 1073 degrees in inclination. For the
first approximation, the tidal perturbation can be represented

by a Love number, k3, of 0.265 with zero-degree phase (eg,) for
all frequencies. A comparison of the observed perturbation with
the first approximation provides residuals that are almost ran-
dom. Thus the method of obtaining the spectral amplitudes and
phases was to remove from the orbital inclination the basic

kg = 0.265, €5 = 0 effect for all frequencies, perform a spectral
analysis on the residuals, and subsequently add back in the basic
tidal perturbation. Figure 5-16 shows the power spectrum of the
residuals in the GEOS 3 inclination after the major tidal effect
has been removed. Many of the residual tidal terms are evident
in this figure.

Turning the spectral amplitudes and phases in figure 5-16 and
the basic tidal perturbation into effective Love numbers (whole-
earth parameters), we obtain the values shown in table 5-4.
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Table 5-4
Whole Earth Tidal Parameters
Love Numbers,
Tide ko, €2 (degs)
Py 0.263 * 0.005 -2.2 + 0.8
K; 0.230 £ 0.004 +3.8 = 1.0
So 0.281 * 0.004 -0.9 =+ 0.4
K, 0.300 = 0.015 0 £ 1.5
M2 0.278 £ 0.006 +3.7 £ 0.6
o1 0.231 £ 0.037 +13.0 £ 10.0
No 0.356 £ 0.050 0 £ 4.0

The conclusion that can be drawn from the values given in table
5-4 is that the three diurnal tides, P;, K;, and Oy are much
smaller than the semidiurnal tides. Tﬁe primary reason that any
of the k, values differs significantly from 0.30 derived from
seismicity is that the ocean tides affect the motion of the
satellite as well as the solid-Earth tides. Consequently, a
first interpretation of the variation in k, can be to ascribe it
to the different effects of the oceans at different frequencies
and to conclude that this effect is greatest for the diurnal
tides.

The second conclusion that can be drawn from the variation in
values given table 5-4 is that our knowledge of the solid-Earth
suggests only a very small phase lag in the tides is acceptable’
(¥ 0.1 degrees). Consequently, the phases observed with GEOS 3
are also probably caused by the oceans. However, a negative
phase lag, as we appear to have for Py and S,, means that
instead of tidal energy being dissipated in the Earth, the tides
are being excited by the Earth. On face value this appears
impossible but' it is interesting to note that both P; and Sy are
solar induced tides and that in addition to solid-Earth and
ocean-tides there are tides in the atmosphere, predominantly
caused by solar heating that might be affecting our solution.

In addition, the effect of core resonance is predicted to cause
a singularity in the value of the Love number, kjp, at a fre-
quency of one cycle per day. This effect on the K tide is
believed to depress the Love number to about 0.26 so that some
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of the observed difference may be attributable to this resonance.
However, without an accurate model of the Kj ocean tide, it is
impossible to isolate the solid-Earth contribution from that of
the ocean. This explanation for Kj cannot be used for Pj or 03
which, although nearly diurnal, are too far from the resonance
frequency to be affected.

Finally, the values of My, N3 and Oj can be used to estimate the |
tidal acceleration of the Moon. The tidal bulge raised on the
Earth by the Moon exerts a torque on the Moon proportional to its
amplitude and the sine of the phase lag. The torque accelerates
the Moon in its orbit thereby increasing the Earth-Moon distance
in order to conserve angular momentum. After applying a small
correction to My arising from a fourth degree term in the ocean
tides, which does not affect the lunar acceleration, we obtain
for the lunar acceleration (n) where

h = -31.8 + 6 arcseconds centuries~2
r which corresponds to an increase in the Earth-Moon distance of

4.7 £ 0.9 cni/year

Recent evaluations of n have ranged from -23.8 arcseconds centur-
ies-2 (Williams, et al., 1978) to about -38 arcseconds centuries
-2 (Oesterwinter and Cohen, 1972). Finally, the value of Q that
we obtain for the oceans from the phase of the M, tide is 8zl
which suggests that if the moon were suddenly "switched off,"

the ocean tides on the Earth would effectively cease within a
day or two.

I S e

SIGNIFICANCE

R A

This analysis of the perturbation of the GEOS 3 satellite has
provided estimates of the Whole-Earth Love numbers and phases at
several of the major tidal frequencies. These parameters show

a decrease in the tidal amplitude around one cycle/day that may
be evidence of the existence of the diurnal resonance in the core
, that has been predicted theoretically (Molodenskii, 1961). To

} ‘ date, this resonance has not yet been positively identified in

i » either tidal analyses or polar motion where the effect of the

g resonance is also expected to be evident. Observation of this
resonance would confirm the existence of a liquid outer core that
is observed seismically and a determination of the resonant
frequency would provide a measure of the shape of the core-mantle
boundary.




FUTURE EMPHASIS

Further work will be directed toward improving the estimate of
lunar acceleration and to obtaining estimates on a regular basis
for identification of possible changes in the dissipation of tidal
enexrgy and longterm variations in the Earth's rotation rate.

REFERENCES AND PUBLICATIONS

Molodenskii, M. S., "The Theory of Nutatious and Diurnal Earth
Tides," Obs. Roy. Belg. Comm., 188, and S. Geoph. 58, 25-26,
1961.

Oesterwinter, C., and C. J. Cohen, "New Orbital Elements for Moon
and Planets," Celestial Mechanics, 5, 317-395, 1972,

Williams, J. G., W. 8. Sinclair, and C. F. Yoder, "Tidal

Acceleration of the Moon," Geonhys. Res. Letters, 5, 943-946,
1978.
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CHAPTER 6

SEA SURFACE TOPOGRAPHY AND OCEAN DYNAMICS

OVERVIEW

The overall goal of this program is to apply remote sensing data
to studies of dynamic ocean and Earth processes. The primary
data types are satellite altimetry data, orbit perturbation data
and gravity data. These data are analyzed in conjunction with

surface observations, for example, ocean temperature and density
measurements.

Global sets of satellite altimeter data have been collected dur-
ing two satellite missions: The GEOS 3 mission (1975 to 1978)
and the Seasat mission (1978).

Research programs are underway in the following areas to analyze
and interpret the altimeter data:

° The development and implementation of techniques for the

calibration and performance evaluation of the altimeter
system,

) The computation of detailed gravimetric geoids which can
be used as a basic reference surface for analyzing dynamic
ocean topography associated with ocean circulation.

° The computation of regional as well as global mean sea
surfaces for the analysis of temporal variations.

) Detailed analyses of the Gulf Stream and the associated
eddy systems to improve our understanding of near surface
as well as abyssal circulation.

e The analyses of orbit evolution data for the computation
of ocean tidal parameters which are important for studies
of dynamic ocean circulation modeling and for precision
orbit determination.

A description of these programs is presented in the following
sections.

Contributors to this chapter include Robert Cheney, Theodore
Felsentreger, Werner Kahn, Ronald Kolenkiewicz, and James Marsh.
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CALIBRATION RESULTS FOR THE GEOS 3 ALTIMETER "

OBJECTIVE

The GEOS 3 satellite contained a radar altimeter capable of
measuring heights with an accuracy of better than one meter. For
some applications of the large gquantity of altimeter data taken
by the GEOS 3 intensive mode altimeter, an absolute calibration
of the altitude data is needed. Such applications would include,
for example, determination of the semimajor axis of the ellipsoid
best approximating the geoid. To this end, the height bias of
the altimeter has been determined.

BACKGROUND

The GEOS 3 spacecraft, launched on April 9, 1975, began opera-
tional activities on April 21, 1975. Since that time, the

GEOS 3 altimeter has taken data on several thousand passes. On
most of these, the altimeter was operating in the more precise
short pulse, or intensive mode. 1In order to obtain full usage

of these data a calibration (or height bias determination) of the
altimeter is necessary.

The validation of the altimeter measurement from the spacecraft
to the mean sea surface requires situations in which this
distance can be accurately inferred, independent of the altimeter
data itself. This can be done effectively using satellite passes
which are nearly overhead at island laser tracking sites. This
technique has the advantage that an accurate a priori knowledge of
geoid heights is not required.

This was a particular problem with satellites such as GEOS 3,
which incorporated no capability for orbit adjustments after
orbital insertion. Calibration opportunities were thus dependent
upon the groundtrack pattern of the orbit into which the space-
craft happened to be inserted. There were two island lasers in
the GEOS 3 tracking schedule located at Bermuda and Grand Turk
but near overhead passes were achieved only at Bermuda. Numerous
groundtracks of the GEOS 3 satellite pass were in the vicinity

of Bermuda. The Bermuda laser tracked on only two of thase
passes, but the two tracked were the two closest to being direct
overhead passes (see figure 6-1).

One of the two overhead Bermuda passes (rev 4553) has been pre-
viously utilized for altimeter calibration {(Martin and Butler,
1977), although without accounting for sea state effects on the
altitude measurements and measured tide data on sea surface height.
This pass did, however, have tracking by three lasers in the cal-
ibration area and should thus have a well-determined orbit. The
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other pass, rev 5471, had tracking by only two calibration area
lasers, but the potential still exists for obtaining an accurate
height of the spacecraft at the time of Bermuda overflight through
the use of S-band tracking data taken from NASA STDN stations on
earlier and later passes.

The aim is to obtain a best estimate of the GEOS 3 altimeter
calibration bias, using the two available passes and reconciling
differences between them.

The overhead calibration technique depends crucially upon obtaining
the altimeter measurement which would be made directly over the
tracking station, as if the altimeter were tracking to the normal
ocean surface. The procedure for doing this is to smooth the data
taken totally over water, and extrapolate to the point over the
tracking station. To facilitate the smoothing operation, only
measurement residuals are smoothed, with orbit, tropospheric
propagation, a nominal tide from a tide model, and the best
available gravimetric geoid all being removed.

To deduce the altimeter bias from residuals, we must consider the
algorithm actually used for residual computation and what
corrections or additions should be made to it. From the overhead
calibration geometry shown in figure 4-2, the residual at the
overhead point is the difference between the satellite distance

to the ellipsoid based on the altimeter data plus appropriate tide
and geoid models, and the satellite distance to the ellipsoid
based on the tracking data and the station height above the
ellipsoid. Neglecting the bias, the residual is expressed from
figure 4-2 as

Residual = h + 6h + h + h (Alt)
alt tide geoid

- R-h - h (sta)
MSL geoid

where

h is the smoothed (and extrapolated) altimeter measure-
alt
ment corrected for tropospheric propagation effects.

&h is the nontidal deviation of the sea surface height

from mean sea level. In the actual residual

computation, this term is neglected.

h is the tide height based on the Mofjeld tide model (2).
tide
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h (Alt) is the height of the geoid above the ellipsoid

geoid
based on the Marsh~Chang 5°

X 5' geoid model (3).

R is the satellite height above the tracking station,

as deduced from the tracking data.

h is the tracking station height above mean sea level

MSL

as determined by local survey.

h (Sta) is the geoid height used for the tracking

geoid

station (=station height above ellipsoid - height

above mean seal level).

It will be noted that the two geoid heights in the equation
should exactly cancel at the point directly overhead the tracking
station, assuming that the data reduction has used a station

height consistent with the geoid model.
chosen the station height on the basis
center-of-mass position, so a residual
to account for the discrepancy. Other
be applied are:

e Correét h

for ionospheric
alt )

® Correct h
alt

o Substitute the measured tide

tide model value (automatical

RECENT ACCOMPLISHMENTS

In practice, we have
of the station's estimated
correction is necessary
corrections which should

propagation

for sea state effects

gauge height for the

ly including &h).

Two GEOS 3 altimeter passes across Bermuda with tracking support

by the Bermuda laser have been analyzed
the altimeter measurements. The biases

e Rev 4553: -5.75 % .30m
[ Rev 5471: =-5.94 % .21m
® Rev 4553 + Rev 5471: -5.88 =

Details of these calculations are shown

to estimate the bias in
estimated were:

.17m

in table 6-1.
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Rev 4553 was supported by tracking by three lasers (Bermuda, Grand
Turk, and Stalas), while rev 5471 had laser tracking only by
Bermuda and the Patrick Air Force Base laser (not used). For
supporting data on rev 5471, STDN range-rate data in a 3 revo-
lution period around the pass of interest was used, and the orbit
height over Bermuda was considered to be of comparable accuracy

to that on rev 4553,

Sea surface height corrections are made for both passes based on
measured tide gauge data. For rev 5471, tied gauge data appeared
normal, but on rev 4553 it gave evidence of having been clogged
although such was not indicated on the tide gauge records.
However, rev 4553 did occur during a period of relatively high
seas (Hj,3 = 4 m) and a sea state bias correction of 25 cm was
applied.’ Because of the high seas and the uncertainty over the
tide gauge data, rev 4553 was downweighted before combining with
rev 5471 to obtain a best bias estimate of ~5.88 # .l17m. The
individual bias estimates, however, are totally consistent to
within the above listed uncertainties and are also consistent
with the estimates made by the altimeter builders (4) on the
basis of calculated spacecraft delays within the altimeter
hardware and in data transfer. The G.E. estimate bias estimate
was -6.08 £ .5m.

The estimated altimeter bias has been obtained for lnw sea state
conditions, or using correctionsg to "low sea state." Most GEOS 3
data has apparently been taken under such conditions and the
above bias estimate can be applied to such data without a sea
state correction. However, for sea states higher than 2 to 3 m

a bias correction should be made if the data is to be used in
geoidal analysis. Some further refinements in the technigque used
for making this correction appear necessary, particularly for
unusually high sea states.

SIGNIFICANCE

The absolute bias calibration for the GEOS 3 intensive mode altim-
eter has been measured. This correction can be applied to this
data to enable investigators to determine important geophysical
parameters.

FUTURE EMPHASIS

The Seasat 1 spacecraft was launched on June 26, 1978. The satel-
lite has an altimeter capable of measuring heights of less than

10 cm. This altimeter will be calibrated in the same manner used
for calibration of GEOS 3. Results should be better since Seasat
can be maneuvered to pass over the Bermuda laser.
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Table 6-1
Computation of GEOS 3 Altimeter Bias
Estimates Using Two Bermuda Overflights
Measuremernt Residual Rev 4553 Rev 5471
+ Geoid Height used for
Bermuda laser 1.45 4 .20 m* 0.79 4 .20 m*
- Geoid height at Bermuda
laser from gecid model ~6.63 + 0.C m ~6.63 + 0.0 m

+ Tropospheric propagation
| correction C+ .03 m 0+ .03 m
? + Ionospheric propagation
: correction ~.05 + .02 m -.C5 + .02 m

+ Tide correction '
5 (Tide gauge-—model) -.27 + .20 m 0+ .03 m
é + Sea state bias
F ccrrection ~.25 + 0.10m ¢+ .04 m
; + Orbit height correction C + .03 m 0+ .03 m
!
: + Correction for
) . geoid model error 0 +0.0m -.05 + .02 m
' Estimated Pass Bias -5.75 + .30 m -5.94 + .21 m

Combined Bias -5.88 4+ .17 m

e

*Uncertainty due tc measurement noise.
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DETAILED GRAVIMETRIC GEOID COMPUTATIONS

OBJECTIVES

The objective of this work is to compute a global detailed geoid
by combining satellite-derived and surface-observed gravity data.

BACKGROUND

The earth gravity model development effort has provided the most
accurate global representations available for features with
wavelengths of about 500 km or longer. In order to supplement
the highly accurate long wavelength data, techniques have been
developed for computing geoids by combining this data with the
precision short wavelength data provided by surface gravity data
where it is available.

RECENT ACCOMPLISHMENTS

Detailed gravimetric geoids have been computed using a combina-
tion of GSFC potential field models and mean free-air surface
gravity data. These computations have been carried out on a
global scale (Marsh and Chang, 1978) by combining a set of

1° x 1° mean surface anomalies with the GEM 8 model (Wagner,

et al., 1977). More detailed computations have been made in the
northwest Atlantic off the east coast of the U.S. by combining a
set of 5' surface gravity data with the GEM 8 model (Marsh and
Chang, 1978). Comparisons have been made between these detailed
gravimetric geoids and satellite-derived tracking station coodi-
nates and GEOS 3 altimeter data.

One-degree Global Gravimetric Geoid

The GSFC GEM 10 gravity field model was used to provide infor-
mation on geoid undulations with wavelengths greater than 1500 km.
This model was derived from a combination of satellite tracking
data and surface gravity data. The satellite data set has
approximately 840,000 observations, of which 200,000 are laser
ranges taken on nine satellites. A set of 1654 equal area 5°
mean gravity anomalies (Rapp, 1977) have been used along with
these satellite data.

The set of 38,406 1° mean free-air anomalies used to describe the
shorter wavelength geoid undulations were provided by Rapp (1978).
These data primarily consisted of a set of observations obtained
from the Defense Mapping Agency/Aerospace Center with additional
data in Canada collected by the Canadian Department of Energy

and Mines and data in the northwest Pacific Ocean collected by
the Lamont Doherty Geological Observatory.

6=
/ 7




T T R e

e T g

T T T T T e T T T A T SR AT T o D e iy B

The following computational approach has been adopted (Rapp, 1967)
for example:

N(¢,A) = Nj+N, ' (2)
where
N Nnax n - _
1 =R 25 2{ Pom (sin ¢) [Cpy cos mi + S . sin mi]
n=2 m=0
R -
N2 = — jj Agy (9',A') S (V) cosd' dé' dA’
4 Y A
1

$7A7 = geocentric latitude and longitude of the
computation point

R = mean radius of the earth (6371 km)
Y = mean value of gravity {980 gals)
Agz = residual free-air gravity anomaly = AgT - Ay - Agp
AgT = mean observed surface free-air gravity anomaly
Agg = satellite-derived free-air gravity anomaly
n

max n
=y :2 25 (n-1) Enm (sin¢)[é§m cos m) + gnm sin mal
n=2 m=0

Ag, = atmospheric correction to the gravity data
(-0.853 mgal)
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Pom (sing) = normalized associated Legendre polynomial
of degree n and order m

% _ = =ref

Cnm = Cm = Cnm

Cnm+Spm = normalized spherical harmonic coefficients
of the potential field model

ﬁﬁgf = normalized spherical harmonic coefficients for
the reference equipotential ellipsoid of
degree n and order m. Only values for CESf and
cref yere used.

40
S () = Stokes' function
V] = angular distance

-

In the computation of N,, the residual surface gravity anomalies
were integrated to 10° from the computation point. Since the
Stokes' function S(y) varies rapidly in the vicinity of the com-
putation point, in order to obtain a more accurate value of S(y)
for the 1° x 1° blocks nearest the computation point, each block
was divided into four equal blocks and values of S(¥) were cal-
culated at the centers of the sub-blocks and then averaged.

The parameters used were those recommended by the Special Study
Group 5.39 of the International Association of Geodesy (Moritz,
1975):

ag = 6378.140 km
1/f = 298.257
GM = 398600.5 km3/s2
w = 7.292115 x 1072 rad/s

Figure 6-2 presents a contour map of the 1° global detailed geoid
(Marsh, 1979). With the current set of 1° mean surface gravity
data, numerous short :ravelength features in the geoid are now
visible. Most notablia are the steep gradients associated with

the major oceanic trenches in the Pacific, for example, the
Mariana-Bonin-Japan-Kuril trenches, the Philippine Trench, the
Java Trench, the Aleutian Trench, and the Peru-Chile Trench. In
the Atlantic, the Puerto Rico Trench is also visible. In the
vicinity of Hawaii the heigyht of the geoid increases by about 16 m
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over a distance of 2°. Longer wavelength geoidal lows are observed
in the Indian Ocean south of India (N = -102 m), the Hudson Bay

(N = =49 m), and the Pacific QOcean off Baja, California (N = -46 m).

Significant geoid highs are observed over the Andes (N = 57 m),
south of Iceland (N = 70 m), and over New Guinea (N = 87 m).

This map contains numerous short wavelength features, which can-
not be detected by the GEM 10 field mecdel. Differences on the
order of 10 to 15 m are associated with most trenches, except
over the Tonga-Kermadec Trench, where a difference of -28 m occurs.
A difference of +18 m occurs in the southern portion of India;
Ilhowever, the différences over the geoidal low in the Indian Ocean
are only a few meters, indicating that this feature is primarily
accounted for by the GEM 10 model. Over the Andes, a difference
of 18 m is shown. In Central Africa, there is a broad feature,
approximately 20° in extent and with a total amplitude of 26 m.
The cause of this large deviation is not presently understood.

As a means of testing the precision of the detailed geocid, com-
parisons have been made with geoceiver and astrogeodetic-derived
geoid heights at 98 well-distributed locations over the United
States. The accuracy of these geoid heights is on the order of

1 to 2 m (Strange, 1976, private communication; Carroll and
Wessells, 1975). The rms differences between the geoceiver/
astrogeodetic geoid heights and the 1° detailed geocid were 1.7 m.
A similar comparison with the geoid derived solely from the GEM
10 model result:d in an rms difference of about 2 m for the geo-
ceivers and the astrogeodetic stations. The rms differences of
about 2 m indicate that the GEM 10 model provides a good descrip-
tion of the geopotential over the United States.

This detailed gravimetric geoid has also been compared with the
geoid of Europe computed by Levallois and Monget (1975). This
latter solution was based upon a combination of astrogeodetic
and gravimetric data. After making the necessary datum trans-
formations, the rms difference was about 3 m.

Five-Minute Detailed Gravimetric Geoid

A high resolution gravimetric geoid has been computed for the
northwest Atlantic Ocean off the east coast of the U.S. The
computation technigue employed was similar to that employed for
the 1° geoid discussed earlier. The long wavelength undulations
were computed using the GEM £ potential field model consisting of
a set of spherical harmonic coefficients complete to degree and
order 25 with higher order resonant coefficients. The surface
gravity data were in the form of 5' x 5', 15' x 15', and 1° x 1°
mean free air anomalies provided by the Defense Mapping Agency/
Aerospace Center (Seppelin, 1975, private communication). In the
application of Stokes' formula, the 5' mean residual anomalies
were integrated from 0° to 2° around the computation point, the
15' mean residual anomalies were integrated from 2° x 3° and the
1° mean residual anomalies were intergrated from 3° to 20°.
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Figure 6-3 presents a contour map of the 5' x 5! detalled gravi-
metric ge01d for the area extending from 16° to 39°N latitude and
from 278° to 300°E longitude. Several features are apparent in
this map. MNear the center of the map there is a relatively flat
area covering about 4° in longitude and 12° in latitude, which
corresponds to the Hatteras Abyssal Plain. In the vicinity of
Bermuda, there is a feature with a height of approximately 5 m
coverlng an area of about 1I° x 1°. This is attributed to the
steep rise of the island of Bermuda from the ocean floor. Traces
of the New England Seamont Chain are also observable in the north-
east corner of the geoid map. Over the Puerto Rico Trench, there
is a geoid trough with a depth of 22 m relative to the northern
coast of Puerto Rico. This depression in the geoid is in good
agreement with the gravimetric results obtained by Von Arx (1966).
Also shown in the map is a steep gradient which corresponds to the
Blake Escarpment, where the depth of the ocean floor changes by
about 3,600 m over half a degree in longitude. North of the
Blake Escarpment a geoidal feature corresponding to the Blake
Bahama Outer Ridge is observed.

A contour map of the differences between the 5' detailed gravi-
metric geoid and the geoid derived from the GEM 8 potential field
model was computed. This map represents the short wavelength
information provided by the detailed surface gravity data. A
difference of -16 m occurs over the Puerto Rico Trench. Differ-
ences in the range of +8 m are frequently observed in the Carib-
bean area. In the northeast portion of the calibration area, a
large positive feature with a maximum value of 14 m is noted as
occurring in the vicinity of Bermuda.

As a check on the precision of the 5' detailed gravimetric geoid,
comparisons have been made with geoid heights computed for ten
geoceiver stations distributed along the east coast of the United
States (Strange, 1976, private communication). These stations
are being used in the new adjustment of the North American Datum
(Bossler, 1976). The accuracy of the center of mass coordinates
derived for these stations has been assessed to be 1 to 2 m
(Strange, et al., 1975)." ' Geoid undulations at these geoceiver
stations have been computed by differencing the satellite-derived
station heights above the reference ellipsoid and the heights
above mean sea level. Precise astrogeodetic measurements have
also been made at locations occupied by the geoceiver stations.
Geoid heights derived from the astrogeodetic data are accurate

to approximately 2 m (Carroll and Wessels, 1975). The rms
difference between the gravimetric geoid heights and those cal-
culated from the geoceiver heights was 1.2 m. Similar results
were obtained for the astrogeodetic data. The eguatorial radius
implied by this set of geoceiver stations is 6,378,135 +£2 m.

This high resolution geoid has been primarily computed to provide
ground truth for the GEOS 3 and Seasat altimeter experiments and
to provide a basis for the detection of departures of the sea
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surface from the equipotential surface due to dynamic ocean
phenomena. Figure 4-6 presents a comparison between the 5' geoid
and the sea surface height above the reference ellipsoid as meas-
ured by GEOS 3 along a profile extending from south of the

Puerto Rican Trench to the Chesapeake Bay. The general agreement
is on the order ¢f a meter or sc, with both data types clearly
depicting features such as the Puerto Rican Trench, the Hatteras
Abyssal Plain, and the Continental Slope.

Comparisons of GEOS 3 altimeter data and the 5' x 5' geoid in the
vicinity of the Gulf Stream by leitao, et al. (1978) have indi-
cated the presence of expected geostrophic height differences
across the Gulf Stream. Recent comparisons with Seasat altimeter
data in the Northwestern Atlantic Ocean by Cheney and Marsh (1979)
have clearly indicated the location and magnitude of dynamic
topography over the Gulf Stream as well as shorter wavelength warm
and cold water eddies.

SIGNIFICANCE

A global geoid with an accuracv of about two meters in most areas
has been computed on a 1°grid. In the northwest Atlae - ~ a geoid
has been computed on a 5' grid. These geoids are beiny used for
geophysical analyses such as mantle convection studies and also
for oceanographic applications such as the detection of the sea
surface from the equipotential surface due to dynamic ocean
phenomena.

FUTURE EMPHASIS

Future work will be concerned with further interpretation and
analysis of the gecids for geophysical and occeanographic appli-
cations. More detailed computations will be conducted using
recently acquired data sets which will enhance the precision and
resolution of the geoids.
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GLCBAL DETAILED GRAVIMETRIC GEOID BASED UPON A COMBINATION OF THE

GSFC GEM-10 EARTH MODEL AND 1° x 1° SURFACE GRAVITY DATA
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Figure 6-2. Contour Map of Global Detailed Gravimetric Geoid
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MEAN SEA SURFACE COMPUTATION USING GEOS 3 ALTIMETER DATA

OBJECTIVES

The objective of this work is to compute a global mean sea surface
( ~ the geoid) using precision reduced GEOS 3 altimeter data and

to interpret the surface for geophysical implications such as
mantle convection or plate tectainics and to use the surface as

a basis for the study of dynamie ciean pracesses.

BACKGROUND

The GEOS 3 radar altimeter experiment conducted during the period
of 1975 to 1978 has provided a major revolution in the computation
of the geoid in ocean areas. This experiment has provided a homo-
geneous grid of altimeter data over the oceans with a resolution
in most areas of a fraction of a degree. The precision of these
data is on the order of 30 to 50 cm.

Techniques have been developed for combining these data with

precision orbital data based upon laser tracking data and the
individual profiles have been combined to calculate a uniform
mean surface for the ocean areas.

RECENT ACCOMPLISHMENTS

The mean surfaces of several regions of the world's oceans have
been estimated using GEOS 3 altimeter data. Included in these
computations are: The northwest Atlantic, the northeast Pacific
off the coast of California, the Indian Ocean, the southwest
Pacific, and the Phillipine Sea.

The technique of crossover adjustment was used to eliminate
orbital errors and other time-varying error sources (e.g., changes
in the sea surface height due to tides, storms, etc.) from the
determination of the mean sea surface. The technique initially
involved finding the locations of the intersection points of the
ascending and descending passes of GEOS 3. The data files were
then scanned to find the approximate time and location of each
crossover. A quadratic interpolation using data extending to
0.2° on either side of the crossover was used to obtain the pre-
cise time, latitude and longitude of the crossover. The values
of the sea surface height measurements for both the ascending
and descending passes were similarly interpolated in time and
were separately evaluated at the calculated crossover time. This
procedure yielded a data set consisting of the time, latitude,
and longitude of the crossover point and the altimeter-derived
sea surface height measurements at that point obtained on the
ascending and descending passes.




The sea surface height crossover differences (ascending pass
height-descending pass height) were then used in a least squares
adjustment process to compute a bias and a tilt for each pass,
which were used to correct the sea surface measurements. Since
orbital errors are primarily long wavelength in nature, the biases
and tilts in the relatively short passes absorbed a significant
portion of the orbit error.

The adjustments which minimize the sum of the squares of the
crossover differences will eliminate the relative errors in the
sea surface heights, and will define the shape of the sea height
surface. However, the adjustment does not provide any information
on the orientation of the surface with respect to the center «f
mass of the earth. In order to fix the surface in space relative
to the center of mass of the Earth, six 5-day arcs of globally
distributed laser data were held fixed in the solution.

These reference orbits were selected to maximize the global
distribution of laser data and to obtain altimeter data from as
; many of the chosen ocean regions as possible in each arc. These
| orbits were computed using the laser station coordinates derived
: by Marsh, Williamson, and Martin (1977), where the value of

- GM = 398600.64 km3/s2, the value of the speed of light =

: 2.997925 x 108 m/s. The GEM 10 (Lerch et al., 1977) and GEM 10B
| (Lerch, et al., 1978) Earth gravity models are used. After

: comparisons were made between the GEM 10 and GEM 10B orbits,

' GEM 10B was chosen for the control orbits since the radial orbit
accuracy obtained with this model was about a meter, whereas the
GEM 10 orbital accuracy was about 1.5 meters.

Biases and tilts were computed for the remaining altimeter
passes in a least squares adjustment process. These biases and
tilts were then applied to the data and new crossover differences
f were computed. This correction procedure was repeated for
several iterations. After each iteration, the rms crossover
difference was computed. On the next iteration, any crossover
difference whose magnitude was greater than four times the rms
difference was flagged and was not used in computing the subse-

| quent corrections. This editing procedure removed only a small

! number of points which had extremely large crossover differences.
| After the final iteration, the tilt and bias corrections were
applied to the data of each pass, and the corrected sea surface
height values were saved.

In contouring the sea surface heights, the grid points were spaced
at 0.25 in the northwest Atlantic and 2° in the other regions,
which corresponds closely to the spacing of the crossover data.
: The surfaces are referenced to an ellipsoid of ag = 6378140 m and
= a flattening of 1/298.255.
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Figure 6-5 shows the sea surface contour map of the northwest
Atlantic derived from the GEOS 3 altimeter data with the orienta-
tion provided by the precise laser orbits. Several features of
the ocean floor topography are clearly reflected in the sea
surface topography. Bermuda is clearly visible, and the rela-
tively flat area in the center corresponds to the Hatteras
abyssal plain. To the west, the Blake Bahama outer ridge and the
Blake escarpment are visible. Line indicating the 200 m, 2000 m,
and 4000 m bathymetry contours have been added. Notice how the
sea surface contours follow the 2000-m line along the entire North
American coastline. In the region of the Blake Bahama Outer
Ridge, the 4000-m line extends out into the Atlantic, and this
feature is clearly shown in the contour lines of the sea surface.

The 5' x 5' GEM 8 detailed gravimetric geoid (Marsh and Chang,
1978) covers a portion of the same area as the sea height surface
presented here, and thus may be used for comparison with this
surface. The Marsh-Chang geoid is a detailed gravimetric geoid
presented on a 5' x 5' grid which incorporates both a satellite-
determined geoid (GEM 8) and surface gravity anomaly data.

The differences between the 5' gravimetric geoid and the mean sea
surfaces were calculated after removal of an overall Ax, AY,

Az, tilt and the rms difference was 1.1 meters. In the central
portion of the region the differences are generally less than

50 cm. The areas of great differences occur either at the edges
of the region where it is expected that the mean sea surface may
be less accurately determined due to the sparsity of data, or in
the southernmcst portion of the surface, where the surface ig
very convoluted due to the presence of many islands and other
bathymetric features. ‘

To check the consistency of the calculated sea surface in the
northwest Atlantic with the orbital and altimeter data which were
used in the sea surface computation, we have compared the sea
surface heights from our calculated sea surface with the sea
surface heights obtained directly from the altimeter measure-
ments of several passes. The difference in the two sea surface
heights should indicate both the short wavelength time-dependent
errors due to eddies, storms, etc., and long wavelength orbital
errors which should appear as biases and tilts in the height
differences.

Figure 6-6 presents plots of altimeter residuals for four passes
through the northwest Atlantic during a five-day orbit. These
residuals indicate orbit errors which are generally less than

50 cm. Some of the systematic trends noted in the residuals,
e.g., at 23M and 24™ on the 13b pass, may be due to an oceano-
graphic phenomenon in this pass which is not contained in the
mean sea surface.
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Figure 6-7 presents a contour map of the mean sea surface com-
puted for the area between Japan and Australia. The tectonically
complex structure in the vicinity of the Mariana, Bonin, and Japan
Trenches is reflected in the ocean surface. Comparisons of indi-
vidual GEOS 3 and Seasat altimeter tracks with this mean surface
are expected to reveal eddies, rings, and meanders of the Japan
current in this region.

Similar contour maps of the other ocean areas are contained in a
more complete report by Marsh, et al., 1978.

SIGNIFICANCE

Using radar altimetry and precise laser ranging data, techniques
have been developed for the computation of mean sea surfaces on
a global scale. Using these techniques, mean sea surfaces have
been computed for six areas of the Earth's oceans. The spatial
resolution achieved varies from 0.25°in the northwest Atlantic
to 2°in some ocean areas. The surfaces are referenced to the
center of mass of the Earth with an accuracy of one meter and have
relative accuracies ranging from 30 to 70 cm. These mean sea
surfaces will form an important basis for future investigations
of dynamic ocean processes as well as geodynamical analyses in
ocean areas.

FUTURE EMPHASIS

Future work in this area will be concerned with the interpretation
of this newly developed data type for geodynamic investigations
such as mantle convection and the development of techniques for
the detection and monitoring of dynamic ocean processes.
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Figure 6-5.

Contour Map of the Ocean Surface Derived from GEOS 3

Altimeter Crossover Data,
The Earth semimajor axis
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MEAN SEA SURFACE FOR THE GULF OF ALASKA

OBJECTIVES

The primary experiment on the GEOS 3 satellite was the radar altim-
eter. This experiment's major objective is to demonstrate the
utility of measuring the geometry of the ocean surface, i.e.,

the geoid with absolute height resolution of + 5 meters and a
relative height precision of *1 to =2 meters.

BACKGROUND

Satellite tracking contributions to the determination of the
current ocean geoid have a spatial resolution corresponding to

a half wavelength of approximately 11° to 15° (1250 to 1650 km).
Although the addition of surface gravity permits local repre-
sentations with finer resolution, in the 1° to 5° (110 to 550 km)
range, these data are available over only abouf 50 percent of the
ocean surface.

The GEOS 3 altimeter has demonstrated the capability to determine
the fine structure of the mean sea surface. When this instrument
is operating in the short-pulse mode, a measurement is produced
every 4 km along the satellite subtrack. With this resolution
capability, it will be possible to describe sea surface topography
to a detail of less than 1° , depending on the degree of data
smoothing used and the spacing between subtracks.

RECENT ACCOMPLISHMENTS

GEOS 3 altimeter data from 100 altimeter passes were used to
construct a mean sea surface for the Gulf of Alaska region, bounded
by Longitudes 200°E to 240°E and Latitudes 20°N to 55°N. The
resultant sea surface correlated very well sea bottom topography
(see figure 6-8).

For the computation of the mean sea surface, the GEM 7 gravity
field model was used as the reference field. This gravity field
model is complete through order and degree 16. GEM 7 does not
properly model intermediate and short wavelength features ranging
from 2000 km and below, hence the rms deviation from GEM 7 was
4.5 m. This large rms deviation from the GEM 7 reference gravity
field model indicated the presence of information in the inter-
mediate and short wavelength portion of the spectra. Further
analyses of the sea surface heights was thug performed by
estimating both 5°x 5%°and 2°x 2°mean free-air gravity anomalies.
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Estimates of 35 5° x 5°mean free-air gravity anomalies were
obtained from 98 passes of altimeter data. The values are given
in figure 6-9 and the comparison of the estimated values with
terrestrial anomalies published by Professor R. Rapp, of Ohio

| State University and those published by Talwani and Cochran

i (1977 are given in Figure 6-10. The comparison with Rapp over

t all anomaly blocks estimated gave an rms difference of 7.6 mgals.
The comparison with Cochran and Talwani which was made over a
smaller number of anomaly blocks gave a rms difference of 3.6
mgals. Clearly, the comparison with Rapp is more extensive and
meaningful. It is felt that the recovered 5°x 5°mean anomalies
have an average uncertainty of + 5 mgals since for some areas
the terrestrial anomalies used for the comparison themselves have
; large uncertainties associated with them.

The estimation for 192 2°x 2°mean free gravity anomalies for the
same area utilizing the same altimetry data used for the

5°x 5° estimation solution is shown in figure 6-11 By comparing
the estimated anomalies with terrestrial gravity anomalies, the
comparisons as seen in figure 6-12 show slightly smaller rms
differences with Professor Rapp's terrestrial anomalies than
those of Cochran and Talwani.

It seems that the average uncertainty of the recovered 2°x 2°
gravity anomalies is + 12 mgals. As stated before, the uncer-
tainties for some of the terrestrial anomalies is too high,
implying that those anomalies themselves are not well determined.

-

SIGNIFICANCE

The feasibility of gravity anomaly recovery using altimetry data
is proven. A new sea surface augmented by the estimated 2°x 2°

} gravity anomalies will provide a better model of the mean sea
surface than that shown in figure 6-8. Furthermore, additional
, reduction of the rms error in the mean sea surface for the Gulf
‘ of Alaska region is anticipated by using additional altimeter

- data now available for the region. Only 40 percent of the total
i data available are used.

FUTURE EMPHASIS

A marine geoid for the Gulf of Alaska region will be computed
by using all available GEOS 3 and Seasat 1 altimetry data
available for that region.
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GULF STREAM STUDIES

OBJECTIVE

The use of satellite altimetry in the study of ocean circulation
is a newly emerging technique which carries great promise.
Dynamic sea surface slopes from which current velocity can be
inferred can be computed by standard oceanographic methods only
with a knowledge of the ocean's density structure, and even then
assumptions must be made regarding the "level of no motion."
Direct, satellite-based measurements of sea height, together with
an accurate gravity model, could vastly improve our understanding
of near-surface as well as abyssal circulation.

BACKGROUND

The Gulf Stream system is being used as a testing ground for
assessing the altimeter's ability to correctly identify ocean
features. Studies presently underway include the tracking of
Gulf Stream rings (eddies) with free-drifting buoys, construction
of sea height maps from subsurface thermal data, and comparison
of Seasat altimetry with surface truth observations.

ACCOMPLISHMENTS

Tracking Cyclonic Rings with Satellite-tracked Drifters

In an effort to provide surface truth information for use with
Seasat altimetry, three cyclonic rings were "tagged" with free~
drifting buoys parachuted into their centers from a Coast Guard
aircraft (see figure 6-13). The drop was made from an altitude
of 150 m. Once in the water, explosive cutters, sea-soluble
tablets, and corrodible magnesium links cut the parachute away,
deployed the drogue, and freed the buoy from its wooden pallet
and drogue housing. Positions of the buoys during their 6-months
duration are computed daily by Nimbus 6. This was only the
second time that such an operation had been attempted, but the
deployments were highly successful. The trajectory of one of the
drifters shown in figure 6-14 demonstrates how one ring (called
ring No. 4) migrated 350 km westward between September 1978 and
January 1979. The ring initially moved westward at 8.7 cm/sec
before coming to an abrupt halt at 72.5° W, where it remained for
two months. Tracking of this same ring by conventional oceano-
graphic methods extends back to July 13, 1978. Figure 6-15 shows
examples of this ring's signature in two Seasat altimetry passes
in July and August. The 60- to 65-cm sea surface depression
ch%racteristic of the cyclonic ring is clearly apparent near
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A Simple Method of Estimating Sea Surface Slopes

E Biweekly maps of sea surface topography are being constructed

{ from subsurface oceanographic observations available during the
period of Seasat's operation (July to October 1978). The result
will be oceanic "weather maps," charting regions of high and low
sea height which should appear in the Seasat altimetry records.
The data base consists primarily of bathythermographs, or vertical
profiles of temperature. In order to simplify the construction
of topographic maps, empirical relationships between thermal
parameters and dynamic heights are being derived. The example
shown in figure 6-16 demonstrates that given the temperature at
350 m (the depth limit of bathythermographs routinely dropped by
Navy aircraft), dynamic height of the sea surface relative to a
deep pressure surface is known to within an accuracy of 10 cm,

or about the same accuracy as the Seasat altimeter. Data was
obtained from 133 stations in the western North Atlantic. Stan-
dard deviation of the points about the second degree fit is

10.4 cn. Such relationships permit the calculation of sea surface
slopes from thermal data alone.

Dt ot A

Comparison of Seasat Altimetry With Surface Truth

Sea surface topography maps constructed thus far have been com-
pared with the few available Seasat passes. Results for some of
the tracks are impressive. Two of the best examples were shown

in Figure 6-15, in which altimeter sea heights were differenced
with the Marsh 5' geoid (1978). The Gulf Stream Stands out clearly
and the North Wall position corresponds well with that observed in
satellite infrared imagery. Regions in which subsurface tempera-
ture measurements indicate no major anomalies appear flat, as

they should. Known ring positions correspond with unmistakable

; sea surface depressions. The profiles further serve to illustrate
F the extremely low noise levei of the altimeter measurements.

* These high-quality data should produce accurate, altimetry-derived
topographic maps of the sea surface for July and August 1978.

SIGNIFICANCE

Full utilization of the air-deployed drifter technique to obtain
surface truth for altimetry will have to await a replacement for
Seasat. Success of the buoy experiments conducted thus far in-
dicates that surface drifters can be used to track rings for
several months. We anticipate a large scale ring tracking pro-
gram as part of the next satellite altimetry effort, and the
airborne buoy capability provides the first reasonable method for
attempting this.

ST T yr—pee—— Y

With the present Seasat data we hope to show that ocean features
such as currents and rings can be accurately detected with a
satellite-borne altimeter. If this concept can be verified, it

6=-26
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will provide a unique tool for attacking a variety of ocean
circulation problems: Current meandering, the level of no motion,
seasonal variability of currents, distribution and movement of
both mid-ocean eddies and the more intense current rings, tidal
analysis, and relationships between atmospheric and oceanic
circulations.

FUTURE EMPHAISIS

We have looked at oniy a few Seasat altimetry passes through the
Gulf Stream region; much work remains to be done. Individual
passes will be examined for meso scale ocean features with
particular emphasis on the western North Atlantic, the western
North Pacific, and the southern ocean surrounding Antarctica.
Maps of sea surface topography will be generated from all existing
Seasat data in an attempt to describe the ocean eddy population
and the distributions of potential and kinetic energy. Drifting
buoy experiments will be continued in cooperation with the Naval
Oceanographic Office and the Coast Guard. More work may also

be done with the GEOS 3 altimetry data base.
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OCEAN TIDAL STUDIES FROM SATELLITE ORBIT DATA

OBJECTIVES

The objective of this work was to obtain information about the
M, (the principal lunar semidiurnal) ocean tide from the observed
effect of this tide on the orbits of artifical Earth satellites.
Accurate modeling »f the ocean tides provides a fundamental data
type for increasing our knowledge of the dynamics of the Earth
and this knowledge is also necessary for improved satellite orbic
determination.

BACKGROUND

Ocean tidal effects are most easily observed in the inclination
histories of the satellites, it being the best behaved of the
orbital elements for tidal studies. In some instances, the
perturbations can be seen satisfactorily in the longitude of the
ascending node. Tidal constituents such as S, K3, K2, and P;
typically cause variations in these orbital elements up to
several tenths of an arc second in amplitude, with periods of
tens or hundreds of days.

The most intriguing ocean tide to study is the My because it has
the greatest effect on the Earth's oceans. However, its in-
fluence on satellite orbital elements is small, usually no more
than a few hundredths of an arc second in amplitude with periods
averaging about two weeks. As a consequence, very precise data
must be derived in order to obtain a significant recovery of
parameters for the M, ocean tide.

RECENT ACCOMPLISHMENTS

M> Ocean Tide Parameters

An estimation has been made of the principal long-period spherical
harmonic parameters in the representation for the M, ocean tide
from the orbital histories of three satellites: 1967-92A
(transit), Starlette, and GEOS 3. The data used were primarily
the evolution of the orbital inclinations of the satellites, with
the addition of the longitude of the ascending node from GEOS 3.

Figures 6-17, 6-18, 6-19, and 6-20 display the data used in this
study. These data consist of the "residuals" remaining in the
orbital elements after all known perturbations, including solid-
Earth tides, have been accounted for. The ocean tide effects
are discernible in these residuals. Frequency analyses were
performed on the residuals to ascertain the periodicities to be
included in a series of least squares fits to the residuals.
These least squares analyses produced amplitudes and phases for
the observed harmonic variations in the residuals. Figures 6-17,
6-18, 6-19, and 6-20 also display the least squares fits, along
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with the observed amplitudes for the M, effects. The oscilla-
tions caused by the My tide can ke clearly seen in each instance.
The rms of fits for the four figures are .036, .051, .030, and
0.34 arc seconds, respectively. :
A subsequent least squares solution was then performed in order
to recover the My ocean tide parameters. In this solution, use
was made of the amplitudes and phases for the M, tide obtained in
the breakdown of the residuals. In addition, the following
perturbation equations (derived from an expression for the ocean
. tide potential) were used:
1967-92A: ’
0.01003 arc sec .+ . ' +
= C sin (20 = 2)A' +
AT = - 22 ( €22)
0.009606 arc sec +
: C sin (20- 2)A' +¢,.)
?
;
, Starlette:
0.006268 arc sec .+ . +
E cm
%.
l ~ 0.01190 arc sec
o - C, sin (20- 21" +e),)
. cm
| GEOS 3:
| 0.01288 arc sec .
— 1 - L]
AL = om C22 sin (20- 2A +€22)
0.003267 arc sec + + )
_ o _ , o
— Chp sin (20- 2)' +e,,) 1
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-0.002394 arc sec ~ 20 239 +
AQ = - 29 ©OS (2Q=- 2)" +e,,)

0.03464 arc sec c* , +
- - 4o COS (2= 2A +e42)

where

I = inclination of satellite
% = longitude of ascending node of satellite
A' = mean longitude of the Moon (referred to ecliptic)

+ . . .
C 'C+ = long period spherical harmonic parameters,
22 ~42 : . .
expressed in cm (recovered in the solution)

eqz'e = phase angles (recovered in the solution)

The results are shown in table 6-~2, along with several other
recent determinations. The uncertainties are the formal standard
deviations of the solution; the realistic errors are probably

somewhat larger.

Deceleration of the Moon's Mean Longitude

Dissipational tidal friction in the oceans is known to provide
the largest contribution to N, the observed deceleration in the
lunar mean longitude. Further, only the second degree components
of the ocean tide contribute significantly to this secular decay.
The main ocean tide variations in N are provided by the second
degree terms for the M,, N,, and 0, constituents. The contri-
butions from these constitients (dérived from the ocean tide
potential) are presented in table 6-3. In order to compute a
value for N from these expressions, we use our satellite-derived
M, parameters presented in table 6-2 and the N, and 0, models of
R, Estes of Business and Technological Systems, Inc., Seabrook,
Maryland:

N2 %1

+
+
o +

+
Ca2 22

'_l

.58 cm 358 2.70 cm 159°

e B a
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The result is a value for N of =251 3 arc seconds/centuryz.
Table 6-4 presents a comparison of this estimate with several
other recent determinations.

SIGNIFICANCE

The satellite-derived (2,2)+ parameters for the M, ocean tide are
in accord with the numerical models of Estes and gchwiderski and
the satellite solution of Goad and Douglas (1978), if one assumes
the realistic uncertainties to be at least 50 percent larger than
the formal standard deviations. The (4,2)+ values are in good
agreement, with the noticeable exceptions of the C}, of
Schwiderski and the GZ of Estes. The data used by Goad and
Douglas (1978) form a Subset of the data used in the present in-
vestigation, so the consistency between the two models is not
unexpected. However, the agreement with the numerical models is
quite satisfying.

The credibility of our M, ocean tide solution is further enhanced
by the close accord between our computed value for the deceleration
of the lunar mean longitude and the other recently reported
estimates. The major contribution to the N comes from the

(2,2,)+ parameters for the M, ocean tide.

It is evident from the results of this investigation that studies
of close Earth satellite orbits are able to provide important
information about the tidal forces acting on the Earth. A more
detailed discussion of this work may be found in Felsentreger

et al., 1979.

FUTURE EMPHASIS

Studies of the sort just described, while providing valuable in-
formation about the ocean tides, can furnish only the gross
properties of ocean tidal models. Tidal variations on the order
of centimeters must be modeled for oceanographic studies such as
current or eddy tracking to be successful. Consequently, work

has been planned to use satellite altimetry data to develop global
ncean tide models accurate to this level.
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Table 6-2

M2 Ocean Tide Parameters With Recent Solutions

;, 3
f + + + +
: Source C22 (cm) €55 (deg) C42 (cm) €42 (deg)
r Felsentreger et a1.l 3.42+ 0.24 325.5%3.9 .97 +0.12 124.0+6.9
Goad and Douglas (1978)1 3.23+0.25 331 *6.0 .87 £0.19 113 +6.0
Estes (BTS) > 3.31 333 .96 145
P
S Schwiderski (Nswc) 3 3.59 326 1.34 126
SR
{ lSatellite Solutions.
E 2Business and Technological Systems, Inc., Seabrook, Md.,
numerical solution. Obtained from
C. Goad, private
. 3 communication.
L Javal Surface Weapons Center, Dahlgren, Va., numerical solution.
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Table 6-3
Summary of Principal Ocean Tidal Effects on the
Deceleration of the Moon's Mean Longitude

Tidal Constituent

AN (Arc Seconds/Centuryz)

M2

N _*
I2

*
ol

C;Z (-8.04 cos 8;2 4+ 0.22 sin 552)

;2 (-2.32 cos 8;2 + 0.06 sin €+

¢ 22

)

+
ct. (-0.32 cos ef. - 1.41 sin ¢

21 21 21)

|

*Estes (BTS) numerical models (obtained from C. Goad, private

communication).

Table 6-4
Recent Values for the Deceleration
of the Moon's Mean Longitude

Source

N (Arc Seconds/Centuryz)

Felsentreger et al.l
Goad and Douglas (1978)2
Morrison and Ward (1975)3

Muller (1976)4%

5
Calame and Mulholland (1978)

-25% 3

-26% 3

-26% 2

-27.2+ 1.7

-24.6x 1.6

lSatellite solution.
2gatellite solution.

3From transits of Mercury.

4From ancient eclipses and transits of Mercury.

SFrom lunar laser ranging.




CHAPTER 7

LAND RESOURCES
OVERVIEW

The management of our resources, both natural and man-made, re-
quires accurate and timely information. The Landsat satellites
and other remote sensors afford a unique, synoptic view of our
resources and can potentially yield accurate information in a more
rapid and inexpensive manner than conventional data collection
methods. The common goal of the land resource projects is to de-
velop and evaluate the capability of remote sensing techniques

and sensors to provide the information required for intelligent
resource management decisions.

Six scientists are involved in land resource projects, and they
are investigating remote sensing applicaticns for a variety of
resource managers. The forest insect investigation is demonstra-
ting the usefulness of Landsat data for the planning of infesta-
tion suppression operations by responsible agencies. The surface
mine project is developing remote sensing methods for the monitor-
ing of mine reclamation by the Environmental Protection Agency.
The census project is applying Landsat data to the acquisition of
information required by the Bureau of the Census for the manage-
ment of the urban environment.

Despite the diversity of resource applications under investigation,
the projects share several research objectives. One such objective
is the integration of Landsat data with other data sources, such

as terrain data (i.e., elevation, slope, aspect), soils information,
and census survey data. Other common goals are the detection of
environmental changes and the development of methods to assess

the accuracy of information derived from remotely sensed data.

The pursuit of these objectives will be greatly facilitated by the
implementation of an Automated Geographic Information System (AGIS).
An additional common research interest addresses the removal of
extrinsic effects on remotely sensed data due to variations in
illumination, atmosphere, and topography. The topographic effect
project is developing a method to eliminate data wvariations due

to changes in slope angle and aspect.

These research projects are related to both present and future
satellite systems. Landsat 1, 2, and 3 data are being used to
develop new analytical techniques. The potential of Landsat D's
Thematic Mapper is being evaluated, while the requirements for the
next generation of Earth observation sensors is being pursued.

Contributors to this chapter include Arthur Anderson, Jerrold
Christenson, Brent Holben, James Irons, Christopher Justice, Lee
Miller, and David Toll.
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FOREST INSECT AND DISEASE INVESTIGATION

OBJECTIVE )

The objective of the investigation is to develop and evaluate re-
mote sensing techniques and sensors to facilitate the use of
present and future satellite systems to detect, monitor, and assess
accurately the intensity and spatial distribution of major forest
insect infestations in the northeastern U.S.

BACKGROUND

Historically, the magnitude of the annual losses incurred by our
nation's 500-million acres of forest land due to forest insect
infestations has been estimated to exceed 5-billion board feet:
enough lumber to build at least l-million houses. To initiate
3 timber salvage and/or infestation suppression operations, the
responsible agencies must have accurate, timely, standardized and
efficient methods of detecting and mapping the insect damage.
Present-day survey techniques consisting of ground inspection and
§ low altitude aerial surveillance and photography are often found
to be obsolete, prompting federal and state agencies to request
| help in the research and development of techniques to facilitate
: the use of satellite remotely sensed data for monitoring insect
infestations.

‘ Preliminary research conducted at GSFC has indicated that Landsat
MSS data can be utilized to detect deciduous forest lands heavily
defoliated by the gypsy moth caterpillar during their late June/
early July feeding cycle. However, these preliminary findings

? indicated that additional research and development is needed to
devise techniques: (a) To eliminate errors of commission (i.e.,
misclassification) with non-forest areas when classifying defolia-
tion, and (b) to delineate more consistently areas of light to
moderate defoliation (i.e., those areas where insect populations
are increasing).

RECENT ACCOMPLISHMENTS

ATy R T e

Geometrically registered Landsat data sets depicting both nonde-
foliated (July 19, 1976) and defoilated (June 27, 1977) forest
stand conditions have been created for two test sites in central
Pennsylvania. Image differencing techniques have been investi-
gated and applied to these data sets as a means of enhancing the
, visual delineation of areas of defoliation (i.e., change detec-
; tion). To eliminate the potential of errors of commission with
non-forest cover types during the digital classification of de-
foliation, a hierarchial classification procedure has been suc-
cessfully developed for masking out (i.e., removing) all non-
forest areas in the image data.
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SIGNIFICANCE

The combined effect of these accomplishments is that gypsy moth ‘
defoliation can be detected and isolated with greater accuracy and '
efficiency, thus increasing the probability of future operational

use of the satellite data for this application.

FUTURE EMPHASIS

Given Landsat MSS spatial, spectral, and radiometric resolution,

and the rather subtle changes which must be detected to differen-
tiate healthy forest from light defoliation, light from moderate,
and moderate from heavy, it is important that peripheral effects

on the imagery due to the atmosphere, illumination and topography
be removed to provide standardized reflectance values of ground
objects. The future emphasis of the research will be to investi-
gate and develop techniques to delineate accurately and consistently
the severity of defoliation during the June/July feeding cycle by
accounting for as many of these peripheral effects as possible.

REFERENCES AND PUBLICATIONS

Williams, D.L., and M.L. Stauffer, "Monitoring Gypsy Moth Defoli-
ation by Applying Change Detection Techniques to Landsat
Imagery," Proceedings of the Symposium on Remote Sensing for
Vegetation Damage Assessment, American Society of Photogram-
metry, 221-229, Falls Church, Virginia 1978.

Williams, D.L., and L.D. Miller, "Monitoring Forest Canopy Al-
teration Around the World with Digital Analysis of Landsat
Imagery," Proceedings of the ISP/IUFRO International Sympo-
sium of Remote Sensing Observation and Inventory of Earth
Resources and the Endangered Environment, 1721-1762, Freiburg,
West Germany, 1978.
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SURFACE MINE MONITORING ‘

OBJECTIVE

The purpose of the surface mine monitoring project is the evalu-
ation of new remote-sensing techniques and sensor packages for the
monitoring of surface mines in the eastern United States. The
project addresses the impact of the increased spatial resolution
and additional spectral bands provided by potential new sensors

on monitoring capabilities. The evaluation will result in the
designation of operational monitoring procedures by the EPA.

BACKGROUND

The EPA Office of Monitoring and Technical Support is conducting a
comparative study of remote-sensing techniques for the monitoring
of eastern, midwestern and western surface mines. The current
project at GSFC was initiated by the EPA as a part of this over-
all study. The EPA hopes to develop rapid, cost-effective, remote-
sensing techniques to meet the monitoring requirements set forth

in the Federal Surface Mining Control and Reclamation Act of 1977
(Public Law 95-87).

Three test areas in central Pennsylvania have been selected for
this project. The areas are located on the Appalachian Plateau
and contain a variety of abandoned, reclaimed, and active mines.
Remotely-sensed data -collected over the areas during the fall of
1978 are being gathered. The General Electric Company has been
contracted for data analysis and HRB Singer, Inc. is providing
ground data.

The data from the fall included EPA-Daedalus ll-channel scanner
data, Landsat MSS data, and Landsat-3 Return Beam Vidicon (RBV)
data. Landsat MSS imagsry and Computer Compatible Tape {CCT's)
have been delivered, and RBV CCT's will be ordered as soon as the
digital data become available. Daedalus scanner data is currently
being reformatted by the EPA for analysis on GE's Image-100 pro-
cessing system.

The ground data provided by HRB Singer, Inc. consists of 1:24,000
and 1:12,000 scale aerial photographs accompanied by acetate over-
lays. The overlays delineate land-use categories, slope classes,
bare soil and spoil surface colors, water bodies, and vegetative
categories within the test areas. Measurements of the acreage
covered by surface mines in the areas will also be provided.

RECENT ACCOMPLISHMENTS
Analysis has begun on the Landsat MSS digital data. The analysis
will result in thematic maps showing the extent of surface mine

activity, rehabilitation, and revegetation in the test areas. The
accuracy of the thematic maps will be determined by comparisons to

ground data.

2.3
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SIGNIFICANCE

The data analysis will permit a comparison of the various sensors.
The improved RBV resolution will be compared to MSS data. The ad-
ditional spectral bands of the Daedalus scanner will be analyzed
to determine an optimal set of bands for mine monitoring.

FUTURE EMPHASIS

The data analysis will be repeated for data collected over the test
areas during the Spring of 1979. HRB Singer, Inc. will again col-
lect ground data. In addition to MSS, RBV, and Daedalus scanner
data, Landsat-D TM simulator data may be acquired. Following data
analysis, GSFC will recommend the optimal sensor packages and time
of year for monitoring. Furthermore, GSFC will designate the re-

quired data processing techniques for the operational monitoring
of eastern surface mines by the EPA.
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NASA-CENSUS APPLICATIONS PILOT TEST URBAN AREA DELINEATION

OBJECTIVES

The overall program objective is to apply image analysis techniques
to Landsat data for the delineation and periodic updating of ur-
banized areas in the United States and to transfer that technology.
Specific objectives are to: (a) Assess the accuracy, timeliness,
savings (time and money); cost effectiveness, and increased capa-
bility provided by Landsat data analysis; (b) Train Census Bureau
personnel; and (c) Disseminate methods and techniques to other user
groups.

BACKGROUND

This project is in support of a continued and expanding need of

the Bureau of the Census for current and accurate information about
the urban environment. The Bureau of the Census is required by

law to delineate the urbanized area for each standard metropolitan
statistical area in the United States at specific time intervals.
Recent legislation and requirements of several federal and state
funding programs have increased the need for more frequent updates
of selected demographic variables.

RECENT ACCOMPLISHMENTS
Recent accomplishments of the program include:

® Landsat data analyses were completed for five geo-
graphically distinct urbanized areas. Seattle,
Boston, Richmond, Austin, and Orlando were the test
sites. Results of the analyses were provided to the
Census Bureau for evaluation.

e Line printer thematic maps (1:24,000) were produced
to match Census Bureau Metropolitan Map Series.

e A technique was developed so that Landsat land cover
statistics can be listed by census tracts.

e Techniques to superimpose census tract boundaries
on urban satellite data through two input modes,
television scanner, and digitizer were developed.

e An Image Based Information System (IBIS) was tested
on the Richmond, Virginia test area. The test was
designed to show the integration of Landsat data
with ancillary census data into a graphical display
for use by the Census Bureau.

e An image differencing (pixel-by-pixel subtraction
of data from two separate dates) change detection
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scheme was developed to monitor growth in the urban
fringe zone in Austin, Texas. Of ten new residen-
tial areas constructed in the study area, eight were
identified correctly.

® Theoretical aspects of classification accuracy eval-
uation were studied. Various approaches to accuracy
evaluation were discussed, with identification for
future developments.

e Preliminary output from a textural features program
gives prcemise for future work. The texture features
quantitatively describe the spatial distribution of
spectral information across an image. The program
should aid in detecting various land cover features
in an urban area.

e Five image reformatting and enhancements were tested
and evaluated for Landsat urban area images. A cubic-
convolution resampling provided the best visual re-
sults. A high pass filter to enhance linear features
requires further development.

e Monthly urban area cloud cover probabilities rela-
tive to Landsat imagery were obtained. The infor-
mation will assist Census Bureau personnel in de-
termining "windows" of available imagery.

SIGNIFICANCE

Current research efforts at GSFC indicate that the techniques be-
ing developed will be of considerable value for use in urban area
analysis. The Landsat information extraction techniques will pro-
vide land cover data which can be compiled through a geographic
reference grid that corresponds with the user's data base. The
land cover data extracted from Landsat can then be an effective
tool for monitoring the large number of urbanized areas in the
U.S. (300 by 1980).

FUTURE EMPHASIS

Urban Change Detection Technique Development

One approach, "image differencing," is being used to subtract two
anniversary Landsat scenes, one from the other. Significant
changes in reflectance values are and will be identified and eval-
uated for their land cover change. Other change detection ap-
proaches will be investigated more thoroughly for two additional
cities, Denver and Richmond.
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Quantitative Accuracy Assessment

A computer spatial data plane representing a topographic map will

be utilized as "ground truth" to test the Landsat thematic output
map.

Evaluation Material to the Census Bureau

Output products in user compatible formats similar to those devel-
oped in the test phase baseline approach will be produced.

Technology Transfer

Successful techniques will be implemented by the Bureau for future
census in: 1980 - base imagery (initial image data): 1983 -~ change
detection for preparation of urbanized areas (if mid-decade census
is required); 1987 - change detection for 1990 census.

Interface RBV and Thermal Data With MBS for Urban Areas

A systematic approach to derive land cover feature boundary infor-
mation from the high resolution RBV data will be developed. The

use of enhanced thermal data for urban feature discrimination will
be evaluated.

Urban Surface Texture Information

Techniques to improve land cover classification among areas of
similar spectral response by introducing textural information into
the decision process will be evaluated.

Classification Improvement Using Digital Terrain Data

The terrain parameters most likely to improve MSS classification
accuracies will be identified. The optimum scale and the most

effective method of incorporating digital terrain data with Landsat
data will be examined.

Future Sensor Definition

This task will utilize the results of a JPL sensor study task and

will combine the findings with the results of a related literature
search to initiate a proposal for future sensor systems optimized

for urban land use monitoring.
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LANDSAT AND ANCILLARY DATA INPUTS TO AUTOMATED GEOGRAPHIC INFORMA~
TION SYSTEM

OBJECTIVES

The objective of this activity is to review the state-of-the-art
of Automated Geographic Information System AGIS software, eval-
uate currently available systems, and recommended the implemen-
tation of an AGIS which will fulfill Census Bureau Applications
Pilot Test (APT) requirements. Other objectives are to:

® Acquire the recommended AGIS and implement an IBM
360 and HP 3000.

® Perform a preliminary test and evaluation of the
increased utility of Landsat by combining raw and
classified data with ancillary data in the AGIS,
and specifically address the procedures for im-
proving Landsat cover classification (incorporat-
ing digital terrain data) and the procedures for
modeling urban development suitability.

e Identify and analyze AGIS concepts including com-
posite mapping, integrated terrain unit mapping,
scale, and composite accuracies.

BACKGROUND

A current research effort initiated as part of the Census APT is
concerned with the potential applications of combining Landsat
data with ancillary data to improve the utility of Landsat for
urbanized area delineation. Recent studies have shown that re-
motely sensed satellite data may be of greatest value when used

as a spatial data source in combination with other spatial and
nonspatial data. A project has been designed to demonstrate the
utility of incorporating remotely sensed data with digital terrain
data and existing environmental data sources for multispectral

classification improvement and urban residential development
suitability analysis.

RECENT ACCOMPLISHMENTS

During the past year, a review of AGIS software was performed and

a recommendation to acquire ESRI AGIS software was made. An urban
residential development suitability demonstration project was
designed and a test site near Denver, Colorado, was selected. Topo-
graphic, thematic, remotely sensed, and digital data were acquired
and, where necessary, digitized. Programs to read and analyze the
digital terrain data were implemented on the Image 100 and ESL
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IDIMS systems. Using the terrain data, measurements of surface
morphology were calculated. Digital Landsat data were geometri-
cally corrected and registered to a topographic map base.

SIGNIFICANCE

By combining Landsat ancillary data in an AGIS, it will be pos-
sible to develop improved classification techniques to utilize
multilevel resource analysis procedures, and to assess the utility
of Landsat data for urban and residential development suitability
modeling. AGIS procedures will permit spatial statistical analysis
of the automated integration of remotely sensed satellite data
with environmental data obtained by conventional data collection
methods.

FUTURE EMPHASIS

Remotely sensed satellite data processing algorithms which incor-
porate ancillary data will be developed. Land cover classifica-
tion procedures will be optimized, using both Landsat and ancillary
data. An assessment will be made of the optimum resolution of
digital terrain data for surface cover mapping improvement in
areas of different terrain. An examination will be made of the
application of integrated terrain unit concepts (which overlay
natural factors, e.g., landforms, soils, geology, hydrology, etc.)
to AGIS methodologies. Landsat data inputs into urban residential
suitability models will be evaluated, and the requirements for
integrating change detection and AGIS techniques will be analyzed.
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EXAMINATION AND MODELING OF THE TOPOGRAPHIC EFFECT ON THE RADIO-
METRIC RESPONSE OF NADIR LOOKING VISIBLE AND NEAR IR SENSORS

OBJECTIVES
The objectives are: (a) To design and test an incident solar
radiation model to simulate the topographic effect on sensor -

response, and (b) to establish a method of eliminating the topo-
graphic effect on multispectral satellite data by incorporating
digital terrain data with the incident solar radiation model. B

BACKGROUND

Recent studies have shown that spectral response variations due

to topography pose difficulties to multispectral cover classifi-
cation and the use of multitemporal data, and that the topographic
effect varies with the date of imaging. It has been shown that
the topographic effect is caused by differential solar irradiance
which is a function of solar elevation, solar azimuth, slope angle
and slope aspect. There is now a need to quantify and define
clearly the topographic effect and establish a method of eliminat-
ing the topographic component of the satellite data prior to
multispectral classification.

RECENT ACCOMPLISHMENTS

A theoretical incident solar radiation model was established and
tested for eight solar elevations using field data consisting of
measurements taken with a handheld radiometer of a uniform sand
surface. Multiple correlation analysis also was undertaken on the
theoretical and field data sets. High correlation coefficients

of greater than .95 were computed for the majority of cases and
the limitations of the theoretical model were defined. Eighty per-
cent of the first objective has now been achieved. Digital ter-
rain data have been acquired (from the USGS) at horizontal in-
tervals of 200 feet and 50 feet. Programs have been written and
implemented to input these data on the Image 100 and ESL IDIMS
interactive systems. Registration of the digital terrain data

and the Landsat data and the computation of the morphometric ter-
rain parameters, such as slope and aspect, are now being under-
taken on the IDIMS system.

SIGNIFICANCE

The solar radiation model simulates the variations in spectral
response due to slope angle and aspect. By applying the incident
solar radiation model to multispectral satellite data, it should
be possible to improve surface cover classification in areas of
variable terrain. It will also be possible to extract coarse
slope angle and aspect data from remotely sensed data for areas
where existing morphometric data are available.
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FUTURE EMPHASIS

The following will be undertaken: Examination of the diffuse ra-
diation component and incorporation within the model, examination
of variations in the slope angle and aspect spectral response
model for different cover types, examination of the optimum re-

y solution of digital terrain data for multispectral cover classi-
fication improvement in different terrain types, examination of |
the sensitivity of the Landsat sensors to variations in slope ‘
angle and aspect and development of a topographic effect correction ‘
technique as applied to Landsat multispectral data.

REFERENCES AND PUBLICATIONS
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Justice, C.0., and B.N. Holben, "Evaluation and Modeling of the
Topographic Effect on the Spectral Response from Nadir Pointing
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Justice, C.0. and B.N. Holben, "Examination of Lambertian and
Non-Lambertian Models for Simulating The Topographic Effect on
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CHAPTER 8
AGRICULTURAL REMOTE SENSING

OVERVIEW

The agricultural remote sensing program endeavors to determine
those agronomic variables which can be measured by remote spec-
tral sensors and to define the spectral, spatial, temporal, and
radiometric resolutions best suited to such measurement.

Although a wide variety of vegetation environments exists over the
Earth's surface, there is great scientific value in studying
narrowly defined geographical locations under controlled and well-
monitored conditions. Particular photosynthetic organisms may

have difficulty surviving and growing in certain environments, but
each strain of vegetation (or phenotype) shares characteristics
with other members of its species. Additionally, understanding the
physiological differences imposed on an organism by its environment
requires quantitative comparison with rigorously defined baseline
information.

NASA obtains the necessary baseline information by remotely ac-
quiring spectral data for vegetation during the period from
emergence to harvest, and under conditions of controlled and/or
known crop treatment and development. The range of spectra ex-
tends from the visible (400 nanometers) into the infrared

(14,000 nanometers). Additional spectra in the C,L and S-bands

of the microwave region are taken. The degree of correlation be-
tween spectral information and agronomic characteristics provides

a basis for defining those characteristics which can be measured

by remote sensors and also provides the rationale for the selection
of the potential spectral bands. The studies are supported through
these major elements: (1) Planting maintenance, and agronomic
measurements of five crop species by the Agricultural Research
Center, Beltsville, Maryland; (2) Visible/Infrared spectral measure-
ments of crops by portable two- and three-band radiometers:

(3) Visible/Infrared spectral measurements using a scanning
teleradiometer; (4) passive microwave spectral measurements; and
(5) measurement of polarized light components.

The agronomic and spectral quantitative data obtained provide the
basis for correlations necessary to define the optimal spectral
regions for measuring important agronomic parameters. The results
will influence future spacecraft sensor design.

While an empirical approach is currently emphasized in the over-
all program objectives, use of remotely sensed information could
be increased by an improved understanding of the biophysical
phenomena which give rise to specific vegetational spectra, i.e.,
the interaction of electromagnetic radiation with the plants'
chromogenic pigments.
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The spectral manifestations of these interactions are influenced
by the physical state of the photosensitive materials along with
their cellular environment. While studying these interactions
will present a formidable challenge because of the variables in-
volved, it will allow explecitation of "fingerprint" parameters

that could be used for crop discrimination and assessment of crop
status and eventual yield.

Contributors to this chapter include John Barker, Emmett Chappelle,

Donald Deering, Brent Holben, Daniel Kimes, John Schutt, and
Compton Tucker.
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SPECTRAL CROP DEVELOPMENT STAGES

OBJECTIVE AND BACKGROUND

ihe purpose of the project is the use of remotely sensed

multispectral imagery to monitor the condition of agricultural

crops and predict yields. Our expertise in this area has advanced

rapidly.
ground~-based data on crop development and climatic conditions
throughout the growing season. Several numerical schemes for
recording stages of crop development were devised. However, one
of the problems that arose in trying to monitor crop condition
and predict yields was our inability to collect on-the-ground
developmental data over the large area generally surveyed in
remote sensing projects; i.e., it was not feasible to collect
developmental data on crops to supplement satellite imagery for
any large-scale agricultural monitoring project. In foreign
locations, access was often impossible and in locations such as
North America or Australia, labor costs were sometimes excessive.
The solution for this problem was to generate a remotely sensed
crop development value whose inputs would come entirely from
remote sensing sources. This approach included collecting
remotely sensed data by a two-channel hand-held radiometer
recording red and photograpic infrared spectral radiances.

RECENT ACCOMPLISHMENTS

Five stages of Spectral Crop Development (SCD) were observed for
corn and soybean (see figures 8-1 and 8-2):

By necessity, muc¢h of this effort has been coupled with

Stage 1l: For both crops, the Vegetation Index (VI) for
the bare soil before crop emergence and after emergence
up to 20 to 30 percent cover was negative.

Stage 2: The rapid increase in vegetative crop cover for
both corn and soybeans prior to bloom was indicated by
a rapid increase in VI.

Stage 3: Once vegetative crop cover was complete, VI
reached a plateau. SCD stage 3 continued during bloom
and until chlorosis was detected.

Stage 4: During the period of crop maturation and
dry-down, VI declined gradually. Leaves became chlorotic
and were often lost from the plants.

Stage 5: The soybean lost all leaves and the corn lost
all color, i.e., the crops were ripe and ready for
harvest. The VI resembled that measured at crop emergence.
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# LGNIFICANCE

The relationship between the VI and crop development that we ob-
served indicated that crop condition could be assessed through
spectral measurements. Attaining and sustaining full vegetative
cover stage is an important factor in the final yield of any
crop.

The spectral assessment of the stages of crop development could
be important in the prediction of yield by remote sensing.

FUTURE EMPHASIS

Additional and more detailed studies are planned for the 1979
growing season using two- and three-band hand-held radiometers.
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OPTIMAL BANDS FOR CANOPY COVER, CROP HEIGHT, AND CROP NODES

OBJECTIVES

Using a new radiometer constructed by Barnes Engineering Corpora-
tion according to GSFC specifications (0.4 to 2.5 um) investiga-
tions have been conducted during the past year on corn, soybeans,
and alfalfa to determine those bands critical for the best correla-
tion with crop canopy, crop height, and crop nodes. The eventual
goal is the utilization of certain bands for the prediction of crop
yield.

BACKGROUND

For the past two years, NASA has been involved in a cooperative
research program with the U.S. Department of Agriculture (USDA)
Beltsville Agricultural Research Center (BARC). Their contribution
has been the planting, management, and measurement of agronomic
variables for three crops: corn, soybeans, and alfalfa. Since

May 1978, the Barnes radiometer has been used to make weekly spec-
tral measurements on corn, soybeans and alfalfa, from emergence

to harvest. A uniqueness of the Barnes radiometer lies in its
ability to measure electromagnetic radiation through two separate
apertures: An object and a reference channel. These measurements

are made alternately at 50 p/sec intervals, which allows extremely
accurate reflectance signals.

RECENT ACCOMPLISHMENTS

Only a preliminary analysis of the data has been completed at this
time. We believe that with the large number of spectral bands at
our disposal, a multivariate statistical approach will yield the
most significant information. Working with a limited number of
soybean and corn plots, it is indicated that the bands necessary
for correlation with cancpy cover, crop height and crop nodes in-
clude 1.22, 1.66, and 2.2. It must be stressed that these con-
clusions are still considered quite preliminary. It is possible
that additional bands will be found that correlate with other
agronomic parameters.

SIGNIFICANCE

The band correlation is best with those agronomic variables
studied to date which fall in the boundaries of TM5 and TM6 of
the Thematic Mapper.

FUTURE EMPHASIS
The analysis of the data collected during 1978 will be completed

and tlie results will be submitted for publication. The emphasis
of the spectral analysis for 1979 will be on crop yield prediction.

e el e a e mmem e S v dn




T TR TN TR

hndh ) o

T T T

CROP BIOMASS AND YIELD

OBJECTIVE

The objective of the crop biomass and yield studies is to inves-
tigate and quantify the red and photographic infrared radiance
relationship to total the above=-ground dry biomass accumulation
and grain yield of winter wheat using handheld radiometry.

BACKGROUND

Many investigators have shown a relationship between linear spec-
tral transformations and biomass grain yield, but full potential
has not been realized due to limits of data collection. Hand-
held radiometry has recently been shown to have great potential
to exploit this spectral/biomass grain yield relationship.

Twenty winter wheat plots at the USDA/BARC were spectrally moni-
tored on 21 dates with a two-band radiometer. Grain yield at
harvest, and total dry biomass accumulation data were also col-
lected. A two-fold range of grain yield and total dry biomass
accumulation resulted from normal, within-field variability.

RECENT ACCOMPLISHMENTS

This work demonstrated that spectral data explain approximately
80 percent of the biomass variation and approximately 65 percent
of the grain yield variation in a field of winter wheat (see
figure 8-3) for a plot of the coefficient of determination (r2),
versus Julian date, from 21 separate regressions of the VI re-
gressed against the total above ground dry biomass harvested on
June 23, 1978. Note the broad _plateau region approximately from
date 104 to 145 in which the r?'s vary between 0.7 and 0.8+. It
is also possible to integrate the spectral transformations over
accumulated heat units rather than time without degrading the
biomass grain yield predictability (see figure 8-4) for a visual
representation of an integration technique of the spectral curve
for all plots. Integration areas under selected vortions of the
curves were regressed against the harvested grain yield. Co-
efficients of determination were identical or in some cases
better than Julian date when substituted for growing degree days.

SIGNIFICANCE
Prediction of grain yield and vegetative biomass is possible.
Good predictability of biomass accumulation suggests a potential

approach to quantifying a major component of carbon cycling for
seasonally dynamic ecosystems.
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FUTURE EMPHASIS

An expansion of the 1978 experimental design is planned using |
three spectral bands (TM3, TM4, and TM5) and three different @
wheat fields. The ability of Thematic Mapper bands TM3, TM4, and |
TM5 to spectrally estimate grain yield and total dry biomass
accumulation will be evaluated. '

REFERENCES AND PUBLICATIONS

Holben B., and C.J. Tucker, "Evaluation of Irradiational Conditions
as They Limit The Application of a Ground-Based Nondestructive
Tropical Rain Forest Leaf Area Index Technique Using Spectral
Measurements," Photogrammetric Engineering and Remote Sensing,

in press, 1979.

Tucker, C.J., B. Holben, J.H. Elgin, Jr., and J.E. McMurtrey, III,
1979, "Remote Sensing of Winter Wheat Total Dry Matter Ac-
cumulation," to be submitted to International Jourmnal of Re-
mote Sensing, 1979.

Tucker, C.J., B. Holben, J.H. Elgin, Jr., and J.E. McMurtrey, III,
"The Relationship of Red and Photographic Infrared Spectral
Data to Grain Yield Variation Within a Winter Wheat Field,"
submitted to Photogrammetric Engineering and Remote Sensing and
published as NASA TM 80318, July 1979,
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PASSIVE MICROWAVE TECHNIQUES FOR REMOTELY ESTIMATING MOISTURE IN
BARE AND VEGETATED SOILS

OBJECTIVE

The overall objective of the passive microwave research of the
agricultural field program is to determine the optimum sensor
parameters for spaceborne microwave radiometers for sensing soil
moisture under various vegetation covers. The objective of the
work in 1978 was to determine the relationships between bright-
ness temperatures at 21.4 (L~band), 11.3 (S-band), and 6 cm
(C-band), and soil moisture in bare and vegetated soils.

BACKGROUND

Past studies have demonstrated that the ability of brightness
temperature to correlate with soil moisture is dependent on
wavelength, polarization, surface roughness, viewing angle, and
depth. For an ideally smooth surface the L-band radiance
receives its maximum contribution from a depth of about 5 cm.
In practice, however, the maximum correlation does not reach

5 cm because an ideally smooth transmitting surface with a uni-
formly dense subsoil seldom exists.

RECENT ACCOMPLISHMENTS

Observed brightness temperatures were found to correlate well
(r2>0.9) with gravimetric soil moisture data averaged over the
top 2 cm for all bands, provided the soil densities were 1.25 gm/
cc or greater. Values of the slopes of regression equations of
microwave brightness temperature versus soil moisture decreased
from C- to S- to L-band observations. While the sensitivity to
soil moisture decreased in this band progression, the soil
moisture range of linear correlation increased. Well-worked
lower density soils of less than 1 gm/cc had higher brightness
temperatures than soil with densities from 1.25 to 1.5 gm/cc and
the same soil moisture content. Observations of vegetated soil
showed brightness temperatures between the lower and higher
density soils, for identical moisture levels. Correlation
coefficients were found to drop by about 10 percent for the
vegetated soils, indicating a lower sensitivity and accuracy

for measuring soil moisture in all three bands.

SIGNIFICANCE

The usefulness of L-band for detecting soil moisture to at least
a depth of 2 cm has again been demonstrated. S- and C-bands were
shown to give correlations between brightness temperatures and
soil moisture to a depth of 2 cm for a nominally rough soil sur-
face. It was also shown that soil density does not interfere
significantly with brightness temperature soil moisture relation-
ships unless the soil density approaches 1.
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FUTURE EMPHASIS

The results reported above were produced from the 1977 field
season data. The 1978 primary field data were collected at the
end of the growing season and involved measurement of bare ground
under artificially controlled moisture conditions and measurement
of a mature corn crop. These data will be analyzed during 1979.
In addition to analyzing the 1978 data, the principal objective
of the microwave study during the 1979 growing season will be to
determine the magnitude of the plant canopy contribution to
microwave emissions from vegetated soil areas (principally a corn
crop) throughout the growing season. Also, extensive measurements
will be made for understanding microwave emissions in C-L, L-,
and P- (50-cm) bands under a wide range of soil moisture and
roughness conditions.
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COLORADO DROUGHT PROJECT

OBJECTIVE

The objectives of the Colorado drought project are to evaluate
the monitoring of drought conditions in Colorado using Landsat
data, and to study the ability of Landsat data for the monitoring
of drought conditions over large semiarid regions.

BACKGROUND

The Earth Resources Department at Colorado State University is
conducting this research for NASA/GSFC. The years of 1973 (a
"wet" year), 1976 (a dry year), and 1977 (a very dry year) are
being compared. Various green vegetation indices are being used
to evaluate the effects of drought upon primary productivity in
the rangeland, forest, and agricultural sectors of Colorado.

SIGNIFICANCE

The anticipated significance of the project is the development
of digital or photographic assessment of drought conditions over
large areas using Landsat imagery.

FUTURE EMPHASIS

The project will officially end in December of 1979. A final re-
port will be published at that time.

REFERENCES AND PUBLICATIONS

Tucker, C.J. and F.M. Smith "A Survey of Nondestructive Biomass
Estimation Techniques," Journal of the British Grassland

Society, in press, 1979.

Tucker, C.J., "Post Senescent Grass Canopy Remote Sensing,"
Remote Sensing of Environment, 7, 3, 203-210, 1978.

Tucker, C.J., "A Spectral Method for Determining the Percent of
Live Herbage Material in Clipped Samples," Remote Sensing of
Environment, in press, 1980.

Holben, B., and C.J. Tucker, "Evaluation of Irradiational Con-
ditions as They Limit The Application of a Ground-Based Non-
destructive Tropical Rain Forest Leaf Area Index Technique
Using Spectral Measurements," Photogrammetric Engineering and
Remote Sensing, in press, 1979.
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SUN ELEVATION AND SENSOR LOOK ANGLE EFFECTS ON REMOTE SENSING OF
VEGETATION

OBJECTIVES

The overall study objective was to evaluate the effect of sun
elevation and sensor-look angle on measuring important agronomic
variables with remote sensing techniques. The first phase is to
determine the magnitude of the diurnal sun elevation or attendant
shadow influences on red (R) and near infrared (IR) radiances

and the ability to discriminate different quantities of green
biomass.

BACKGROUND

The agricultural field project is principally directed toward de-
termining the agronomic variables which can be measured by remote
spectral sensors and defining the spectral regions which can be
utilized as satellite remote sensing surrogates for important
agronomic variables. Due to time constraints and other physical
limitations involved in crop measurement using the sophisticated
broad spectral region, scanning reflectometer, most spectral
measurements are made at or near local solar noon. In satellite
applications of remote sensing techniques the effects of solar
elevation differences resulting from different overpass times of
the day, different latitudes, and different seasons of the year
must be considered. In addition, with future satellites (e.g.,
the Multispectral Resource SamplerDMRS]) being designed to lcok
off-nadir, the effects of sensor look angle must also be under-
stood.

The interactions of red and near infrared radiation with green plant
material have been studied for several years and are fairly well
understood. Techniques have been developed to determine the amount
of green plant material or green biomass on the ground with remote
sensors that utilize both the red and infrared spectral regions.

It is not known, however, how this determination is affected by
changes is sun elevation or the increased amount of shadow within
the plant canopy.

During the first phase of the study, different amounts of green
biomass were created in small plots within a uniform and "all
green" crop of alfalfa. Spectral measurements were taken on the
plots in a sampling mode with a two-channel (0.66 and 0.80 pm)
hand~held radiometer at selected time intervals throughout the
day under clear sky conditions. In addition, the same plots
were monitored under hazy and cloudy skies on different days.

RECENT ACCOMPLISHMENTS

Individual red and infrared radiances, the IR/R ration, and the
Normalized Difference (ND) parameter (IR-R)/ (IR+R) were all
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found through linear regression analyses to be similarly (ignor-
ing sign) highly correlated with the quantity of dry green bio-
mass over the range of 0-4000 kg/ha and for all sun elevations
evaluated (ranging from about 15°to 45°). Hopwever, the functional
relationships between the four spectral parameters and green
biomass are observed to be quite different (see figures 8-5 and
8-6). It is evident that conventionally applied linear regres-
sion analyses are inadequate to evaluate these data.

The preliminary analysis reveals that for sun elevations greater
than approximately 40° (which occurred at the local solar noon
+1.5 hours on October 11, 1978) red and infrared radiance dif-
ferences were negligible. However, at the lower sun elevation
not only were the radiances appreciably reduced, but the spectral
sensitivities to green biomass differences were also reduced.

Both of the spectral band differencing techniques evaluated were
found to eliminate most of the sun angle effects, particularly
for sun elevations greater than 30°. Consequently, the sensi-
tivities of IR/R and ND were essentially the same for sun ele-
vations within the range of approximately 30°to 45°. The ND
parameter appears to be highly sensitive to green biomass dif-~
ferences in the range of 0 to 2500 kg/ha, whereas IR/R is most
sensitive to biomass differences at the higher levels of green
biomass (1000 to 4000 kg/ha).

SIGNIFICANCE

These preliminary results indicate that green biomass estimates
can be made with equal accuracy over the range of sun elevations
from 30 to at least 45 by using red and infrared radiance measure-
ments 1in certain spectral band differencing transformations
(e.g., IR/R and ND). However, applications utilizing radiance
values for these spectral bands individually may be seriously
impacted by the sun angle effect.

FUTURE EMPHASIS

Research during the 1979 growing season will provide a more com-
prehensive evaluation of both sun elevation and look angle in-
fluences. A wide range of sun elevation (up to about 85°) and
look angles (up to 50°) will be examined for greenhouse grown
wheat plants and field grown crops. Green biomass and foliage
projection cover (canopy cover) will be the key agronomic
variables evaluated.
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SPECTRAL DISCRIMINATION OF WHEAT

OBJECTIVE

The primary objective of the research was to develop and exercise
a quantitative relative evaluation of proposed Landsat D TM bkand
options in eight spectral regions from 0.4 to 2.4 m for the dis-

crimination of winter wheat from its confusers in Finney County,

Kansas.

A secondary research objective was to analyze the inherent spectral
discrimination of crops through the preparation of a temporal at-
las of reflectance and divergence spectra in the Finney County,
Kansas LACIE Intensive Test Site during the 1975/1976 winter wheat
season.

BACKGROUND

This research task is part of a major research objective to ex-
amine the feasibility of incorporating remotely sensed data into

; growth, yield and production models for the purpose of observing,
= monitoring and forecasting the condition and amount of economical-
ly significant food, feed, and fiber crops. The limited agricul-
tural objectives of this task are to use existing spectral and
ancillary data to compare the relative performance of the Landsat
MSS scanner to the proposed TM scanner for the discrimination of
winter wheat from confusers in Kansas.

As a part of the LACIE field measurements program, more than
12,000 helicopter FSS/S191-H spectra over the Finney County site
in 1975/1976 became available to researchers through the LARS

, facility at Purdue University. Supporting ground, aircraft and
F Landsat observations were also provided by LARS throughout the
growing season. The spectral data available from LARS were and
» ; are the most geographically representative of significant wheat
: producing regions.

RECENT ACCOMPLISHMENTS

b

F : A figure-of merit was developed for comparing eight spectral

' regions. It contains factors for both the probability of correct
classification of two classes and the probability of a specific
spectral region independent from the other seven regions. Abso-
lute values for the figures-of-merits were converted into rank
order in table 8-1.

The results given in table 8-1 indicate that TM4 and TM6 will
probably be the two most valuable bands for dlscrlmlnatlng one
crop from another crop.
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An average figure-of-merit was also used to place the seven dates
in an approximate rank order based on the ability to discriminate
dry land winter wheat from irrigated winter wheat on that date.
The order of dates from best to worst discriminability is October
21, March 18, May 6, June 12, November 11, April 18, and March 31,
1978.

An unexpected, and as yet unexamined, result was the observation
of apparent fine structure within several of the eight spectral

regions, i.e., the bands within these spectral regions were not

equally effective in separating winter from its confuser crops.

Initial indications are that the spectral regions given in table
8-2 may contain maxima in the discrimination function.

The two spectral regions not examined for optimum band center
location were TM2 (.54-.62 m) and T3 (.62-.68 pm).

Using the data compiled, a draft of a temporal crop atlas was pro-
duced, along with supporting ancillary data.

SIGNIFICANCE

The analysis of over 12,000 spectra is the most extensive study
of spectral discriminability of wheat from confusers ever under-
taken. The results were used as agricultural justification for
the addition of TM6 on Landsat-D, with or without the mission

of one of the original five reflective bands.

An improvement factor of more than three was estimated for the
six reflective TM bands relative to the current MSS bands. This
reduced margin of error promises to improve the performance of
Landsat-D.

The temporal analysis suggests that it would be worthwhile to
develop statistical weighting factors when combining imagery
form more than one data. These factors could then be examined
for possible programming of smart sensor systems to acquire data
within specific time windows.

The indication of apparent fine structure within the individual
spectral regions is strong justification for further analysis
and collection of field spectra which might be used to identify
m -e optimal bands for future missions.

FUTURE EMPHASIS

Several different objectives and additional data are being con=-
sidered for future research involving analysis of both point
spectra and spatial imagery collected as part of the LACIE field
measurements program. Some possibilities include adding: Yield
data, data from ARS research stations taken with EXOTECH spectra-
radiometer, intensive test sites, and data from more than one
growing season.
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Table 8-1. Rank Discrimination of Winter Wheat Versus
All Confuser Crops for Eight Spectral Regions

Rank Discrimination for Spectral Regions (0.40 to 2.35 um)
Crops with Thematic Map Designationf

i
:
i
£

0.40 to 0.54 to 0.62 to 0.70 to 0.95 to ! 1.15 to 1.55 to 2.15 to
0.52(TM1) } 0.62(TM2) | 0.68(TM3) | 0.95(TM4) ] 1.15(A) ] 1.40(B); L1L.75(TM5) ]| 2.35(TM6)

.

Dry Winter

f Wheat vs. 6 7 3 2 1 4 5 3
3 Confuser -

Crop

Irrigated

Winter Wheat 7 8 6 1 2 3 4 5

i vs. Confuser

[ ,& < Crop ;.
L |
. Dry Winter g
- Wheat vs. 5 7 8 2 4 3 6 1 ’

| Irrigated 4
Do Winter Wheat j
; k-

*0One (1) is the best discrimination.
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Table 3-2. Parameters for Spectral Regions That May Contain
Maxima in the Discrimination Function

Spectral Band Center (um) Range (um) Band Width (uin)

Region
1 0.420 0.404 - 0.436 0.032
2 0.500 0.484 - 0.536 - 0.052
3 0.825 0.750 - 0.900 0.150
4 1.075 1.025 - 1.125 0.100
5 1.225 1.253 - 1.298 0.045
6 1.375 1.351 - 1.399 0.048
7 1.575 1.557 - 1.593 0.036
8 1.699 1.663 - 1.737 0.074
9 2.525 2,135 - 2,321 0.136
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LANDSAT SPECTRAL WHEAT CALENDAR

OBJECTIVE !

The objectives of the Landsat spectral wheat calendar research k
task are: (1) To develop and evaluate nonlinear mathematical ;
formulations for relating satellite observations of Landsat MSS
bands to ground observations of Leaf Area Index (LAI) for winter
wheat in Kansas, and (2) to develop a mathematical model for a
"Landsat Spectral Wheat Calendar," a time plot of transformed
combinations of MSS bands.

BACKGROUND

This task is part of a major research objective to examine the

feasibility of incorporating remotely sensed data into growth and

yield models for the purpose of observing, monitoring, and fore-

casting the areal extent and condition of economically significant

f food, feed, and fiber crops. The limited objectives of this

i task are for computational development and analysis of current
Landsat 1, 2, and 3 imagery as applied to the extraction of in-

L formation on the status of winter wheat in a few counties in

F
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Kansas; and secondly, for simulating future performance capabili-
ties for the TM sensor on Landsat 4 and other possible seénsor
systems based on spectra of winter wheat taken in Kansas, North
Dakota, and Maryland.

; Various investigators have demonstrated the feasibility of using
3 visible and IR spectra for measuring vegetation. Field measure-
ments according to information available in the spectral region
from 0.5 to 1.1 mm are: (1) An infrared reflectance band
(0.75 to 0.80 mm) directly related to green biomass, and (2) a
1 red reflectance band (0.63 to 0.69 mm) inversely related to the
f chlorophyll contents of plants. Deering and others have demon-
strated the utility of the normalized difference of (MSS 6-MSS 5)/
L MSS 6+MSS 5) for measuring biomass on rangeland. Kanemasu and
, others have shown linear relationships between combinations of
| MSS bands and LAI for wheat.

E It would be useful to develop a set of self-consistent, nonlinear
mathematical models for relating spectral crop calendars of
transformed MSS values versus time. It would also be useful to
develop growth curves of LAI versus time to a nonlinear LAI
versus MSS model by eliminating time as a parameter. If
analytical functions could be developed whose fitted coefficients
in the time domain can be used to derive an MSS/LAI relationship,
then there would be two significant benefits: (1) More data
would be brought into self-consistency with fewer degrees of
freedom, and (2) the potential for testing hypotheses on the
agronomic significance of the various fitted parameters would
be increased.




M B

E
5

RECENT ACCOMPLISHMENTS

Spectral crop calendars for winter wheat in Kansas have been de-
veloped for several transformations of the four Landsat MSS bands
based on the modeling of correlations between measured values of
LAI, and Landsat imagery for the same fields taken throughout

the arowing season.

Both LAI and reduced Landsat values were originally collected as
part of a growth model study in 1974, 1975 and 1976 by E.T.
Kanemasu at the Kansas State University Evapotranspiration Lab
for winter wheat in Riley, Ellsworth, and Finney Counties.

Fourteen subsets of this LAI/MSS data were used to evaluate
numerous linear and nonlinear transformations for the two grow-
ing seasons. The r2 values for linear correlations of LAI with
transformed indices are as follows:

® For the untransformed bands, MSS 7 gave the highest
values, ranging from 0.3 to 0.9 for individual subsets
and 0.3 for the correlation of all data;

® Principal components indicated that the vegetative in-
formation is contained within the orthogonal components
with the lowest absolute value of radiance variability.
This indicates that the four MSS sensors on Landsat are
more responsive to nonvegetative effects such as illumi-
nation level and atmospheric conditions than to the
variations in the degree of vegetation;

® There was no significant correlation of this fourth
principal component for the collection of all data or
for the three individual county subsets, which, in com-
bination with the correlation of fall and spring subsets,
suggests that local variations in scene radiances from
crops with identical LAI limit the predictive value
of this transformation;

® MSS ratios of 6/5 and 7/5 were consistently higher than
6/4 and 7/4;

®  Normalized differences such as (7-5)/(7+5) and (6-5)/
(6+5) were higher than (7-4)/(7+4) and (6-4)/(6+4);

® Normalized differences of (7+6-5-4)/(7+6+5+4) and
(7-5-4)/(7+5+4) gave the highest individual subset and
collected values.
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SIGNIFICANCE

Since harvested yield has a high correlation with both the maximum
values of LAI and its duration, for small grains (such as wheat)
coefficients from the LAI/MSS model provide a potential method of
predicting yield from Landsat imagery.

FUTURE EMPHASIS

Analysis of the 1974-1975 and 1975-1976 data will be extended to
include: (1) Nonlinear correlation models of LAI and MSS, and (2)
Landsat spectral wheat calendars which incorporate these nonlinear
transformations.

Ground data have been collected by Kanemasu for the 1977/1978
season. Landsat imagery will be supplied from Goddard. The
analysis will be a collaborative effort. The possibility of mak-
ing atmospheric corrections to the imagery will be examined.

Field spectra and helicopter spectra will be used to simulate
Landsat D performance.
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HAND-HELD RADIOMETER DEVELOPMENT

OBJECTIVE

To develop a hand-held radiometer suitable for field use which
operates in the 0.40 2.50 um region of the spectrum.

BACKGROUND

There currently is a need for rapid, convenient, and accurate

in situ ground-based remote sensing data collection instruments
for measuring vegetation. This data is needed principally to in-
crease our understanding of the information available in the
spectral reflectance-vegetation interaction. A greater under-
standing of this coupling between spectral reflectance and
vegetation will lead to two objectives: (1) A greater under-
standing of satellite and aircraft remote sensing imagery of
terrestrial vegetation; and (2) the use of these techniques for
nondestructive ground-based studies of vegetation by itself.
Regardless of the altitude of the sensors in question (2 m,

2000 m, or 700 km), the same information is potentially available.

Our understanding of vegetational remote sensing will be increas-
ed via controlled in situ experimentation. The easiest and most
controlled way to do this is with a ground-based method. It has
proven to be extremely difficult to accurately and precisely
reconstruct the status of vegetation in Landsat pixels, for
example. For these we not only must consider atmospheric effects,
sun angle effects, etc., but we also must sample enough pixels

on the ground to represent a valid and controlled sample (each
pixel equals 0.45 ha).

Previous efforts to better understand the spectral reflectance
of vegetation have used spectrometers in various field config-
urations. This has proven to only partially alleviate the
dirth of controlled <in situ data from vegetation, however.

Spectrometers are capable of providing detailed spectra from
vegetated targets. They sacrifice mobility and hence wide area
coverage in achieving the capability of detailed wavelength
measurements. :

RECENT MAJOR ACCOMPLISHMENTS

A prototype device with two silicon and one lead sulfide channel
has been developed and currently is being tested (see figure 8-7).

SIGNIFICANCE
Additional and numerous ground-based remote sensing studies are
needed immediately to expand our understanding of spectral re-

flectance from vegetation targets, but cannot proceed if only
field spectrometers are used.

8
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Discrete-band radiometers configured by custom-made interference
filiers have been proven to overcome the limitations of spectro-
meters. Spectrometers are needed, however, to define those wave-
length regions to be used in the discrete band radiometers. A
previous effort in this area has been reviewed and documented.

FUTURE EMPHASIS

A production run of 20 three-band devices will be undertaken as
soon as preliminary testing is completed (April 1, 1979). These
units will be used for a joint USDA-NASA testing and evaluation
program during the 1980 and 1981 growing seasons. Instruments
will be delivered to the USDA in late 1979.

REFERENCES AND PUBLICATIONS

Holben, B., and C.J. Tucker, "Evaluation of Irradiational Condi-
tions as They Limit the Application of a Ground-Based
Nondestructive Tropical Rain Forest Leaf Area Index Technique
Using Spectral Measurements," Photogrammetric Engineering and
Remote Sensing, in press.

Tucker, C.J. and F.M. Smith, "A Survey of Nondestructive Biomass
Estimation Techniques," Journal of the British Grassland
Soeiety, in press.

Tucker, C.J., "Post Senescent Grass Canopy Remote Sensing,"
Remote Sensing of Environment, 7, 3, 203-210, 1978.

Tucker, C.J., "A Spectral Method for Determining The Percent of
Live Herbage Material in Clipped Samples," Remote Sensing of
Environment, in press, 1980.

Tucker, C.J., J.H. Elgin, J.E. McMurtrey, and C.J. Fan, "Monitoring
Corn and Soybean Crop Development with Hand-held Radiometer
Spectral Data," Remote Sensing of Environment, 8, 3, 237-248.

Tucker, C.J., J.H. Elgin, and J.E. McMurtrey, "Tropical Spectral
Measurements of Corn and Soybean Crops," Photogrammetry
Engineering and Remote Sensing, 46, 5, 643-653.

Tucker, C.J., J.H. Elgin, Jr., and J.E. McMurtrey, III, "Relation-
ship of Red and Photographic Infrared Spectral Radiances to
Alfalfa Biomass, Forage Water Content, Percentage Cover, and
Severity of Drought Stress," International Journal of Re-
mote Sensing, in press, 1980.

Tucker, C.J., B. Holken, J.H. Elgin, Jr., and J.E. McMurtrey, IIT,
"The Relationshiy of Red and Photographic Infrared Spectral
Data to Grain Yield Variation Within A Winter Wheat Field,"
submitted to Photogrammetric Engineering and Remote Sensing
and published as NASA TM 80318, July 1979.




REFERENCES AND PUBLICATIONS (continued)

Tucker, C.J., J.H. Elgin, Jr., and J.E. McMurtrey, III, "Remote
Sensing of Winter Total Dry Matter Accumulation," will be
submitted to Intermnational Journal of Remote Sensing.
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PLANT/CROP STRESS MODELING

OBJECTIVE

The objectives of the plant/crop stress modeling project are to
test the relationships established from laboratory data for their
utility in estimating crop water status, and modify these rela-
tionships to optimize their utility.

BACKGROUND

During 1978 a cooperative effort was begun with the Plant Siress
Laboratory of the U.S. Department of Agriculture, Beltsville,
Maryland, to carry out reflectance measurements on cotton, soy-
beans and corn subjected to varying levels of water stress.
Previous work by Thomas et al. at Texas A&M University (1971)
correlated spectral reflectance with gravimetric water content
of leaves by incorporating turgid and dry leaf reflectances as
parameters into ihe functional form of the correlation. For
field and remote applications, this approach is not feasible be-
cause turgid and dry leaf reflectance data are not obtainable
except from laboratory experimentation. Approaches useful to
field and remote sensing applications must rely upon self-
referencing rather than referencing to separately derived data.

RECENT ACCOMPLISHMENTS

It has been found that leaf water content can be related to re-
flectance provided: (1) Knowledge of the rate of water loss from
an excised leaf during the time of the optical measurement is
known; (2) effect of water content upon leaf contour can be cor-
rected for : and (3) leaf composition is established as a nonin-
terferring factor. Leaf water contents were corrected to the
average level present during the optical measurement by using pre-
viously established rate of evaporation curves. The roughness

of leaves having less than 75 percent water is less than those
with moisture contents greater than 80 percent. It has also been
found that in some cases the effect of rcughness can be minimized
by computing the ratio of reflectance at the 1.42 and 1.92 water
bands to the reflectance at 1 micron. Without recourse to analyz-
ing leaves for their starch and protein contents, correlations
between leaf water content and reflectance of cotton plants of the
same age have given r2 values from 0.75 to 0.86 for all wave-
lengths from 1 to 2.2 microns. Leaf water contents were in the
range of from 60 to 75 percent.

SIGNIFICANCE

The adaptation of existing correlations between leaf water content
and IR reflectances to canopies provides a basis for identifying
water stress, and estimating water content from lift truck and
satellite.
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FUTURE EMPHASIS

Since the method of correlating water content with IR reflectance
spectra for plants containing less than 75 percent water has been
worked out, efforts will be brought to bear on finding correla-
tions for water contents greater than 75 percent. At this time
it appears as though such relationships will have to account for
protein and carbohydrate levels, as well as that of water.

Using a specially constructed reflectance/transmission cell built
at USDA, spectra of solution suspensions of protein and carbohy-
drate in water will be obtained as a function of simulated leaf
thickness and compared with leaf spectra. The leaf will then be A
analyzed as a check on the modeling procedure.
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AGRICULTURAL MANAGEMENT INFORMATION

OBJECTIVE

The objective of the Agricultural Management Information (AMI) re-
search effort is to develop and test methods for the incorporation
of remotely sensed data into agricultural management decisions in
increasing productivity and/or efficiency of domestic agriculture.
This objective focuses on crop production (including rangeland and
forest management).

BACKGROUND

Agriculture and related activities account for a significant por-
tion of the nation's gross national product, and its well-being
in terms of efficiency and productivity is important for the

U. S. balance of payments (in terms of foreign trade). 1In
assessing the potential use of remote sensing technology in
agriculture, forestry, and range management the Space Applica-
tions Board of the National Academy of Sciences has pointed out
the potential of developing this technology for agricultural in-
formation requirements. The Applications Survey Group for Agri-
culture (1976 under the auspices of JPL) proposed explicitly

that satellite remote sensing be used to aid the producer in farm
management.

RECENT ACCOMPLISHMENTS

With the aid of a non-GSFC external steering committee, GSFC,
NASA, universities, other federal agencies and industrial per-
sonnel, a preliminary plan for research and development in the
AMI project has been developed and a preliminary draft compiled.
This document contains a discussion of the tasks undertaken in
defining an efféctive AMI program. The plan contains the meth-
odology which was used by the AMI project investigators and
advisers in identifying in economic terms agricultural manage-
ment information requirements (e.g., specified crops, area of
country, farm management practices employed, and level of farm
manager making the decisions) and the research and development
necessary to fulfill them. Also discussed are the major sub-
objectives decided upon and, for each of these the availability
of the technology and models required. Five sub-objectives have
been identified and a research and development plan has been
developed for each. These sub-objectives were: Irrigation
scheduling, range management, soil productivity, plant antagonist
control, and weed control.

SIGNIFICANCE
The significance of the AMI plan lies in the construction of a

set of objectives (sub-objectives) which will contribute to the
information available to the agricultural producer. Each of these
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sub-objectives is based on an "application system" that is defined
as a total chain of research and technology which leads from an
information requirement to the utilization of that information
through identification of "weak links in the chain" which require
further research and development in remote sensing technology.

FUTURE EMPHASIS

Any additional work in this area awaits NASA Headquarters guidance
and resources.

REFERENCES AND PUBLICATIONS

"Agricultural Management Information=AMI- Preliminary Plan for Re-
search and Development: Summary of Program Planning Activi-
ties at GSFC 1978-1979," preliminary draft, 137 pp., 1978.
Appendices B, C, D, E, F, and M entitled as follows:

"User Needs Survey of Agricultural Management Information," Appendix
B, Volume I, prepared by Ecosystems International, Inc.,
Gambrills, Md., under NASA contract NAS5-25003, 114 pp., 1978.

"User Needs Survey of Agricultural Management Information,"
Appendix C, Volume II, prepared by Ecosystems International,

Inc., Gambrills, Md., under NASA contract NAS5-25003, 101 pp.,
1978.

"User Needs Survey of Agricultural Management Information,"
Appendix D, prepared by Ecosystems International, Inc., under
NASA contract NAS5-25003, 162 pp., 1978.

"A Survey of Farm Management Decision Models," Appendix E, prepared
by ECON, Inc., Princeton, N.J. under NASA contract NAS5-20940,
153 pp., November 1977.

“The Plan for The Economic Evaluation of Research for Improved
Agricultural Management Decisions," Appendix F, prepared by
ECON, Inc., Princeton, N.J., under NASA contract NAS5-20940.
47 vp., April 1978.

"Agricultural Management Decisions: A Preliminary Benefit Assess-
ment," Appendix G, prepared by ECON, Inc., Princeton, N.J.,
undexr NASA contract NAS5-20940, 162 pp., May 1978.

"Research Feasibility: GE Report," Appendix M, prepared by General
Electric, Inc., Valley Forge Space Center, Pennsylvania,
176 pp., February 1976.
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WHEAT YIELD STUDY

OBJECTIVE

The objective of the wheat yield study is to develop and evaluate
methods and techniques of using remotely sensed data for the de-
termination of yield in grain crops, particularly wheat. The
specific data orientation is the spectral bands representing those
on the Landsat D TM. Implicit in the study is comparison of the
utility of T™ data to this end, as compared with yield results
that can be obtained using the MSS data.

BACKGROUND

The ultimate goal of any agriculturally oriented remote sensing
program is to determine expected productivity of the various crops
of interest and to detect any factors that could affect that pro-
ductivity. This implies an ability to identify the crops of in-
terest, measure their acreage, and qualitatively and quantitatively
evaluate their growth state and condition.

Any study of crop yield using remotely sensed data must concen-
trate on crop conditions at specific growth stages and how these
may affect anticipated yields. The extent to which remotely
sensed data can be compared to agronomic parameters, and thus be
used to anticipate crop yield, depends on the magnitude of sensor
response over spectral regions of sensor perceptivity.

Most studies to date have been based on the data available from
the four bands from the Landsats 1, 2, and 3. The Goddard program
in this area has been oriented toward data that will be available
from the Landsat-D TM. Prior to launch of Landsat-D in September
1981, this must be simulated from whatever sources may be avail-
able and the constraints of these simulations taken into account
in any results. To date this project has primarily used data
residual at LARS/Purdue and available from two sensor systems:

(1) The JSC FSS/S191-H spectroradiometer, and (2) the Exotech
spectroradiometer. By using this radiometrically scanned data,
backed up with the LACIE spacecraft collection of agronomic and
mensuration "ground truth," an attempt has been made to associate
TM-like spectral data with the two basic essentials of yield de-
termination: Identification of crop and its agronomic state.

The prime data source for the first portion of this investigation
(which was related to identity of crop) was the Fine Sun Sensor
(FSS) data collected during the 1975/76 winter wheat growth year
in Finney County, Kansas (LACIE ITS number 1988). The FSS radio-
metric scanner (which was helicopter mounted) collected the data
in 63 individual wave bands, ranging from about 0.4 um to 12.5 pm.
This project decided only to use wave bands in the reflective re-
gion of this spectrum and chose the bands primarily from 0.4 pm to
2,35 um.
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Initially the FSS bands in this region were statistically grouped
into 27 bands grouped in the several spectral regions of agronomic
interest. Eventually these were subgrouped into those bands which
represented the various reflective bands that were at that time
considered for the TM. The subgroups are: TMl, 0.45-0.52; TM2,
0.52-0.60; T™3, 0.63-0.69; TM4, 0.76-0.90; TM5, 1.09; T™™6, 1.55-
1.75; ™7, 2.08-2.35.

Using Purdue/LARS EXOSYS and LARSYS systems statistical and sep-
arability routines, the interrelations among these bands relative
to the crops identity were studied. Using a figure of merit de-
signed to reflect the relationships of interest, it was determined
that the addition of bands 6 and 7 did add to the discrimination
ability of the remote sensor (compared with those that were only
limited to the range that generally approximated those of the

MSS) while addition of the 1.09 band did not improve the discrim-
inability of this significantly.

RECENT ACCOMPLISHMENTS

Since the initial phase on TM band identity power, the emphasis
has been on the use of TM data to determine agronomic yield. Much
of this effort has been in the formative stages of determining
what data to use and how and where best to use it.

Two radiometrically scanned data sources have been chosen for
study and one spatially scanned source. The two radiometrically
scanned data sources are the FSS data taken over Hand County,
South Dakota in 1976/77 wheat season, and the Exotech data taken
at the Williston AES during the spbring of 1977. The spatially
scanned data are those taken by the JSC TM simulator system in
June of 1978 over Hand County, South Dakota.

To date the Hand County and Williston data have been used in the
EXOSYS/LARSYS to make some preliminary statistical studies, which
indicate some promise with regard to identity of growth stage,
particularly using some band rationing of the TM bands. No def-
initive results are available yet.

The JSC TM simulator data have only recently come in-house and
have been entered into the IDIMS system. Most of their analysis
is planned for in conjunction with this system. These data are
the only spatially-scanned TM simulation Jata that are available
to date, to our knowledge.

SIGHNIFICANCE
To date, the work with the simulated TM data has been one of the
few research efforts that has attempted to quantify the merits

of the additional and altered spectral bands of the TM (relative
to MSS), using data that has a substantive amount of "ground truth"
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associated with it. The initial work has pointed out some of the
limitations of this approach and also some of the additional needs
and shortcomings of the "ground truth" information acquired, even
in some of the most comprehensive programs, such as LACIE. These
findings are being factored into the planning and strategies of
the BARC program.

Work with the simulated TM data has also helped formulate some of
the limitations associated with simulating spatially scanning
remote sensing systems with radiometric scanning systems. Those
problems associated with geometrics of spatial/spectral sensors
can only be evaluated in a real sense with systems that work in
that domain.

FUTURE EMPHASIS

The use of the TM simulator data (JSC aircraft) will be the base
for the future comparison of yield results in this study. It
will be necessary to supplement this study with radiometrically
scanned data, because of present scarcity of the TM data at this
time. The GSFC IDIMS system will be the primary analysis system
for the evaluation of the use of TM bands to determine yield
within two to three years. After that, it is expected that the
Landsat-D Assessment System facilities and computers may offer
opportunities to expand what is done on the IDIMS. "‘he immediate
ohjective is to try to evaluate and expand some of the identity
and state work that has been and is being done with the radio-
metric data. This work is planned to tie in with the agricultural
field project, Landsat spectral wheat project, and LAS project.
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CHAPTER 9

ADVANCED STUDIES IN EARTH RESOURCES
OVERVIEW

The advanced studies program aids GSFC engineers and managers in
the design of future satellite systems and sensors based on cur-
rent remote sensing research and evaluates the utility of the
data these systems produce. We have planned and evaluated the
approved Landsat D system and the proposed Multispectral Resource
Sampler (MRS) sensor. We have also investigated the potential

benefit of Landsat D's TM sensor compared to existing or proposed
sensors.

Contributors to this chapter include Charles Schnetzler, Compton
Tucker, and Darrel Williams.
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LANDSAT-D ASSESSMENT SYSTEM

OBJECTIVE

The objective of the Landsat-D Assessment System (LAS) is to pro-
vide a facility and capability to perform analyses that will
quantify the engineering and technological advantages afforded

by the Landsat-D system, and in particular, the TM.

BACKGROUND

The four major objectives of the Landsat-D project are: (a) To

assess the capability of the TM to provide improved information

for Earth resources management, (b) to provide a transition for

both domestic and foreign users from MSS data to the higher reso-

lution and data rate of the TM, (c) to provide system level fea~-

sibility demonstrations in concert with user agencies, and (d) to
encourage continued foreign participation in the program. Within

the total project framework is a ground segment component, refer-

red to as the LAS, to ensure that these major objectives are

achieved. LAS activities will be primarily devoted to assessing

the ability of the TM but will include: (a) Data quality tests

to define and validate output products relative to user applica- :
tions, (b) TM versus MSS performance evaluation tests to quantify .
the advantages of the TM improved spatial, spectral, and radio-

metric resolution in comparisorn to the MSS, (c) data systems

applications tests to demonstrate the ability of the Landsat-D

system to provide useful results in a timely manner, and (d) op-

erational sensors and data system studies to determine what might

. be the appropriate characteristics for an operational system.

R
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RECENT ACCOMPLISHMENTS

A preliminary LAS implementation plan has been drafted which calls

. for the creation of five Discipline Experiment Teams (DET) to

- represent the major Earth resources disciplines of agriculture,
forest and rangeland, water rescurces, geology, and land use.

l Each DET will plan and conduct those activities required to de-

] fine and validate the TM and Landsat-D system data output as ap-

i plicable to its respective discipline. An internal DET advisory

i group has been appointed to assist the project scientist in de-

!

fining and/or reviewing the LAS facility layout, software require-
ments, data formats, optimum orbital altitudes, etc.

SIGNIFICANCE

Via this early planning, every effort is being made to ensure that
the LAS organizational structure and computer facility will be
operational by the time Landsat-D is launched in the third quarter
of CY 1981.
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FUTURE EMPHASIS

Future emphasis will include: (a) The continued evaluation and .
determination of system and software requirements, (b) formula-

tion and release of an Announcement of Opportunity in order to

determine actual DET membership, and (c) analysis of TM simulator

aircraft data to become more familiar with TM bands and resolution.
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MULTISPECTRAL LINEAR ARRAY SENSOR DEVELOPMENT

OBJECTIVE

The objective of the program is to design conceptually an experi-
mental Multispectral Linear Array (MLA) sensor for spacecraft
flight in the mid-1980's. This will aid in providing new and
unique Earth survey research capabilities beyond those possible
with current sensor systems, and will be an engineering test of
the new MLA technology.

BACKGROUND

An electromechanical scanner, such as the MSS on Landsat 1, 2,
and 3, and the T, which will fly on Landsat-D, are representative
of NASA's present remote sensing capabilities from space plat-
forms. However, these types of sensors have reached a plateau

of development where any additional improvement in performance
will be extremely costly. The next generation of satellite sen-
sors will probably use linear arrays, each composed of a large
nunmber of solid state detectors in the pushbroom mode, i.e., a
mode where the forward motion of the satellite sweeps the array
of detectors, which are oriented perpendicular to the ground
track, across the scene. Advantages to such a mode include the
elimination of complex mechanical scan mechanisms; increased
geometric fidelity, both across track and between bands; and
higher sensitivity, due to longer dwell time of each detector.

L clear disadvantage is the need for calibration of a much larger
number of detectors.

Early in the calendar year GSFC was asked by NASA Headquarters
to begin work on a potential FY 1980 new start for an MLA sensor
which would be ready for spaceflight by 1985.

ACCOMPLISHMENTS

Over the year, the emphasis has been on defining the required
sensor parameters from the scientific researchers' point of view
and from this, developing a phase A systems specifications and
design. On the scientific side, a science advisory group, composed
of remote sensing researchers in diverse fields, was formed and

has held two meetings. Input from this group plus other scientists
was used to define the optimum sensor parameters for multidisci-
plinary use. Compared to the TM, the sensor as presently designed
will provide improved temporal, spectral and spatial resolution.
Across track pointing of up to £40° will provide 1 to 2 day fre-
quency of observation. Along track pointing of +55° will allow
atmospheric measurements to be made so that corrections can be

made to the scene radiometry. Additionally, along track pointing
will enable the requisition of stereo images. Spatial resolutions
cf the MRS will be 15 meters with a swath width of 15 kms. Filter
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wheels over each of four arrays will allow an inflight choice of

five spectral bands per array. It will be possible to select bands
as narrow as 20 nm.

SIGNIFICANCE

The work to date on defining optimum sensor parameters will be
the basis for our ongoing effort to get a future new start for
an MLA sensor.

FUTURE EMPHASIS

The effort in CY 1979 will be to continue to refine the sensor
parameters and to gather interest and support from the user
(research) community. Several more meetings of the science ad-
visory group will be held, and a workshop of 50 to 75 remote sens-
ing researchers is planned for May. If funds are available,
several lines of "proof-of-concept" research will be pursued,
particularly on utility of bidirectional and polarization measure-
ments, techniques for using the sensor for corrections of atmo-
spheric scattering, and under sampling schemes. The MLA sensor
concept will be reproposed to Headquarters in the fall for an

FY 1981 new start.
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LANDSAT-D PRELAUNCH ASSESSMENT OF SPECTRAL RESOLUTION AND SPECTRAL

BANDS

OBJECTIVE

The objective of the research is to quantitatively assess the
TM's spectral bands vis-a-vis other existing (RBV, MSS) or pro-
posed (Colvocoresses operational Landsat and the French SPOT)
satellite sensor systems for monitoring vegetation resources.

BACKGROUND

The first four Landsat-D TM sensor bands were evaluated and
compared to: the RBV and MSS sensors from Landsats 1, 2, and 3;
the Colvocoresses' proposed operational Landsat three-band

system; and the French SPOT three-band system by using simulation/
integration techniques and Zn s<tu collected spectral reflectance
data. Sensors were evaluated with regard to their ability to
measure vegetation biomass, chlorophyll concentration, and leaf
water content.

SIGNIFICANCE
The significant results of the research are:

e Thematic Mapper sensors TM1, TM2, TM3, and TM4 were found
to be very well situated spectrally for remote sensing
of vegetated targets (refer to tables 9-1 and 9-2).

@ Significant improvements can be expected from the TM
over the MSS of Landsats 1, 2, and 3, resulting from
optimal spectral resolution alone.

® Colvocoresses' proposed three-band system was found to
have two poor bands for monitoring vegetation (see
figures 9-1 and 9-2).

@ The French satellite SPOT three-band system has three
well placed bands for monitoring vegetation. The SPOT
bands are very similar to TM bands TM2, TM3, and TM4,
respectively.

® Sensor bandwidths must be restricted to regions of the
spectrum where the same vegetation-spectral reflectance
relationship predominates. Combining different
vegetation-spectral reflectance relationships within the
same sensor bardwidth seriously reduced the vegetational
utility of the combined sensor, especially for more
complex canopy situations.
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® Complex canopy situations necessitate a more specific
spectral subset of the less complex canopy situation
spectral regions. As such, the more heterogeneous or
complex conditions are of predominant value for select-
ing sensors of the greatest and most persistent vegeta-
tional utility.

FUTURE EMPHASIS
Future plans include use of hand-held radiometers for prelaunch

in situ extensive tests to further expand the existing research
areas.
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Table 9-1. Coefficient of Determination (r2) Values Resulting from the
Regressions Between Integrated Radiance and the Various Sampled
Canopy Variables for the June Data
. Total Total Leaf Dry Dry Total
Sensor Bagﬁz;dth Wet Dry Water Green Brown Chlorophyll
' Biomass Biomass Content Biomass Biomass Content
RBV 1 .475~ .575 .73 .66 .76 .67 .24 .77
RBV 2 .580- .680 .88 .81 .91 .82 .32 .91
RBV 3 .690- .800 .65 .63 .65 .63 .51 .65
MsSS 4 .500- .600 .78 .71 .81 .73 .27 .81
MSS 5 .600- .700 .88 .80 .91 .82 .32 .91
MSS 6 .700- .800 .63 .62 .63 .61 .54 .65
MSS 7* .800-1.100 .72 .71 .73 .71 .61 .73
\ ™ 1 .450- .520 .69 .61 .72 .63 .19 .74
S;\O ™ 2 .520- .600 .70 .72 .82 .74 .28 .83
3 ~ ™ 3 .630~ .690 . .88 .80 .91 .82 .32 .91
W, ™ 4 .760- .900 | .78 .76 .78 .76 .63 .78
; SPOT 1 0.50- 0.59 | ' .76 .69 .79 .71 .26 .81
[ SPOT 2 0.61- G.69 | .88 .81 .91 .82 .32 .91
| SPOT 3 0.79- 06.90 | .77 .75 .77 .75 .63 .78
L Colvo 1 .470- .570 |1 .71 .65 .75 .66 .23 .76
- Colvo 2 .570- .700 .88 © .80 .91 .82 .32 .91
‘ Colvo 3* .760-1.050 .74 .73 .74 .72 .62 .75
L
. *Data was incomplete for the 1.00-1.1 um interval. The simulations for MSS7 and Colvo
3 ~ 3 used 1.00 pm as their upper wavelength limits.
: \
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Table 9-2.

w

Coefficient of Determination (rz) Values Resulting from the
Regressions Between Integrated Radiance and the Various Sampled
Canopy Variables for the September Data

Bandwidth Total Total Leaf Dry Dry Total
Sensor a? w; Wet Dry Water Green Brown Chlorophyll
pIo Biomass Biomass Content Biomass Biomass Content

RBV 1 .475- .575 .31 .28 .41 .21 .10 .25
RBV 2 .580- .6890 .40 .38 .64 .24 .07 .33
RBV 3 .690- .800 .48 .51 .41 .43 .29 .39
MSS 4 .500- .600 .25 .22 .37 .16 .07 .20
MSS 5 .600- .700 .39 .38 .65 .23 .06 .33
MSS 6 .700- .800 .53 .55 .48 .47 .30 .44
MSS 7% .800-1.100 - - - - - -
™ 1 .450- .520 .56 .54 .69 .41 .19 .45
™ 2 .520- .600 .22 .20 .33 .14 .06 .18
™ 3 .630- .690 .43 .25 .70 .41 .07 .36
T™M 4%* .760- .900 - - - - - —
spoT 1 | 0.50- 0.59 .25 .17 .35 .22 .08 .20
SPOT 2 0.61- 0.69 .42 .24 .68 .41 .07 .35
SPOT 3* 0.79- 0.90 - - - - - —-—
Colvo 1 .470- .570 .33 .23 .43 .30 .11 .26
Colvo 2 .570- .700 .37 .22 .62 .35 .12 .32
Colvo 3* .760-1.050 - - - - - -

*The September data only covered the 0.350-0.80{ pm region. Some sensors, therefore,
could not be simulated.
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NOTE

Plot A is 0.47 to 0.51 um, B is 0.51 to 0.57 pm,

and C is 0.47 to 0.57 um.

Note how two

different effects occur within Colvocoresses'

proposed band 1.

The combination of these

two wavelength regions seriously reduces the
vegetational utility of this proposed sensor.

for the September Sampling Period

Colvocorresses'

Band 1

Integrated Radiance for Three Wavelength
Intervals Plotted Against the Leaf Water Content
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Plot A is 0.57 to 0.62 ym, B is 0.62 to 0.70 um,

and < is 0.57 to 0.70 um.

Note

how two

different effects occur with Colvocoresses'
This sensor could be improved
for more complex vegetational utility by exclud-

proposed band 2.

ing the 0.57 to

Figure 9-2.

0.62 pm region.

Integrated Radiance for Three Wavelength

Intervals Plotted Against the Leaf Water Content
for September Sampling Period
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AGIS
AGU
AMI
AO
APT
ARC
ASVT
BARC
ccT
DCP
DET
DSN
EPA
ESRI
GEM
HO
TIAU
IBIS
IR
. JPL
LAI
LAS
MLA
Moho
MRS
MSDS
MSS
NGS
NRAO
: OSTDS
F OVRO
: PPME
RBV
SAFE
< SCD
i SLR
i SST
; ™
: USDA
% USGS
‘THRS
- VLBI

ACRONYMS AND ABBREVIATIONS

Automated Geographic Information System
American Geophysical Union
Agricultural Management Information
Announcement of Opportunity
Applications Pilot Test

Appalachian Regional Commission
Applications Systems Verification Test
Beltsville Agriculture Research Center
Computer Compatible Tape

Data Collection Platform

Discipline Experiment Teams

Deep Space Network

Environmental Protection Agency
Environmental Systems Research Institute
Goddard Earth Model

Haystack Observatory

International Astronomical Union

Image Based Information System
Infrared

Jet Propulsion Laboratory

Leaf Area Index

Landsat-D Assessment System
Multispectral Linear Array
Mohorovgic‘Discontinuity
Multispectral Resource Sampler
Multispectral Scanner and Data System
Multispectral Scanner

National Geodetic¢ Survey

National Radio Astronomy Observatory
Office of Space Tracking and Data Systems
Owens Valley Radio Observatory

Pacific Plate Motion Experiment

Return Beam Vidicon

San Andreas Fault Experiment

Spectral Crop Development

Satellite Laser Ranging
Satellite-to-Satellite Tracking
Thematic Mapper

U.S. Department of Agriculture

U.S. Geological Survey

Very High Resolution Spectrometer

Very Long Baseline Interferometer
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